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Editorial on the Research Topic
 Rumen microbiome dynamics and their implications in health and environment




As part of the unique digestive system of ruminants, the rumen harbors a dazzling array of microbial diversity. As members of a complex and dynamic microbial ecosystem, bacteria, protozoa, fungi, archaea and viruses in the rumen interact with each other and contribute, individually or in concert, to rumen function. Ruminal microorganisms convert plant fiber into short-chain fatty acids (SCFA) and other metabolites for the production of meat and milk, a key determinant for feed use efficiency. Rumen microbes are also capable of detoxification and metabolizing xenobiotics, particularly aromatic compounds, and secondary plant metabolites. As a result, the rumen as an efficient bioremediation system can be used to clean up environmental toxins. Ruminal biohydrogenation, a process by which bacteria convert dietary unsaturated fatty acids to saturated fatty acids, affects fatty acid profiles of ruminant products. On the other hand, rumen methanogens are a major contributor to methane emissions; ruminant farming accounts for up to 25% of global anthropogenic methane emissions. For example, a cow can release up to 500 L of methane each day; globally, cattle production releases up to 100 million tons of methane annually. Moreover, methane is 28 times more potent than CO2 in contributing to global warming. Dozens of methane inhibitors have been tested in the past decades. Although some of these inhibitors reduce methane production by up to 90%, obstacles prevent their widespread use. Inhibition may be transient, lasting only a few weeks and dissipates when inhibitors are withdrawn. When used at doses required to achieve strong effects, many methane inhibitors interfere with feed intake, digestion, and rumen fermentation, harming production traits such as live weight gain. Interventions that incur costs and losses to producers hamper sustainable technology transfer.

The collective efforts of a total of 97 authors from 16 countries, from Austria to the United States of America, resulted in the publication of 15 papers in the Research Topic entitled “Rumen microbiome dynamics and their implications in health and environment.” This special collection covers a broad range of research subjects related to the rumen microbiome and its manipulation. The host species examined include multiple breeds of major ruminant species, sheep, goats, and cattle, under various production systems.

First, Lobo and Faciola conducted a comprehensive review of the recent advances in ruminal viruses that infect not only bacteria (bacteriophages or phages), but also archaea (archaeaphages) and the eukaryotes fungi (mycophages) and protozoa as well as their role in modulating the interactions among other ruminal microorganisms. These viruses, resident or transient in the rumen environment, are concentrated in a handful of viral families and associated with the dominant ruminal bacterial phyla. The authors also discussed the potential application of ruminal phage therapy in livestock production, including in controlling pathogens and microbes harboring antibiotic resistant genes, reducing methane production, and regulating gut homeostasis, such as reverting rumen dysbiosis and alleviating ruminal acidosis.

Five publications in this collection investigated the establishment and development of the rumen microbiota during early life in three major ruminant species, sheep, goats and cattle. Mao et al. compared two weaning schemes, 30-day weaning and 45-day weaning, as well as their respective 5-days post-weaning controls in male Hu lambs, on the rumen bacterial and archaeal colonization and development. While the weaning schemes have little effect on the rumen archaeal population, the rumen bacterial communities became more stable and experienced less fluctuation at the later weaning age, suggesting that later weaning may benefit the rumen microbial establishment. Further, several taxa, such as Fibrobacter, had a significant and positive correlation with rumen papillae length. In another study (Yin et al.), the rumen bacterial establishment in the same sheep breed was monitored from birth to 120 days of age. The authors concluded that the rumen microbial community and function of rumen, as judged by its lack of resilience and resistance to disturbances, are not well-established before lambs reach 20 days of age, providing a window of opportunities for ruminal intervention for desired growth performance at later stages. Artiles-Ortega et al. attempted to understand if prenatal exposure to a protein-rich legume Leucaena leucocephala with toxic secondary metabolites would affect post-weaning performance and immune status in goat kids. Their findings suggest that the prenatal adaptation increases dry matter intake after weaning, resulting in higher daily bodyweight gain. Furthermore, postnatal supplementation of live yeast favors the maturation of the rumen bacterial community and protozoa colonization; and early-life dietary interventions can have persistent effects on production traits. In calves, Huuki et al. demonstrated that rumen fluid from an adult cow administered fresh to calves for 6 weeks prior to weaning enhanced the maturation of rumen bacterial and archaeal communities and resulted in improved feed intake and significant weight gain compared to untreated monozygotic twin calves used as controls. Cristobal-Carballo et al. investigated the effect of divergent feeding regimes during the first 41 weeks of life of Hereford–Friesian-cross female calves on long-term rumen fermentation performance and found that the rumen microbiota and associated fermentation end-products are largely driven by the diet consumed at the time of sampling and that early dietary interventions have little detectable long-term microbial imprint potential on rumen function.

Beef production relying on the use of resilient (rustic) breeds may alleviate some of the challenges posed by climate change, due to their ability for better adaptation and efficient utilization of low-quality fibers. Daghio et al. compared the rumen microbial composition and metabolites as well as growth traits of two rustic breeds under two production systems, feedlot and pasture grazing. Their findings suggest that while the production system shapes the rumen microbiome structure, the cattle breed is the main factor that influences bacterial communities, supporting the notion that host genetics may play an important role in determining rumen microbial composition. Furthermore, steer performance is likely affected by the rumen capacity for SCFA production and the presence of hydrogen sinks that divert hydrogen to processes alternative to methanogenesis. In dairy cattle, progressive mechanisms of adaptation in the rumen and hindgut of cows fed increasing amounts of starch with or without a phytogenic feed additive have been investigated by Ricci et al.. The gradual inclusion of starch in the diet and the phytogenic additive altered microbiota composition and metabolic activity in all gut compartments surveyed. Further, the microbiota has capacity to adjust differentially, yet rapidly, to changing dietary conditions. Last, Li et al. examined the effect of herbal tea residue on the growth performance of Simmental crossbred finishing steers. Their findings demonstrate that while herbal tea residue does not appear to promote cattle growth, its supplementation tend to improve rumen fermentation by increasing the propionic acid concentration and the propionate-to-acetate ratio, indirectly leading to the improvement of muscle quality, such as tenderness and oleic acid and linoleic acid concentrations in the longissimus dorsi. Together, this study provides evidence that herbal tea residues can be used as a functional roughage to modulate rumen fatty acid composition and muscle glucolipid metabolism.

Six papers in this collection aimed to develop effective methane mitigation strategies in ruminants. Brede et al. used the rumen simulation technique (RUSITEC) in a 38-day trial to investigate the effect of a feed additive consisting of garlic powder and bitter orange extracts on rumen fermentation and methane production. This feed additive does not appear to affect the microbial or prokaryote population but does alter ruminal SCFA concentration profiles. The intervention led to a transient reduction in the abundance of Methanomicrobia, the most abundant archaeal group in the system, and a concomitant reduction in the copy number of a key gene in methanogenesis that encodes methyl coenzyme-M reductase, resulting in a transient inhibition in methane production. However, the practical impact of the feed additive on production settings remained to be documented. Künzel et al. used a similar RUSITEC system to understand how two brown seaweeds from Iceland affect methanogenesis and nutrient conversion. Their findings demonstrated that while the inclusion of two dose levels of both seaweeds tested shows a small yet significant reduction in methane production, the intervention also resulted in a concomitant reduction on overall rumen fermentation, which raised serious questions of their utilization by farmers. Bharanidharan et al. also evaluated the potential of seeds of Pharbitis nil, a plant species widely distributed in East Asia, as a possible dietary strategy for ruminal methane mitigation using in vitro and in sacco methods. The plant indeed inhibited methanogenesis by up to 50%, depending on the dose tested. Furthermore, this plant can also modulate the rumen microbiota, including decreasing the Bacteroidetes-to-Firmicutes ratio. The additional benefit of this plant as feed additive lies in its antiprotozoal potential. In addition to the in vitro studies, Thirumalaisamy et al. examined the effect of a long-term supplementation of silkworm pupae oil on methane emissions and production traits in adult sheep. A daily silkworm pupae oil supplementation for 180 days reduced methane emissions up to 25% while maintaining higher bodyweight gains. However, the study also confirmed the transient nature of silkworm pupae oil on methane inhibition where daily methane emissions reverted to pre-supplementation levels shortly after the supplementation ceased. Similarly, methane emissions can be decreased by up to 90% in calves receiving a combination of two known methane inhibitors, chloroform and 9,10-anthraquinone, in the first 12 weeks of life (Cristobal-Carballo et al.), compared to control calves. Moreover, no negative impacts of the treatment on dry matter intake and growth were noticed. Similar to the in vitro data, these methanogen inhibitors have limited effect on rumen bacterial communities while reducing the abundance of methanogens, such as Methanobrevibacter and Methanosphaera. However, once methane inhibition ceased, the methanogen community, rumen metabolites and hydrogen emissions reversed to the baseline, providing further evidence that imprinting a rumen microbiota with lower methane yield during early life is still difficult.

To overcome the difficulties of transient methanogenesis inhibition of known methane inhibitors and natural products for on-farm pragmatic applications, Smith et al. took a different approach, aiming to develop strategies for genetic selection to achieve permanent and accumulative reductions to the methane emission related to livestock farming. Using residual methane emissions (RME) as an optimal phenotype for assessing the methanogenic potential of ruminants, they measured RME for 282 crossbred finishing beef cattle and then ranked the animals with high or low RME, differing in ~30% difference in RME. The rumen in the low-RME cattle tends to have higher abundances of lactic-acid-producing bacteria (LAB) as well as significantly higher abundances of methanogens, such as Methanosphaera, the latter of which is likely under the control of host genetics and negatively correlated with RME and positively correlated with rumen propionate levels. These taxa can be used as potential biomarkers of the methanogenic potential in beef cattle. The findings from this study likely generated microbial targets for future environmentally focused breeding programs.

The valuable contribution of this special collection to the rumen microbiology literature is vividly evident by its initial impacts, a total of 6,367 downloads and 30,255 views during the first few months of its inception. The collection was ranked one of Outstanding Research Topics of 2022 by Frontiers. The findings from these studies provide novel insights into host-rumen microbe interactions, which should facilitate the development and optimization of ruminal manipulation and enteric methane control strategies. We wish to express our gratitude to all contributing authors for their outstanding research efforts. Without their hard work, this collection would not have come into existence. Finally, we want to thank the editorial board members and staff of Frontiers in Microbiology, particularly the section editors of Systems Microbiology, for their support to this Research Topic.
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Weaning plays an important role in many animal processes, including the development of the rumen microbiota in ruminants. Attaining a better understanding of the development of the rumen microbial community at different weaning stages can aid the identification of the optimal weaning age. We investigated the effects of weaning age on ruminal bacterial and archaeal communities in Hu lambs. Thirty male Hu lambs were randomly assigned to two weaning-age groups: a group weaned at 30 days of age (W30) and a group weaned at 45 days of age (W45), with each group having five replicate pens. On the weaning day (day 30 for W30 and day 45 for W45) and at 5 days postweaning [day 35 for W30 (PW30) and day 50 for W45 (PW45)], one lamb from each replicate was randomly selected and sacrificed. Rumen contents were collected to examine the ruminal microbiota. Compared to W30, PW30 had a decreased relative abundance of Bacteroidetes. At genus level, the extended milk replacer feeding (W45 vs. W30) increased the relative abundance of Ruminococcus while decreased that of Prevotella and Dialister. Compared to W30, PW30 exhibited decreased relative abundances of Prevotella, Dialister and Bacteroides but an increased unclassified Coriobacteriaceae. No significant difference was noted in the detected archaeal taxa among the animals. The function “biosynthesis of secondary metabolites” was less predominant in PW30 than in W30, whereas the opposite held true for “metabolism of cofactors and vitamins.” Some bacterial genera were significantly correlated with rumen volatile fatty acid (VFA) concentration or other animal measures, including negative correlations between ruminal VFA concentration and unclassified Mogibacteriaceae and unclassified Veillonellaceae; positive correlations of ruminal papillae length with Fibrobacter and unclassified Lachnospiraceae, but negative correlations with Mitsuokella and Succiniclasticum; and negative correlations between plasma D-lactate concentration and Prevotella, unclassified Paraprevotellaceae, and Desulfovibrio. Our results revealed that the ruminal bacterial community underwent larger changes over time in lambs weaned at 30 days of age than in lambs weaned half a month later. Thus, extending milk replacer feeding to 45 days weaning was recommended from the perspective of the rumen microbial community in the Hu lamb industry.

Keywords: weaning age, postweaning, lamb, rumen, bacteria, archaea, weaning stress


INTRODUCTION

Early weaning of production animals has many merits; for example, it enhances growth, feedlot performance (Myers et al., 1999a) and carcass quality (Myers et al., 1999b) and shortens reproduction cycles in dams (Thu and Trach, 2012). However, early weaning is a potent stressor that increases morbidity and mortality in young animals, including lambs (Li et al., 2018). The extreme dietary shift imposed by weaning can influence the severity of production losses through the weaning transition (Meale et al., 2016; Mao et al., 2019a). To reduce weaning stress, a weaning strategy is required in which young animals are weaned when they reach solid food and milk or milk replacer allowances are gradually decreased.

During and immediately after birth, the digestive tract of lambs is rapidly colonized by microbiota. Many factors influence microbial colonization, such as the dam’s vaginal microbiome and the types of microbes in the surrounding environment (Meale et al., 2016). Some researchers have found that the rumen microbiome shifts with host age (Jami et al., 2013; Rey et al., 2013). Some studies have investigated the transition of the rumen microbiome induced by weaning (Meale et al., 2017; Li C. et al., 2020). Wang et al. (2016) reported that the influence of weaning on ruminal microflora probably came from the stress of physiology and psychology. Li Y. et al. (2020) have made a research on the dynamics of young forest musk deer intestinal microbiota during the weaning transition, and they believed that weaning stress may affect the composition of the intestinal microbiota. However, the stress of weaning at different ages on the rumen microbiome remains poorly understood. In this study, the effect of weaning age (two ages) on the ruminal microbial communities of Hu lambs was investigated, and differences between postweaning intervals at each weaning age were evaluated. The aim was to identify an appropriate weaning age for lambs from the perspective of the rumen microbial community.



MATERIALS AND METHODS


Study Animals and Sample Collection

As part of a previous study (Mao et al., 2019b), rumen samples were collected from Hu lambs. Briefly, 30 healthy male Hu lambs (3.60 ± 0.37 kg) at 5 days of age were selected, maintained at a breeding farm and fed milk replacer (MR). The lambs were randomly assigned to two weaning-age groups: one group weaned at 30 days of age (W30) and one group weaned at 45 days of age (W45). Each group has 15 lambs, and three lambs with similar body weight within the same group were placed in one pen. Individual pens were considered as experimental replicates (n = 5). On the weaning day (day 30 for the W30 group and day 45 for the W45 group) and at five days postweaning [day 35 for the W30 group (PW30) and day 50 for the W45 group (PW45)], one lamb of each replicate per group was randomly selected and sacrificed (n = 5). All the lambs were also offered, ad libitum, starter pellets and hay of Chinese wild rye from day 10 (Supplementary Table 1). Body weight were recorded for 2 consecutive days every 10 days before morning feeding and average daily gain was calculated. Before slaughter, blood samples were collected, and plasma was prepared to determine the concentration of D-lactate. Immediately after slaughter, rumen content samples were collected and stored at −80°C for subsequent microbial DNA extraction, and rumen tissues were sampled to measure ruminal papillae length. Additional procedures are as described in Mao et al. (2019b), with the exception that in the present study, data collected on the day of animal sacrifice were used for bacterial and archaeal analysis.



DNA Extraction and Data Processing

The cetyltrimethyl ammonium bromide method as described by Gagen et al. (2010) was used to extract the total DNA of the rumen content samples. The hypervariable V3-V4 region of the bacterial and archaeal 16S rRNA gene was amplified using primers 341F (5′-ACTCCTACGGGRSGCAGCAG-3′) and 806F (5′-GGACTACVVGGGTATCTAATC-3′) (Wang and Qian, 2009). Each primer had six base barcodes to identify samples. The amplicon libraries were pooled at an equimolar ratio and sequenced using the 2 × 250 paired-end protocol on an Illumina HiSeq platform (Realbio Genomics Institute, Shanghai, China).

Microbiome bioinformatics were performed with QIIME 2 (Bolyen et al., 2018). The paired-end sequencing reads were assembled using the PANDAseq assembler (Masella et al., 2012). Operational taxonomic units (OTUs) were clustered at a 97% identity threshold, and taxa were assigned using the core set in the Greengenes 16S reference database (13_8 version) (McDonald et al., 2012). Alpha diversity measurements of the ruminal bacterial and archaeal communities including the observed_OTUs, Shannon index (Shannon and Weaver, 1949), Faith’s phylogenetic diversity (Faith, 1992), and evenness calculated by QIIME 2. The overall dissimilarity of the microbial community between weaning ages was evaluated by principal coordinates analysis (PCoA) based on unweighted UniFrac distances (Lozupone and Knight, 2005). The significance of differences between groups was tested by analysis of similarity (ANOSIM). A significant difference was declared at 0.5 < R < 0.75 with P < 0.05, whereas a trend was declared at 0.3 < R < 0.5 with P < 0.05, and no difference was declared at R < 0.3. Data on plasma D-lactate concentration, rumen papillae length and width, and ruminal total VFA concentrations were obtained from our previous study (Mao et al., 2019b) and analyzed for correlations with bacterial taxa. Based on comparison of the 16S rRNA gene sequences against a Green genes reference taxonomy (Green genes 13.8), the functional capabilities of the rumen microbiota were predicted by using PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (Langille et al., 2013). Briefly, after the abundance of each OTU was normalized to marker gene copy number, the KEGG database was used to predict the functions.



Statistical Analysis

The alpha diversity indices (observed numbers of OTUs, Shannon index, Faith’s phylogenetic diversity, and evenness) of bacteria and archaea, and phenotypic data (plasma D-lactate concentration, ruminal papillae length and width, and ruminal VFA concentration) were analyzed by one-way ANOVA using the general linear model procedure of SAS (SAS Inst. Inc., Cary, NC, United States). Statistical significance was set at P ≤ 0.05. For the relative abundances of rumen bacteria, all the taxa analyzed in the present study were identified in at least three lambs at each group. It meant that only the bacteria that were observed in at least 60% of samples were considered in the relative abundance analysis. To show the changes in bacterial relative abundances, bacterial data were subjected to LEfSe analysis (Segata et al., 2011). A significant change was observed with a LDA (Linear Discriminant Analysis) score > 2.0 calculated by LEfSe. Spearman’s rank correlations between the relative abundances of major (ruminal bacterial and archaeal taxa (i.e., taxa with relative abundances > 0.5%) and plasma D-lactate, ruminal papillae length and width, and ruminal VFA concentration were analyzed using the PROC CORR procedure of SAS. The correlation coefficients were plotted using GraphPad Prism 7.



RESULTS


Bacterial Community Composition

At least 43,063 sequences were obtained from each sample, and 575 operational taxonomic units (OTUs, 144 ± 28 OTUs per sample) defined based on 97% similarity were detected. Good’s coverage for each sample was greater than 99%, indicating sufficient sequencing depth to detect most of the rumen bacteria of the Hu lambs in this study. As shown in Table 1, extending MR feeding for 15 days increased the number of observed OTUs and Faith’s phylogenetic diversity (P < 0.01), but there was no significant difference in any of the alpha diversity indices between weaning and postweaning (P > 0.05).


TABLE 1. Alpha diversity index values of ruminal bacteria and archaea in different groups.
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The PCoA showed that extending the period of MR feeding significantly altered the rumen bacterial composition (Figure 1A). ANOSIM revealed significant differences in bacterial community composition between treatments W30 and PW30 (R = 0.594, P = 0.032), W30 and W45 (R = 0.521, P = 0.032), and PW30 and PW45 (R = 0.646, P = 0.027). No significant difference was found between treatments W45 and PW45 (R = 0, P = 0.493).
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FIGURE 1. Principal coordinates analysis (PCoA) of bacterial (A) and archaeal (B) communities in the rumen based on unweighted UniFrac distances.


Ten bacterial phyla were detected. Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria were the four predominant phyla, representing 55.7, 25.7, 16.3, and 1.91% of the total sequences, respectively (Figure 2A). The relative abundance of Bacteroidetes and Proteobacteria were increased in W30 compared with PW30 (Figure 3A). However, there were no significant differences in the relative abundances of any of the phyla between W45 and PW45. A total of 108 bacterial genera were detected, of which 29 had relative abundances greater than 0.5% (Figure 2B). With the extension of MR feeding (W45 vs. W30; Figure 3B), the relative abundances of Prevotella and Dialister decreased, whereas the abundance of Ruminococcus increased. Among the lambs weaned at 30 days (Figure 3C), the abundances of Prevotella, Dialister and Bacteroides decreased from weaning to 5 days postweaning, whereas UN_Coriobacteriaceae abundance increased. However, there was no differentially abundant features were found between weaning and postweaning among the lambs weaned at 45 days.
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FIGURE 2. Ruminal bacterial phyla (A) and genera (B) in the four groups. Only those genera with relative abundances of >0.5% are shown.
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FIGURE 3. Phylum level changes between W30 and PW30 (A), no differentially abundant features were found neither between W30 and W45 nor between W45 and PW45. Genus level changes between W30 and W45 (B), and between W30 and PW30 (C), no differentially abundant features were found between W45 and PW45.




Archaeal Community Composition

Following denoising and chimera checking, an average of 4,686 archaeal sequences per rumen sample were obtained, with an average of six OTUs per sample. Analysis of the archaeal 16S rRNA gene sequences revealed that weaning age had a significant effect (P < 0.01) on the number of observed OTUs and Faith’s phylogenetic diversity (Table 1) and that both of these alpha diversity indexes increased from weaning to postweaning (P < 0.01) among the lambs weaned at 30 days but not among those weaned at 45 days (Table 1). A PCoA of overall archaeal community diversity was performed to examine differences among the four treatments (Figure 1B). ANOSIM revealed significant differences in archaeal community composition between treatments W30 and PW30 (R = 0.625, P = 0.036) and treatments W30 and W45 (R = 0.562, P = 0.038). However, there was no significant difference between treatments in any other comparisons (P > 0.05).

Only one phylum, Euryarchaeota, was identified in all the rumen samples. We detected two genera of Euryarchaeota in all of the treatments, with Methanobrevibacter being much more predominant (92.3–97%) than Methanosphaera (3–7.7%). There was no significant difference in the relative abundance of either of these two genera among the four treatment groups (P > 0.05).



Predicted Rumen Microbial Functions

The functional features predicted from the 16S rRNA sequences did not differ (P > 0.05) in relative abundance between the two weaning ages (W30 vs. W45) or between weaning and 5 days postweaning among the lambs weaned at 45 days (W45 vs. PW45). However, the relative abundance of sequences associated with the function “biosynthesis of secondary metabolites” significantly increased (P < 0.05) from weaning to postweaning among the lambs weaned at 30 days (W30 vs. PW30) (Figure 4).
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FIGURE 4. Differences in predicted metagenomic functions of rumen bacteria between the W30 and PW30 groups of lambs. No functional feature was found to differ between W45 and PW45 lambs by LEfSe.




Relationships Between Bacterial Taxa and Phenotypic Variables

The plasma D-lactate, VFA, ruminal papillae length and width of W30 and W45 were obtained from our previous study (Mao et al., 2019b), and re-analyzed with data of 20 lambs for bacteria analysis (Table 2). Correlation analysis showed that plasma D-lactate was negatively correlated (Figure 5) with the relative abundances of Prevotella (P < 0.05), unclassified Paraprevotellaceae (P < 0.01) and Desulfovibrio (P < 0.05). Ruminal papillae length was positively correlated with the relative abundances of Fibrobacter (P < 0.05) and unclassified Lachnospiraceae (P < 0.05) but negatively correlated with the relative abundance of Mitsuokella (P < 0.05). Ruminal papillae width was negatively correlated with only the relative abundance of Succiniclasticum (P < 0.05). Ruminal total VFA concentration was negatively correlated with the relative abundances of unclassified genera within Mogibacteriaceae (P < 0.05) and Veillonellaceae (P < 0.05).


TABLE 2. Phenotypic variables of Hu lambs of different groups.
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FIGURE 5. Spearman’s correlation coefficients for individual major rumen bacterial genera (each with >0.5% relative abundance) and phenotypic variables. Color represents the correlation coefficient, with red representing a positive correlation and blue denoting a negative correlation. *P < 0.05 and **P < 0.01.




DISCUSSION

Understanding the impacts of weaning age on animal growth, rumen tissue structure, and the structure and functionality of the rumen microbiome during early life and the changes that occur postweaning can aid the identification of an appropriate weaning age for achieving optimal health and growth performance throughout adulthood. In this study, we characterized the rumen microbiota at two different weaning ages (30 vs. 45 days) and the changes that occur postweaning (5 d) in the diversity, composition and predicted functional features of the rumen bacterial and archaeal communities. The lambs in the two weaning-age groups received the same diet and exhibited similar levels of feed intake (Mao et al., 2019b), allowing us to determine the effects of weaning age on the aforementioned measures. Additionally, we investigated whether weaning stress influenced microbial colonization in the rumen, information that may aid the selection of an appropriate weaning age.

The gastrointestinal tract of most newborn animals is thought to be sterile, but at birth, microbes from the surrounding environment and the dam rapidly colonize the rumen (Yáñez-Ruiz et al., 2015). Jami et al. (2013) reported that some rumen bacteria essential for mature rumen function were present as early as 1 day after birth, and Li et al. (2012) found that all major types of rumen bacteria could be detected in the rumen of 14-day-old calves. Guzman et al. (2015) suggested that inoculation occurs even before birth, noting that members of typical functional bacteria have been found in the rumen of calves less than 20 min after birth. However, there was no significant difference in abundance of any of the top four bacterial phyla between the two weaning ages (W30 and W45) in this study. This finding suggests that the rumen microbiota might have largely achieved stability by the age of 30 days while lambs were consuming the same diet. This interpretation is in general agreement with Yáñez-Ruiz et al. (2015) finding that the rumen microbiota no longer exhibited clear temporal changes at the phylum level beyond 15 days of age. Furthermore, Meale et al. (2016) suggested that the developing gut (preweaning) contains the same dominant phyla as the more mature gut, although the relative abundances vary with developmental stage. In the present study, the relative abundance of Bacteroidetes decreased from 0 to 5 days postweaning among the lambs weaned early (at day 30). Interestingly, none of the major bacterial phyla exhibited significant changes in relative abundance from 0 to 5 days postweaning among the lambs weaned at 45 days of age. This finding suggests that early weaning stress could have a negative effect on rumen development. Bacteroidetes plays a role in the normal development of the digestive tract, affecting traits such as the growth and volume increase of the rumen (Thomas et al., 2011; Lin et al., 2018).

Seven genera exhibited significant differences in relative abundance among treatments. While it did not mean these seven microbial genera have the most important functions in the complex rumen environment. Many microbes share the same metabolic pathways in the rumen; thus, a significant change in microbial community composition may not entail a shift in function (Yang et al., 2018). Consistent with this observation, Li et al. (2012) found that all of the functional classes in the rumen were similar between 14-day-old and 42-day-oldcalves. In this study, extension of the MR feeding period decreased the abundances of Prevotella and Dialister and increased the abundance of Ruminococcus. Prevotella strains are highly amylolytic and proteolytic (Matsui et al., 2000; Xu and Gordon, 2003). Members of Dialister have been reported to play roles in altering the buffering capacity of the rumen and fluid turnover (Myer et al., 2015). The members of Ruminococcus are cellulolytic, fiber-degrading bacteria (Ezaki, 2015) and can produce all organic acids. Zhong et al. (2019) found that increasing the relative abundance of Ruminococcaceae increased butyrate production during the transition from weaning to postweaning, which stimulating jejunal adaption toward gut health in piglets. The results of the present study suggested that extending the duration of MR feeding induces microbial changes and potentially affects rumen digestion. From weaning to postweaning, the abundances of Prevotella, Dialister, and Bacteroides decreased, and the abundance of unclassified Coriobacteriaceae increased among lambs weaned at 30 days of age, whereas no abundance differences between weaning and postweaning were observed among lambs weaned at day 45. These findings suggest that early weaning stress could change the microbial composition, and Bailey et al. (2011) also believed that the relative abundance of bacteria in the genus Bacteroides decrease under the influence of stressors. Weaning stress may be an reason for the decrease in Bacteroides after weaning (Li Y. et al., 2020). Additionally, extending the period of MR feeding seems to increase rumen microbial diversity. A high level of diversity could provide “functional redundancy” that makes the ecosystem more resilient to environmental stressors and more stable (Konopka, 2009). In our previous study (Mao et al., 2017), rumen microbial changes in response to weaning were observed; however, only some known cellulolytic bacteria were quantified, and postweaning changes were not investigated. Therefore, the present study provides a more comprehensive assessment of how weaning affects rumen microbial colonization, taking weaning stress into consideration.

In the present study, only Euryarchaeota phylum was identified in all the rumen samples. This finding was similar to Kumar et al. (2015), who reported Euryarchaeota was the dominant archaea phylum in the rumen microbiome. Moreover, archaeal communities were concluded to less diverse (3–4% of the rumen microbiome) and less variable than other microbial domains (Jeyanathan et al., 2011), which might be due to the establishment of stable methanogenic communities in the rumen at a very early age (Su et al., 2014).

Based on the PICRUSt analysis of the rumen microbiome, we speculate that weaning stress of W45 lambs was lower than that of W30 lambs. However, despite a lower abundance of the genus Prevotella in the lambs weaned at 30 days than in those weaned at 45 days, no significant differences in amino acid metabolism were observed between these groups. This finding may have been due to the establishment of the functional maturity of the rumen prior to microbial maturity. Meale et al. (2016) found that among the 10.75% of OTUs assigned to a KO category, none were associated with significant changes in carbohydrate metabolism. However, the predictions of PICRUSt are based on known microbial functions, and many of the functions of unclassified bacteria may be over- or underestimated (Yang et al., 2018). Wilkinson et al. (2018) indicated that the functional profiles predicted by CowPI better match estimates for both the meta-genomic and transcriptomic datasets than PICRUSt. On the other hand, metagenomic and metabolomic analyses might be used to analyze the functions of the rumen microbiome to better understand the effects of changes of bacterial taxa on rumen function, functional inferences from 16S data should not replace metagenomic and metatranscriptomic approaches. Therefore, we could improve the function prediction in the future study.

The VFAs in the rumen stimulate rumen epithelial metabolism (Baldwin and McLeod, 2000), and butyrate has been shown to be the most stimulatory (Górka et al., 2011). Butyrate promotes cell proliferation and inhibits cell apoptosis, leading to the functional maturation of intestinal epithelial cells (Hamer et al., 2008; Zhong et al., 2019). The genus Butyrivibrio represents a major group of butyrate producers in the rumen (Bryant, 1986). In the present study, the abundance of this genus was positively correlated with papillae length in the rumen. This result is consistent with that of Yang et al. (2018). We observed a positive correlation between Succinivibrio abundance and rumen VFA concentration, which corroborates the finding of Rey et al. (2013), who found a similar correlation in the rumen of 3- to 12-day-old calves.



CONCLUSION

In conclusion, this study provides new insights into the colonization of the weaning-lamb rumen and associations within the rumen microbiota. The results suggest that extending the period of MR feeding could influence the microbial composition and potentially benefit rumen development and mitigate the negative effect of weaning stress. Weaning at the age of 45 days may be recommended from the perspective of the rumen microbial community.
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Correlation of Breed, Growth Performance, and Rumen Microbiota in Two Rustic Cattle Breeds Reared Under Different Conditions
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The use of rustic cattle is desirable to face challenges brought on by climate change. Maremmana (MA) and Aubrac (AU) are rustic cattle breeds that can be successfully used for sustainable production. In this study, correlations between two rearing systems (feedlot and grazing) and the rumen microbiota, the lipid composition of rumen liquor (RL), and the growth performance of MA and AU steers were investigated. Bacterial community composition was characterized by high-throughput sequencing of 16S rRNA gene amplicons, and the RL lipid composition was determined by measuring fatty acid (FA) and the dimethyl acetal profiles. The main factor influencing bacterial community composition was the cattle breed. Some bacterial groups were positively correlated to average daily weight gain for the two breeds (i.e., Rikenellaceae RC9 gut group, Fibrobacter and Succiniclasticum in the rumen of MA steers, and Succinivibrionaceae UCG-002 in the rumen of AU steers); despite this, animal performance appeared to be influenced by short chain FAs production pathways and by the presence of H2 sinks that divert the H2 to processes alternative to the methanogenesis.
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INTRODUCTION

Maremmana (MA) and Aubrac (AU) cattle are rustic breeds well suited for diverse farming conditions, due to their ability to efficiently use low-quality dietary fiber (Renand et al., 2002; Sargentini, 2011; Gallo et al., 2014; Bongiorni et al., 2016; Conte et al., 2019). AU is a breed that originated on the Massif Central in southern France and currently is mainly raised for beef production. The MA breed is typically raised in the Maremma region in Central Italy. It was formerly selected as a work animal, but is now raised only for beef production.

It has been suggested that the use of more resilient breeds (rustic breeds) for beef production is desirable to face challenges brought on by climate change (Horizon, 2020). Rustic breeds may better adapt to challenging and diverse livestock systems due to specific genetic traits. Furthermore, the rumen microbiota plays an important role in the adaptive response of animals to environmental challenges (Zhong et al., 2019). Several authors have hypothesized that host genetics can be fundamental in selecting rumen microorganisms and suggested that breeding strategies could exploit the abundance of rumen microbial genes to select animals with desirable traits (Roehe et al., 2016).

Molecular analysis of rumen liquor (RL) can provide detailed information on the composition of rumen microbiota, and associations between rumen microbial community structure and feeding regimens, diet composition, and host genetics have been made (Li et al., 2019b; Vasta et al., 2019). There is increasing interest in understanding associations between rumen microbiota, rumen metabolism, and animal performance in order to evaluate how changes in rumen microbial community composition may affect the efficiency and quality of beef production (Vasta et al., 2019). Analysis of fatty acids (FAs) and dimethyl acetals (DMAs) originating from rumen microorganisms could be used to understand the effects of a feeding regimen and its influence on rumen microbial metabolism [lipolysis, biohydrogenation (BH) of dietary lipids, synthesis of membrane lipids] (Alves et al., 2013). Previous studies have suggested that the composition of FAs and DMAs in RL may be associated with changes in the rumen microbial community composition resulting from changes in animal diet or feeding regimen (Cappucci et al., 2018; Mannelli et al., 2018) (e.g., grazing vs. feedlot). However, no data are available allowing for comparisons of rumen lipid composition between different rustic cattle breeds maintained on the same farming systems. Moreover, to date, no data are available describing rumen microbial community composition of rustic breeds as affected by different feeding regimens.

The aim of this study was to investigate the patterns of rumen microbial community composition of steers from two cattle breeds (AU and MA steers) as affected by two different feeding regimens (feedlot vs. grazing) and to explore associations with the growth performance of the steers.



MATERIALS AND METHODS


Experimental Design

Forty 4.5-months-old MA and AU (n = 20 each) steers with an average body weight of 250 kg were allotted into 2 experimental groups as follows: 10 AU and 10 MA were fed in a feedlot (2,500 m2), whereas 10 AU and 10 MA were fed in a grazing (10 ha) system. Each feedlot or pasture area was equally subdivided into 3 lots. Within each rearing system, 10 subjects per breed were randomly allotted into 2 subgroups of 3 steers and 1 group of 4 animals, in order to obtain 3 replicates for each treatment and each breed.

The steers in the feedlot were fed grass hay ad libitum and concentrated feed (1 kg/100 kg of live weight per head and per day), whereas grazing animals received grass hay ad libitum in addition to the fresh forage available on the pasture that consisted of 62% grass, 17.5% legumes (mainly white clover), and 20.5% other species (Supplementary Table 1). The same kind of concentrate feed used for steers in the feedlot was administered to grazing steers when grass availability was limited [the amount of concentrate was decided monthly on the basis of the individual average daily weight gain (ADG) and was not greater than 1 kg/100 kg of live weight per head]. All the animals had free access to water.

Crude protein (CP) ether extract and ash were determined in feeds according to the AOAC (2000) methods. Fiber fractions were analyzed according to Van Soest et al. (1991). Net energy (NE) content of feeds was estimated according to Cornell Net Carbohydrates and Protein System for cattle (Fox et al., 1992). Productivity was evaluated by weighing animals monthly to assess ADG. All steers were slaughtered at 600 kg (between 20 and 22 months old).

All experiments in this study were performed in accordance with the approved guidelines from the European directive 2010/63/UE and DL 4/03/2014 no. 26.



Sampling of RL and Determination of FAs and DMAs

RL samples were collected from freshly slaughtered steers. The whole rumen content was collected, mixed, and filtered on a sterile cheese cloth (Ramos-Morales et al., 2014) to obtain 200 ml of RL for chemical and microbial analyses. This procedure (i.e., mixing the whole rumen content) ensured the collection of a representative sample of each rumen. The liquid-associated bacteria, and the solid-adherent bacteria associated to the food particles that were not removed by filtering on cheese cloth, were collected. The reproducibility of the results was ensured by sampling 20 animals for each breed. Approximately 2 ml of RL was immediately stored at –80°C for microbial DNA extraction. The rest of the samples were stored at –20°C and then lyophilized (ScanVAC CoolSafe 55-4 lyophilizer, LaboGene ApS DK-3450, Allerød, Denmark) for the analysis of lipid composition.



Lipid Extraction and Identification of Fatty Acid Methyl Esters and DMAs

Lipids were derivatized by a direct acid/basic double transesterification of freeze-dried RL (Alves et al., 2013). Identification of fatty acid methyl esters (FAMEs) and DMAs was performed by thin-layer chromatography purification of the esterified fraction (Alves et al., 2013). The identification of DMAs was obtained by gas chromatography–mass spectrometry (GC–MS), according to Alves et al. (2013).

The composition of FAs was characterized using a GC2010 Shimadzu gas chromatograph (Shimadzu, Columbia, MD, United States) as previously reported (Alves et al., 2013; Cappucci et al., 2018). Every single FAME was identified through comparison to a standard FAME mixture containing 52 standards (Nu-Chek-Prep Inc., Elysian, MN, United States). Nonanoic acid and nonadecanoic acid were used as internal standards. The identification of the 18:1 isomers was based on a mixture of commercial standards (Supelco, Bellefonte PA, United States) and on the basis of the isomeric profiles (Kramer et al., 2004). Individual FA and DMA profiles were expressed in g/100 g of total FAs and DMAs, respectively.



DNA Extraction, Sequencing, and Bioinformatics

DNA was extracted from 185 μl of RL by using the Fast DNA Spin for soil kit (MP Biomedicals, Solon, OH, United States) following the manufacturer’s protocol modified as previously reported (Mannelli et al., 2018).

Bacterial 16S rRNA gene amplicons were generated with a double step PCR protocol. The 341F and 806R primers (Bergmann et al., 2011; Zeng et al., 2013) were used for the first round. The same primers with the addition of adaptors and Ion Xpress barcodes were used in the second round. All reactions contained 10 μl of 2× GoTaq Green Master Mix (Promega Corporation, Madison, WI, United States), 2 μl forward primer (1 μM final concentration), 2 μl reverse primer (1 μM final concentration), 1 μl of template DNA, and water for a total volume of 20 μl. The thermocycler program for first PCR consisted of: 95°C for 4 min followed by 25 cycles of 95°C for 30 s, 62°C for 45 s, and 72°C for 2 min, with a final extension at 72°C for 5 min. The second PCR used the same conditions except that an annealing temperature of 65°C and 20 cycles was used. After each round of PCR, amplicons were cleaned in a 96-well plate using Agencourt AMPure XP beads (Beckman Coulter, Inc.). Amplicons were sequenced using an Ion S5TM XL sequencer (Thermo Fisher Scientific) on an Ion 530 chip using 400 bp chemistry.

The UPARSE pipeline (USEARCH 8.1) was used to process the obtained sequences (Edgar, 2010, 2013). The forward primer was removed, the sequences shorter than 350 bp were eliminated, and the remaining sequences were truncated at 350 bp. Low-quality sequences (i.e., sequences with a total expected error > 2) were eliminated. The sequences present only once in the entire dataset (singletons) were removed, and the sequences were grouped into operational taxonomic units (OTUs) at 97% similarity. A representative sequence was selected for each OTU. Representative sequences were classified against SILVA database v138 (Pruesse et al., 2007) using the function assignTaxonomy (confidence 80%) in the DADA2 package, version 1.14.0 (Callahan et al., 2016) in R 3.6.1 (R Core Team, 2020). OTUs with a relative abundance lower than 0.005% in all the samples were removed from the whole dataset. A total of 1,249,694 high-quality sequences were obtained with an average of 31,242 ± 14,662 sequences per sample (average ± standard deviation). A randomly rarefied dataset (5,456 sequences per sample—i.e., sequences in the sample with the lowest number of sequences) was generated. The Chao1 index, the ACE index, the Simpson index, and the Shannon diversity index were calculated using the vegan package, version 2.5-6 (Oksanen et al., 2019) in R 3.6.1 (R Core Team, 2020).



Statistical Analysis

Statistical analysis of RL, FAs, and DMAs was performed by the following general linear model (SAS Institute, Charlotte, NC, United States) (SAS Institute, 2008):

Yijz = μ + Bi + Rj + Bi × Rj + εijz

Where:

y = observation

μ = overall mean

Bi = fixed effect of the i-th breed: AU and MA (i: from 1 to 2)

Rj = fixed effect of the j-th rearing system: pasture and feedlot (j: from 1 to 2)

Bi × Rj = interaction effect of the i-th breed and j-th rearing system

εijz = random error.

In cases of a significant effect for the Bi × Rj interaction, a post-hoc HSD analysis of Tukey was performed. Probability of significant effect due to experimental factors was fixed at p < 0.05.

Data from the characterization of the microbial communities were processed using the vegan package, version 2.5-6 (Oksanen et al., 2019) in R 3.6.1 (R Core Team, 2020). A non-metric multidimensional scaling (NMDS) and a permutational multivariate analysis of variance (PERMANOVA) based on Hellinger transformed OTU abundance data were performed using the metaMDS and the adonis2 functions, respectively. Both the NMDS and the PERMANOVA were performed on the Bray–Curtis dissimilarity index. The taxa with different relative abundances between the conditions (i.e., breed, rearing system, and interaction of breed × rearing system) were identified by a Kruskal–Wallis test and by a post-hoc Dunn test with the Benjamini–Hochberg correction for multiple comparison. The Kruskal–Wallis test and the Dunn test were performed to detect significant differences between the conditions for the calculated diversity indexes. Differences were considered significant for p < 0.05. The Spearman correlations were performed to identify the bacterial genera correlated to the ADG. Correlations were considered significant for p < 0.1.



Nucleotide Sequence Accession Number

The sequences are available at the National Centre for Biotechnology Information (NCBI), BioProject number PRJNA682716, under the following BioSample accession numbers: SAMN17005974–SAMN17006013.



RESULTS


FA and DMA Profiles

The total percentage of saturated fatty acids (SFAs) was higher in the RL from steers reared in the feedlot system (Table 1), with stearic acid (SA, C18:0) being the most relatively abundant, followed by palmitic acid (PA, C16:0) (Table 2). The RL from MA steers had a higher content of PA and a lower content of SA than the RL from steers of the same breed reared in the feedlot, and to the AU steers, regardless of the rearing system (Table 2). The overall content of odd and branched chain FAs (OBCFAs) was higher in the RL from grazing steers of both breeds (Table 1); however, some differences were significant between breeds for specific OBCFA. The RL from AU steers contained a higher percentage of C15:0 ante and C16:0 ante. In contrast, the RL from MA steers had a higher percentage of C16:0 iso and C17:0 ante (Table 2). A significant breed × rearing system interaction was found for C17:0 iso that was found at a higher percentage in the RL of grazing MA steers. The RL from AU steers contained a higher percentage of odd chain FAs (OCFAs) C13:0, C15:0, C17:0, and C23:0 than the RL from MA steers.


TABLE 1. Relative percentage (g/100 g of total FAs + DMAs) of the main classes of fatty acids and dimethyl acetals in the rumen liquor from Aubrac or Maremmana steers maintained in feedlot or on pasture.
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TABLE 2. Relative percentage of selected fatty acids (g/100 g of total FAs) in the rumen liquor from Aubrac or Maremmana steers maintained in feedlot or on pasture.

[image: Table 2]The overall percentage of polyunsaturated fatty acids (PUFAs) was significantly higher in RL from grazing MA steers, as a consequence of the significant breed × rearing system interaction (Table 1). Considering the PUFA n–3 FA, the interaction was significant for C22:5 n–3 (p < 0.001) and for C18:4 n–3 (p = 0.034). Linoleic acid (C18:2 n–6) was the most relatively abundant PUFA, and it was found at higher percentage in RL from MA steers, irrespective of the rearing system, together with n–6 (C20:3 n–6, C22:4 n–6) PUFAs. The cis and trans C18:1 isomers were differentially distributed in RL according to the breed and feeding strategy. Vaccenic acid (VA, C18:1 trans11) was the C18:1 trans isomer with the highest concentration in the RL, regardless of the breed and the rearing system. The highest concentration of VA was detected in the RL from AU steers, whereas the C18:1 cis9, the most abundant among the C18:1 cis isomers and monounsaturated fatty acids (MUFAs), was contained at the greatest concentration in the RL from MA steers. The content of C18:1 trans6–8, C18:1 trans9, C18:1 trans10, C18:1 trans12, C18:1 trans15, C18:1 trans16, C18:1 cis11, and C18:1 cis12 was higher in the RL from AU steers. The interaction of breed × rearing system was significant in a few cases: C18:1 trans12, C18:1 trans15, C18:1 cis12, and C18:1 trans16, being the FAs found at the lowest percentage in the RL from MA grazing steers. Grazing activity resulted in a significant increase of α-linolenic acid (α-LNA, C18:3 n–3) in the RL, especially for the MA steers that had the highest amount of α-LNA in their RL (p = 0.148). A decrease of the n–6/n–3 ratio in the RL from grazing steers was also observed, regardless of the breed. The concentration of conjugated linoleic acid (CLA) did not vary across treatments (Table 2).

The total content of DMA in RL did not vary between breeds but was higher in the RL from grazing steers (Table 1). Nineteen different DMAs were identified in the RL (Table 3). The most abundant DMA was DMA C16:0, followed by DMA C15:0 iso for AU steers and DMA C14:0 for MA steers. Overall, 16 DMAs changed significantly in their content according to the breed factor, and only DMA C15:0 ante, DMA C17:0, and DMA C18:1 trans11 did not significantly differ between the two breeds. DMA C15:0 iso, DMA C16:1, and DMA C18:1 cis9 were significantly more abundant in the RL from AU steers, whereas the relative percentages of the other DMAs were higher in the RL from MA steers. In four cases (DMA C14:0, DMA C15:0, DMA C18:1 cis11, and DMA C18:1 cis12), the interaction breed × rearing system was significant. The rearing system showed a significant effect only for DMA C18:1 cis11. Overall, the content of odd chain DMAs and of branched chain DMAs was higher in the RL from AU steers, mainly due to the higher content of DMA C15:0 iso (Table 3).


TABLE 3. Relative percentage of dimethyl acetals (g/100 g of total DMAs) in the rumen liquor from Aubrac or Maremmana steers maintained in feedlot or on pasture.

[image: Table 3]


Taxonomic Composition of the Bacterial Communities

Bacterial communities in the rumen of AU and MA steers reared in two different systems were characterized by high-throughput sequencing of 16S rRNA gene amplicons. Rarefaction curves (Supplementary Figure 1), obtained by plotting the number of OTUs vs. the number of sampled sequences, indicated that the depth of the sampling was enough to describe the biodiversity within the dataset. Chao1, ACE, Shannon, and Simpson diversity indexes (Figure 1) were calculated and clearly showed a difference (in terms of both richness and evenness) between the rumen bacterial communities in the two breeds. Conversely, no differences were observed in the diversity for the two rearing systems.
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FIGURE 1. Diversity indices of the rumen microbiota of Aubrac (AU) and Maremmana (MA) breeds in the two rearing systems (feedlot and grazing). Uppercase letters (A and B) show significant differences (p < 0.05) between breeds. Lowercase letters (a and b) show significant differences (p < 0.05) due to the interaction breed × rearing system. The biodiversity is lower in the bacterial communities in the rumen of AU steers.


An NMDS plot showed that the composition of the microbial communities was affected by the breed (Figure 2), an observation confirmed by PERMANOVA (R2 = 0.28, p < 0.001). Furthermore, despite the diversity within the microbial communities in the two rearing systems not being different, a significant difference in the composition (i.e., in the structure) of the bacterial communities was observed for the rearing system (R2 = 0.04, p = 0.021) and for the interaction breed × rearing system (R2 = 0.04, p = 0.029).
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FIGURE 2. Non-metric multidimensional scaling plot based on Hellinger transformed OTU abundance data. The bacterial communities selected in the rumen of the two breeds reared in different conditions are different.


Considering the whole dataset, the family Prevotellaceae (phylum Bacteroidetes) was the most relatively abundant (average relative abundance ∼38%, with a range between ∼10 and ∼58%), followed by the families Ruminococcaceae and Lachnospiraceae (phylum Firmicutes), with an average relative abundance of ∼11% (range between ∼6 and ∼28%) and ∼8% (range between ∼4 and ∼18%), respectively (Figure 3A). At the genus level (Figure 3B), the most relatively abundant groups were Prevotella 1 (phylum Bacteroidetes, average ∼27%, with a range between ∼6 and ∼57%) and Rikenellaceae RC9 gut group (phylum Bacteroidetes, average ∼7%, with a range between ∼1 and ∼18%), followed by the genus Succiniclasticum (phylum Firmicutes, average ∼4%, with a range between < 1 and ∼9%).
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FIGURE 3. Composition of bacterial communities at the (A) family and (B) genus levels for the Aubrac (AU) and Maremmana (MA) breeds in the two rearing systems (feedlot and grazing). Only the genera with a relative abundance of at least 1% in at least one sample are reported. Within the whole dataset, the most relatively abundant families were Prevotellaceae, Ruminococcaceae, and Lachnospiraceae, whereas the most relatively abundant genus was Prevotella.


Only 16 families showed an average relative abundance of 1%, or higher, in at least one group (i.e., AU grazing, AU feedlot, MA grazing, MA feedlot— Supplementary Table 2). Twelve families showed significantly different relative abundances between the two breeds. In particular, the families Prevotellaceae, Fibrobacteraceae, Acidaminococcaceae, Veillonellaceae, and Succinivibrionaceae were more relatively abundant in the AU breed, whereas the families F082, p-251-o5, Christensenellaceae, Family XIII, and Ruminococcaceae were more abundant in the MA breed. Furthermore, the relative abundance of the family Rikenellaceae was higher (∼12%) in the MA steers reared in grazing conditions than in the AU steers reared in both pasture and feedlot, whereas the relative abundance of this family in MA steers reared in feedlot was intermediate (Supplementary Table 2). Similarly, the family Saccharimonadaceae showed a higher relative abundance in the rumen of MA steers reared in the feedlot than of AU steers, regardless of the rearing conditions, and the relative abundance in the RL from MA steers reared in pasture was intermediate (Supplementary Table 2).

Twenty genera with an average relative abundance of 1%, or higher, in at least one group were observed (Supplementary Table 3). The genera Prevotella (Prevotella 1 and Prevotella 7), Fibrobacter, Oribacterium, and Succiniclasticum were more relatively abundant in the rumen of AU steers, whereas the genera Acetitomaculum, Saccharofermentans, and some members of the families Christensenellaceae and Ruminococcaceae (Christensenellaceae R-7 group, Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-010, Ruminococcus 2) were more relatively abundant in the rumen of MA steers, regardless of the rearing system. Four genera had a different relative abundance not only considering the breed but also considering the interaction breed × rearing system: the Lachnospiraceae NK3A20 group and Candidatus Saccharimonas showed a significantly higher relative abundance in the rumen microbial communities in MA steers reared in the feedlot than in AU steers reared in both grazing and feedlot systems (Supplementary Table 3). Similarly, the Rikenellaceae RC9 gut group had a higher relative abundance in MA steers in pasture conditions than in AU steers in both rearing systems, whereas the genus Ruminococcus 1 showed the opposite and had a higher relative abundance in the rumen of AU grazing steers than of MA grazing steers (Supplementary Table 3).



Correlation Between Bacterial Taxa and Growth Performance

The ADG values were less than 1 kg per head and per day and were higher for the AU steers than for the MA steers (Supplementary Table 4). To correlate the bacterial groups to growth performance, Spearman correlations were obtained independently for each breed. Only genera with a relative abundance of at least 1% in at least one sample were considered for each breed. At the genus level, different bacterial genera showed a significant correlation with growth performance (p < 0.1) in the two breeds (Figure 4). The groups Ruminococcaceae UCG-01, Treponema 2 (AU), Lachnospiraceae NK3A20 group, and Saccharofermentans (MA) were negatively correlated to growth performance. Conversely, the relative abundance of Succinivibrionaceae UCG-002 (AU), Rikenellaceae RC9 gut group, Fibrobacter, and Succiniclasticum (MA) increased in accordance to growth performance.
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FIGURE 4. Correlations between the rumen bacteria and the average daily weight gain of the Aubrac cattle and the Maremmana cattle. Only significant correlations (p < 0.1) were reported. Correlations were calculated independently for each breed, and only the genera with a relative abundance of 1%, or higher, in at least one sample were considered.




DISCUSSION

AU and MA steers were reared under two different conditions (i.e., grazing and feedlot). The ADG was recorded, and at the end of the rearing period, samples of RL were collected to analyze the FA and DMA profiles and to characterize the bacterial communities. The diet is a key factor that modulates the microbial community and, consequently, the BH of FAs in the rumen (Vasta et al., 2019). However, the breed can also influence the rumen microbiota, methane emissions, and feed efficiency (Paz et al., 2016; Roehe et al., 2016; Li et al., 2019a,b). Hence, the presence of functional FAs in animal products can be influenced both by host genetics and by the feeding strategy (Vasta et al., 2019).

In our study, SA and PA were the most relatively abundant FAs in all the samples, which are consistent with the findings from several authors (Cersosimo et al., 2016; Buccioni et al., 2017; Cappucci et al., 2018; Mannelli et al., 2018). FA profiles, however, showed several differences in the RL collected from the two breeds. The SA content was lower in the RL from grazing animals than in the RL from animals fed in feedlot, with the lowest percentage recorded in grazing MA steers. The feeding strategy based on pasture increased the percentage of C18:3 n–3. This observation can be explained since this FA is a structural FA whose presence can be observed in fresh herbs. This finding (i.e., higher percentage of C18:3 n–3 in RL of grazing steers, linked to lower concentration of SA in RL of MA steers reared in pasture) suggests less intensive BH in the RL of grazing MA steers. A different modulation of the BH pathway in the two breeds, regardless of the feeding strategy, is confirmed also by the amount of C18:1 trans isomers that is higher in the RL of AU steers than of MA steers. These FAs are important markers of rumen microbial metabolism and are produced not only by hydrogenation of PUFAs but also by isomerization of MUFAs (Mosley et al., 2002). A feeding strategy based on grazing is able to modify the FAs profile in the rumen (Collomb et al., 2002). Grazing animals can select plant species, or specific components of forage plants, with different secondary metabolites or C18:3 n3 contents. This can lead to a different intake of such molecules. MA and AU could have a different feeding behavior and could be characterized by a different rate of passage of forage in the rumen due to their physiology. These factors could have induced changes in the profile of the microbial community, thus affecting the rate of BH (Lee et al., 2003; Cabiddu et al., 2010; Vasta et al., 2019). The effect of polyphenols on the bacterial communities involved in BH in the rumen of animals fed fresh grass has been described in the literature and can explain the reduced disappearance of PUFAs (Vasta et al., 2019). The accumulation of PUFAs can further influence the microbial activity due to their antibacterial properties, leading to additional changes in the BH pathway (Jenkins, 1994; Chilliard et al., 2001). In this trial, the animals grazed on a pasture composed of grass and legumes and a previous study showed that the proportion of C18 PUFAs by-passing the rumen and entering the duodenum was higher in steers fed legume silage than in steers fed grass silage (Lee et al., 2003). Furthermore, a negative relationship between the content of polyphenols in several legumes and the trend of BH of C18:3 n3 during in vitro fermentation has been demonstrated (Cabiddu et al., 2010). Moreover, differences in the amount of C18:1 cis9 and C18:3 cis9 cis12 cis15 (higher in MA steers) and VA (higher in AU steers) could be related to a selective action in protecting cis9 double bound from hydrogenation in MA steers and in lowering trans11 hydrogenation in AU steers, which can be influenced by the different compositions of microbial communities between the two breeds.

OBCFAs are largely present in bacterial membranes (Kaneda, 1991) and are therefore considered microbial markers in the rumen ecosystem (Vlaeminck et al., 2006; Bessa et al., 2009). The results of the present study provide evidence that the total concentration of OBCFA was higher in the RL of grazing steers and, in particular, in MA grazing steers. Other authors observed that the proportion of even-chain saturated FA decreased, and that of BCFA increased with increasing forage content (Bas et al., 2003). In our study, grazing regimen increased the concentration of iso branched chain FAs, in particular 14:0 iso,15:0 iso, 16:0 iso, and 17:0 iso. An increase of amylolytic bacteria can increase ante iso and linear OCFAs, whereas an increase in cellulolytic bacteria can result in a higher amount of iso FAs (Vlaeminck et al., 2006). Our data suggest that that the feeding regimen of MA grazing steers was probably richer in forage than that of AU grazing steers, possibly due to more intense grazing activity by MA steers. Although the individual consumption of forage and concentrate was not recorded during the experiment, the total amount of concentrate consumed by the grazing MA steers as a group was lower than that recorded by the grazing AU steers (data not shown), providing indirect confirmation of this hypothesis.

Microbial plasmalogens (detected as DMAs) have been used to compare microbial communities in RL when different diets were provided (Mannelli et al., 2019). Several authors observed that specific DMAs are associated with specific bacterial taxa under certain conditions, indicating that plasmalogen lipid profiles can be considered as a tool for the identification of the effect that a change in environmental conditions can induce on a microbial community (Miyagawa, 1982; Minato et al., 1988). In this study, DMA C16:0 was the most abundant in all groups, which was in agreement with previous results (Alves et al., 2013). The main factor affecting DMA profile in this study was the breed, and the results were confirmed by the 16S rRNA gene amplicon sequencing.

Differences in the composition of the bacterial communities in RL between the two breeds were observed by high-throughput sequencing of 16S rRNA gene amplicons. Bacterial diversity was higher in the rumen communities of MA steers than of AU steers. AU steers, however, showed higher ADG. This observation is in agreement with previous findings in which the more efficient animals were characterized by a lower biodiversity of the microbial taxa and of the metabolic pathways active in the rumen (Shabat et al., 2016). The most relatively abundant groups were the same in the two breeds (i.e., Prevotellaceae, Ruminococcaceae, and Lachnospiraceae at the family level and Prevotella 1, Rikenellaceae RC9 gut group, and Succiniclasticum at the genus level), regardless of the rearing system. The genus Prevotella is a dominant member of the bacterial community in the rumen (Stevenson and Weimer, 2007; Henderson et al., 2015; Mannelli et al., 2019) and is among the bacterial groups of the so-called rumen core microbiota (Henderson et al., 2015), along with members of the families Ruminococcaceae and Lachnospiraceae (e.g., microorganisms of the genera Ruminococcus and Butyrivibrio) (Henderson et al., 2015; Mannelli et al., 2019). The importance of these bacteria in the ecology of rumen communities and their key role in the degradation of cellulose, pectin, and hemicellulose has been also well documented (Kabel et al., 2011; Seshadri et al., 2018).

The presence of bacteria belonging to the genus Succiniclasticum is widely described in rumen communities (Holman and Gzyl, 2019; Auffret et al., 2020). Members of this genus are involved in the conversion of succinate to propionate (van Gylswyk, 1995). Furthermore, the abundance of propionate-producing bacteria (i.e., Succiniclasticum spp.) is positively correlated to animal feed efficiency (Auffret et al., 2020; Clemmons et al., 2020), since propionate is the main precursor of glucogenesis (Shabat et al., 2016). This is also confirmed by our study, in which a positive correlation was observed between the genus Succiniclasticum and the growth performance in the MA steers, indicating that the relative abundance of this genus in the rumen increased according to the ADG. Other than the genus Succiniclasticum, the genus Fibrobacter was also correlated with the growth of MA steers in our study. Members of the genus Fibrobacter are indeed involved in the conversion of cellulose to succinate that can be used as a substrate for the production of propionate by the genus Succiniclasticum (Holman and Gzyl, 2019). Furthermore, these two genera (i.e., Fibrobacter and Succiniclasticum) were more abundant in the rumen of AU steers (which showed higher ADG) than of MA steers, despite the fact that their presence in AU steers was not correlated to the growth performance, suggesting the occurrence of different fermentation patterns in the two breeds. The presence of the Rikenellaceae RC9 gut group (family Rikenellaceae) has been widely observed in the gastrointestinal tract of several ruminants (Holman and Gzyl, 2019; Tong et al., 2020). The Rikenellaceae RC9 gut group was positively correlated with growth performance in MA steers and was found to be more relatively abundant in the MA steers (in particular when this breed is reared under grazing conditions) than in the AU steers. These microorganisms can be involved in the production of short chain FAs (Holman and Gzyl, 2019) and in the scavenging of H2, lowering methanogenesis rates (Tong et al., 2020). This reinforces the hypothesis that an increase in growth performance can be correlated to the production of propionate, which is not only a glucogenic precursor but also a sink of H2 leading to more efficient energy recovery.

Two bacterial taxa (i.e., Lachnospiraceae NK3A20 group—family Lachnospiraceae and Saccharofermentans—family Ruminococcaceae) were negatively correlated with growth performance in MA steers. This result is consistent with the observation of another study in which microorganisms assigned to the family Lachnospiraceae and to the genus Saccharofermentans were dominant in the rumen of dairy cows with low milk yields (Sofyan et al., 2019). Despite the fact that Saccharofermentans and Lachnospiraceae spp. are involved in the production of short chain FAs, the negative correlation of their relative abundance with growth performance of MA steers could suggest that the pathways that involve these groups are less efficient in this breed (i.e., MA), than the pathways that involve the genus Succiniclasticum and the Rikenellaceae RC9 gut group.

Correlation with ADG in the AU steers differed from those in the MA steers, in accordance with our previous observations, which clearly showed that the main driving factor that influenced the microbial communities in this work was the breed. A significant effect of breed on the rumen microbiota was reported in Holstein and Jersey cows (Paz et al., 2016) and in Angus, Charolais, and Kinsella composite hybrid cattle (Li et al., 2019a). Our study extends this observation to MA and AU cattle, which are rustic breeds, that are well-adapted to extensive farming conditions, with potential advantages in terms of sustainability of animal production. The only similarity that was observed in the two breeds is in regard to members of the family Ruminococcaceae, since in the rumen of AU steers, an uncultured member of this family (i.e., Ruminococcaceae UCG-001) had a negative correlation with performance, in analogy to the genus Saccharofermentans in the rumen of MA steers. Further, the genus Treponema had a negative correlation with growth performance in AU steers. In the literature, the role of the genus Treponema in the rumen is still controversial, with both negative and positive correlations to animal performance reported. Negative correlations are usually explained by the potential pathogenic role of this microorganism (Mao et al., 2015), whereas positive correlations are explained by the fact that some species within this genus exhibit pectinolytic activity (Auffret et al., 2020). The only microbial group with a positive correlation with growth performance in the rumen of AU steers comprised an uncultured member of the family Succinivibrionaceae (i.e., Succinivibrionaceae UCG-002). These microorganisms are involved in the production of succinate and acetate, and their presence has been linked to low methane emissions from cows (Holman and Gzyl, 2019). Furthermore, a higher abundance of the genus Succinivibrio was observed in the rumen of cattle with higher feed efficiency (Auffret et al., 2020). Our observations suggest that different microbial groups can be correlated with animal performance in the two breeds, but that the microbial pathways that influence the performance could be the same (i.e., short chain FAs production and the presence of H2 sinks as an alternative to methanogenesis). This evidence reinforces the hypothesis that different bacterial groups can have similar functions in the rumen ecosystem. Therefore, future studies should be focused on the impact that specific metabolic functions and pathways have on the rumen microbiota and on animal traits.

In this study, the microbial communities and the FA profiles in the rumens of two breeds of rustic cattle reared under different conditions were characterized. While the rearing system shaped the rumen microbiome structure, the main factor that influenced the bacterial communities was the cattle breed, indicating for the first time that host genetics plays an important role also in rustic cattle. This aspect is of particular interest since rustic cattle, such as AU and MA, are well suited to extensive farming in harsh environments, such as the Mediterranean area. Furthermore, while microorganisms involved in the production of propionate seem to have an influence on growth performance, different taxa had a positive influence on the weight gain in the two breeds, reinforcing once again the hypothesis that host genetics can influence the rumen microbiome.
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The present study aimed to determine whether dietary supplementation with methanogen inhibitors during early life may lead to an imprint on the rumen microbial community and change the rumen function and performance of calves to 49-weeks of rearing. Twenty-four 4-day-old Friesian x Jersey cross calves were randomly assigned into a control and a treatment group. Treated calves were fed a combination of chloroform (CF) and 9,10-anthraquinone (AQ) in the solid diets during the first 12 weeks of rearing. Afterward, calves were grouped by treatments until week 14, and then managed as a single group on pasture. Solid diets and water were offered ad libitum. Methane measurements, and sample collections for rumen metabolite and microbial community composition were carried out at the end of weeks 2, 4, 6, 8, 10, 14, 24 and 49. Animal growth and dry matter intake (DMI) were regularly monitored over the duration of the experiment. Methane emissions decreased up to 90% whilst hydrogen emissions increased in treated compared to control calves, but only for up to 2 weeks after treatment cessation. The near complete methane inhibition did not affect calves’ DMI and growth. The acetate:propionate ratio decreased in treated compared to control calves during the first 14 weeks but was similar at weeks 24 and 49. The proportions of Methanobrevibacter and Methanosphaera decreased in treated compared to control calves during the first 14 weeks; however, at week 24 and 49 the archaea community was similar between groups. Bacterial proportions at the phylum level and the abundant bacterial genera were similar between treatment groups. In summary, methane inhibition increased hydrogen emissions, altered the methanogen community and changed the rumen metabolite profile without major effects on the bacterial community composition. This indicated that the main response of the bacterial community was not a change in composition but rather a change in metabolic pathways. Furthermore, once methane inhibition ceased the methanogen community, rumen metabolites and hydrogen emissions became similar between treatment groups, indicating that perhaps using the treatments tested in this study, it is not possible to imprint a low methane microbiota into the rumen in the solid feed of pre-weaned calves.

Keywords: methane inhibitors, early life, rumen, metataxonomics, microbiota, imprinting, animal phenotype, fermentation profiles


INTRODUCTION

The rumen harbors a symbiotic community of microorganisms that degrade ingested plant components (Hobson and Stewart, 1997). Complex carbohydrates are hydrolyzed and fermented into short chain fatty acids (SCFA), mostly absorbed across the rumen wall and utilized as energy sources for the host ruminant (Van Soest, 1994). A by-product of acid formation in the rumen is hydrogen (H2) that is converted to methane (CH4), a potent greenhouse gas (Ellis et al., 2007). For decades, manipulations of the rumen microbiota have been attempted with the aim to improve animal performance or reduce CH4 emissions (Haque, 2018). In adult ruminants, microbial manipulation, e.g., dietary interventions, microbial inhibitors, plant extracts, among others, have shown either no or only short-term post-treatment effects because of the well-established rumen microbiota (Weimer et al., 2010; Weimer, 2015). In young ruminants, it has been observed that microbial establishment progresses as solid feed intake increases and the rumen develops (Fonty et al., 1987; Jami et al., 2013; Rey et al., 2014; Dill-McFarland et al., 2017). Therefore, manipulations of the rumen microbiota during early life could be a feasible mechanism to promote changes in the community structure that will persist in later life (Yáñez-Ruiz et al., 2010; Abecia et al., 2014a, b; Belanche et al., 2019; Meale et al., 2021).

Dietary and chemical interventions during early life have been shown to alter rumen microbial composition and influence CH4 emissions and SCFA production during and for up to 3 months after treatment cessation in small ruminants (Abecia et al., 2013, 2014b; Saro et al., 2018; Wang et al., 2019). In calves, dietary manipulations during early life have revealed that shifts in the ruminal bacterial community correlate to changes in fermentation patterns and the colonization by archaeal microorganisms (Dias et al., 2017). Such studies have also indicated that changes in the rumen microbial composition can persist to adulthood (Dill-McFarland et al., 2019). The intake of methane inhibitors, targeting the methyl-coenzyme M reductase, from birth until 3 weeks post-weaning have shown long-lasting changes for up to at least 1 year of life on the ruminal microbial ecosystem and CH4 emissions, without differences in live weight (LW), Average daily gain (ADG) and SCFA production between treatments (Meale et al., 2021). Overall, findings in young ruminants suggest that alterations in the early establishment of rumen microbiota may influence the microbial succession process. Additionally, early life intervention studies have reported decreased methanogenesis in the short- and long-term post-treatment, with promising mitigation results in calves maintained throughout the first year of the animals’ life. However, there is a need for more studies assessing the impact of microbial manipulation during early life on the long-term microbial establishment (bacteria and archaea), rumen function and performance in calves.

In a normal functioning rumen, H2 released during rumen microbial fermentation is used by methanogens to reduce carbon dioxide (CO2) to CH4 (Ungerfeld and Kohn, 2006; Janssen, 2010). Methanogenic archaea make up only 3–4% of the rumen microbial population (Yanagita et al., 2000; Ziemer et al., 2000), but they play an important role in H2 removal (Wolin et al., 1997; Joblin, 1999). The use of methanogen inhibitors in ruminants has shown to increase H2 concentrations in the rumen (Bauchop, 1967; Kung et al., 2003), change the feed fermentation pathways toward production of less acetate and more propionate and butyrate, and change the composition of the methanogen community away from the dominant Methanobrevibacter species (Knight et al., 2011; Martinez-Fernandez et al., 2016). However, it is not clear if alterations of the methanogen community during the first weeks of life through methane inhibitor treatment affects subsequent H2 emissions and succession of methanogen microbes following discontinuation of treatment.

Studies in vitro and in vivo have shown that chloroform (CF) and 9,10-anthraquinone (AQ) are potent methanogen inhibitors (Bauchop, 1967; Garcia-Lopez et al., 1996; Kung et al., 2003; Knight et al., 2011). The mechanism of action of CF on methanogens has not been confirmed. Available data indicates that CF interferes at the cobamide-dependent methyl transferase step of the methanogenesis pathway, but there could also be collateral inhibition of methyl transferases in other bacteria (Gunsalus and Wolfe, 1978; Graham and White, 2002). In contrast, AQ seems to interfere with the methyl-coenzyme M of methanogens by disrupting electron transfer during CH4 formation (Garcia-Lopez et al., 1996; Kung et al., 1998). The use of these methane inhibitors can have adverse effects on feed intake, digestion, rumen fermentation and LW gain when added at high concentrations (Kung et al., 2003; Martinez-Fernandez et al., 2016) with these studies examining changes in methanogen populations, ruminal fermentation and CH4/H2 production in mature ruminants. To our knowledge, there is no evidence of the effects of feeding two methanogen inhibitors (CF and AQ) during early and adult life on rumen microbial establishment, rumen function and performance in calves. The use of CF and AQ was to provide a methane inhibition effect that would last over the treatment period even if the rumen community adapts to one of the inhibitors. The objective of the present study was to determine whether feeding CF and AQ in the solid feed diet during early life may lead to an imprint on the rumen microbial community, change the fermentation pathways and alter growth performance of calves to 49 weeks of age.



MATERIALS AND METHODS


Experimental Design

Twenty-four female dairy calves (Friesian x Jersey cross) were randomly allocated, following a simple randomization procedure, to a control and a treatment group. The treatment group had the methane inhibitors CF and AQ mixed into their starter concentrate and partial mixed ration (PMR) diets. The control diet did not contain methane inhibitors. The treatment period lasted for 12 weeks followed by a 37-week period in which both groups were fed similar diets. Animal manipulations were reviewed and approved (AE13132) by the Grasslands Animal Ethics Committee and complied with the institutional Codes of Ethical Conduct for the Use of Animals in Research, Testing and Teaching, as prescribed in the New Zealand Animal Welfare Act of 1999 and its amendments.



Animal Management

Calves were sourced from a single commercial farm at 4 days of age and an average weight of 33 ± 3.7 kg (mean ± S.D.). On arrival to the animal facility, calves were weighed and assigned to one of the experimental groups. Calves were housed in individual pens (1.5 m × 3 m) bedded with wood shavings. Experimental groups were housed in separate temperature-controlled rooms to avoid cross contamination of ruminal microbes between treatments. At week 10, after weaning off milk, calves were moved from individual to a single group pen within each treatment group. At week 14, calves from both groups were transferred outdoors and managed as one mob on pasture. LW was determined weekly during the first 10 weeks of life, fortnightly until week 24 of age, and monthly thereafter. ADG was calculated at the end of the experiment.



Feeding Management and Diet Composition

All calves were fed 4 L/d (2 meals of 2 L per day) of colostrum during the first 4 days of life prior to enrollment into the trial. From day 5 onward, calves were fed 4 L of reconstituted milk replacer (MR; 125 g/kg dry matter: 20.6% fat, 22.7% crude protein (CP) and 49.5% lactose; Milligans, Oamaru, New Zealand) split into two equal feeds of 2 L fed at 0800 and 1600 h using individual feeders. At week 4, calves were transitioned to once per day milk feeding, where 4 L was offered in the morning only. At week 10, calves were fully weaned from MR over a 10-day period reducing individual milk intake by 10% per day. Starter concentrate (Denver Stock Feeds, Palmerston North, New Zealand) was offered ad libitum from day 8. From week 4, calves were offered ad libitum access to starter concentrate plus a PMR. Calves were weaned off starter concentrate from weeks 12 to 14. At week 14, calves were moved outdoors and managed as a single mob on a ryegrass and red clover mixed sward, with continue free access to the PMR. Calves were weaned off PMR diet from week 15 to 17, reducing intake by 10% per day. Fresh water was available ad libitum throughout the study.

The ingredients used in the starter concentrate and PMR diets are given in Table 1. The chemical composition of the milk replacer, starter concentrate, PMR diet and pasture diets (Table 2) was determined by wet chemistry at the Nutrition Lab at Massey University (Palmerston North, New Zealand). Compositional analyses were carried out according to the methods of the Association of Official Analytical Chemists (AOAC, 1990, 2010, 2012). When animals were grazed, pasture samples were taken during methane measurements and scanned by near-infrared reflectance spectroscopy (NIRS; FeedTECH, AgResearch Ltd., Palmerston North, New Zealand) for ash, ether extract, CP, neutral detergent fiber (NDF) and water soluble carbohydrates (WSC) contents (Corson et al., 1999). Dry matter intake (DMI) of starter concentrate and PMR diets were measured on a daily basis only during the individual housing period. Additionally, DMI of starter concentrate, PMR and pasture were also determined when animals were brought into the respiration chambers to measure methane emission. The feed intake was calculated as the difference between feed offered and refused by the animal. Dry matter content was determined by drying the feed offer and refusal for 48 h at 105°C.


TABLE 1. Ingredients of the starter concentrate and the partial mixed ration (PMR) diet.
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TABLE 2. Chemical composition (g/kg) of the milk replacer, starter concentrate, partial mixed ration (PMR) diet and pastures.
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Methane Inhibitors

The inhibitors used in this study were 9,10-AQ (A90004, Sigma-Aldrich, St Louis, MO, United States) and CF (C2432, Sigma-Aldrich, St Louis, MO, United States). The CF was complexed with β-cyclodextrin (β-CD; Trappsol®, TBCDF-F, Cyclodextrin Technologies Development Ltd., Gainesville, FL, United States) to stop evaporation from the feed and to render it odorless. 50 ml of CF were added to β-CD dissolved at 10% (w/v) in 10 L of water. The mix was kept at 4°C and shaken every hour during an 8 h period, after which it settled over night. The supernatant liquid was decanted and the sediment filtered using Whatman no. 54 filter paper, dried in the fridge at 4°C and transferred to a jar. Concentrations of 9,10-AQ and CF fed to the calves in the starter concentrate and PMR diets were 500 and 50 mg/kg of feed, respectively. The choice and dose of the CF/AQ mix was based on a dose response test run in vitro (Muetzel, personal communication). Both AQ and CF were pre-mixed into approximately 5 kg of starter concentrate using a food processor and then mixed into the total batch amount using a concrete mixer. The same process was used for the PMR diet, where the inhibitors were first mixed into 5 kg of soybean meal, then into the total soybean meal using a concrete mixer and, finally, the rest of the ingredients were incorporated in a large mixer. The final mixes were prepared twice a week and stored at 4°C until used.



Measurements of Gas Emissions and Dry Matter Intake

Emissions of CH4 and H2 were measured at weeks 2, 4, 6, 8, 10, 14, 24 and 49. Measurements were carried out in open circuit respiratory chambers (Pinares-Patiño et al., 2012) for 24 h. The air flow through the chambers was adjusted to 600 L/min to account for the low CH4 emissions of a young animal. For the last two measurements, the airflow was increased to 1,000 and 1,500 L/min, respectively. Calves entered the chambers in the morning (0800 h), when solid diets, i.e., the starter concentrate and/or PMR diets (week 2–14), or fresh grass (week 24 and 29), were offered. During the milk feeding period, MR was offered before entering to the chambers in the morning (0800 h) and on weeks 2 and 4 also before the afternoon feed allocation (1600 h). For the last two measurements, the same type of pasture that the animals were consuming in their allocated paddocks was cut daily (Aorangi Farm, AgResearch, New Zealand) and transported to the Animal Facility at Grasslands. For measurements at week 24 and 49, calves were moved to indoor yards and adapted to eat fresh cut pasture in pens for five to 7 days prior to entering to the chambers. Animals in the chambers were offered solid diets ad libitum and refusals were collected to determine DMI from the difference between feed allowance and refusals.



Rumen Fluid Sampling

Rumen samples were taken via stomach tubing after removing the calves from the respiration chambers (weeks 2, 4, 6, 8, 10, 14, 24 and 49). Each sample was subsampled for SCFA analysis (1.8 ml) and DNA extraction (0.9 ml). Samples for SCFA analysis were centrifuged (20,000 × g, 10 min, 4°C) and an aliquot of 0.9 ml of the supernatant was collected into 0.1 ml of internal standard (19.8 mM ethylbutyrate in 20% v/v phosphoric acid) and stored at −20°C until analysis. Rumen samples for subsequent DNA extraction and microbial community analysis were snap-frozen and stored at −20°C.



Short Chain Fatty Acid Analysis

Samples for SCFA were thawed and centrifuged (20,000 × g, 10 min, 4°C) and 0.8 ml of the supernatant was collected into a crimp cap glass vial. Gas chromatography was used to analyze SCFA composition (Attwood et al., 1998) in a HP 6,890 gas chromatograph equipped with a flame ionization detector using a Zebron ZB-FFAP 30.0 m × 0.53 mm I.D × 1 μm film column (Tavendale et al., 2005).



DNA Extractions, Amplification of Target Genes and Amplicon Pooling

Nucleic acids were extracted from 200 μl of the rumen fluid using the phenol-CF, bead beating, with filtration kit for purification II (PCQI) method (Henderson et al., 2013; Kittelmann et al., 2013). A total of 120 ng of DNA contained in 6 μl of water were divided into 3 aliquots of 20 μl each (Kittelmann et al., 2013). DNA extracts were quantified on a FlexStation 3 (Molecular Devices, LLC. San Jose, CA, United States) and run on a 1% agarose gel with a lambda-HindIII marker to determine sizing and integrity. DNA primers are presented in Supplementary Table 1. PCR amplicon reactions (30 and 35 cycles for bacteria and archaea, respectively), targeting the region of the 16S rRNA genes in the microbial groups bacteria and archaea, were prepared as described by Kittelmann et al. (2013), with the following modifications. Triplicate PCR products were pooled, and the correct sizes of PCR amplicons and the absence of signal from negative controls were verified by agarose gel electrophoresis and quantified by fluorescence using the Quant-iT dsDNA BR assay kit (Invitrogen, Carlsbad, CA, United States). For each amplicon, 150 ng from the same target gene and region (i.e., all bacteria and archaea amplicons) were pooled, concentrated and quantified (Quant-iT dsDNA HS assay kit; Invitrogen, Carlsbad, CA, United States). Each pool was then purified using the NucleoMag NGS kit (Macherey-Nagel, Dueren, Germany), with a final purification of the amplicons performed with the QIAquick PCR Purification kit (Qiagen, Valencia, CA, United States). The resulting DNA concentration was quantified using Quant-iT dsDNA HS assay kit (Invitrogen, Carlsbad, CA, United States). Both pools were then diluted to 6.0 × 109 copies per μl and combined at a bacteria to archaea ratio of 5:1 (Kittelmann et al., 2013).

Before sequencing, pooled libraries were checked for quality control (QC) with the Labchip GX Touch HT Instrument (PerkinElmer, Waltham, MA, United States) using the DNA High Sensitivity assay. Amplicons were sequenced at the Massey Genome Service/New Zealand Genomics Limited using Illumina MiSeq system (Massey University, Palmerston North, New Zealand). The pooled library was run on one Illumina MiSeq; 2 × 250 base PE run version 2 chemistry (Reagent Kit v2, 500 cycles; Invitrogen, Carlsbad, CA, United States). An Illumina prepared PhiX control library for the run was loaded onto the Illumina MiSeq run at 20% volume. Sequence reads were provided in fastq format. Raw sequence reads were deposited in the European Nucleotide Archive under the accession number PRJEB37781.



Phylogenetic Analysis

Sequencing reads were quality-filtered using the DynamicTrim function of SolexaQA (Cox et al., 2010). Reads were then processed and analyzed using QIIME version 1.8 (Caporaso et al., 2010). Sequencing reads were grouped, using the UCLUST algorithm, into operational taxonomic units (OTUs) sharing similarities over 97% for bacteria and 99% for archaea (Edgar, 2010). Sequences were then assigned to phylogenetic groups using the BLAST (version 2.4.0) algorithm (Altschul et al., 2012). Bacterial 16S rRNA genes were assigned using SILVA 123 (Henderson et al., 2019) and archaea 16S rRNA genes using RIM-DB (Seedorf et al., 2014). OTU-tables generated by QIIME were used for downstream statistical analysis.



Statistical Analysis

The effects of including CF and AQ (methane inhibitors) in the solid feed diet of calves from 1 to 12 weeks of age on DMI, ADG and LW, rumen function (SCFA and enteric emissions) and microbial community composition (bacteria and archaea) were evaluated during and after treatment.

The effects of treatment on rumen function, and DMI, ADG and LW were analyzed by fitting a linear mixed effect (LME) model via the restricted maximum likelihood (REML) framework as implemented in the NLME package in R (Pinheiro et al., 2015; R Core Team, 2016). DMI, LW, ADG, CH4, and H2 emissions, total concentrations and individual proportions of SCFA were fitted in an LME model and included treatment and time as fixed effects and animal as random effect. LW was adjusted to initial LW at trial entry. The equation used is as follows:
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where yijk is response at time j for the kth animal in the ith treatment, μ is the general mean, βk is the covariate for the animals within treatments (only used for analysis of LW), αi is the effect of the ith treatment, γj is the effect of the jth time, (αγ)ij is the interaction between treatment and time, uik is the normally distributed random experimental error for the experimental units (the animals within treatments) with constant variance σu2, and eijk is the normally distributed random experimental error on repeated measures with variance σe2. The resulting models were analyzed by repeated-measures ANOVA and Tukey’s post-test to determine the longitudinal effects of the intake of methanogen inhibitors during early life. Predicted means from the model, together with estimates of the standard error of the mean (SEM), permutation F-test of the model (1,000 permutations), and pairwise comparisons (Tukey test) were obtained using the PREDICTMEANS package in R (Luo et al., 2014). Significance was declared when P ≤ 0.050 (Ganesh and Cave, 2018).

The OTU-tables of the rumen microbial community generated by QIIME were analyzed to determine changes in the alpha and beta diversity of the bacteria and archaea communities produced by treatment interventions. The alpha diversity of the rumen bacterial and archaeal microbiota were analyzed using the Shannon index in the VEGAN package of R (Oksanen et al., 2017). The effects of methanogen inhibitors on the Shannon index of the microbial (bacterial and archaeal) community were analyzed using an LME model and repeated measurements ANOVA as described for rumen function, and DMI and ADG data. Predicted means from the models, together with estimates of the SEM were obtained, and pairwise comparisons were done using Tukey’s test. The beta diversity of the entire community and abundant community of bacteria and archaea (abundant microbes are described below) were analyzed using the partial least squares discriminant analysis (PLSDA) in the MixOmics package of R (Lê Cao et al., 2016).

Univariate analyses were done to identify the effects of methane inhibitors in the abundant bacteria and archaea taxa. Abundant bacterial phyla, bacterial genera and archaea species were defined as organisms with an average proportion ≥0.5, ≥0.5 and ≥1.0%, respectively, across the complete dataset. The effect of treatment on the abundant bacterial and archaeal communities was analyzed using an LME model and repeated measurements ANOVA as indicated for rumen function and animal DMI and ADG. After checking for normality, the data of the most abundant bacterial and archaeal taxa were natural logarithm transformed. Predicted means from the model, together with the 95% confidence interval (CI) of the geometric mean, permutation F-test of the model, and pairwise comparisons were obtained, and back transformed using the PREDICTMEANS package of R. Pairwise P-values were calculated using the Benjamini–Hochberg test (BH; Benjamini and Hochberg, 1995). Transformed mean and 95% CI were reported as indicated by Bland and Altman (1996). Significance was declared when P ≤ 0.050.




RESULTS


Animal Performance

The effect of methane inhibitors inclusion in the solid feed diet on DMI for treated and control calves is shown in Table 3. DMI of starter concentrate, PMR, pasture and total DMI of all solid feed diets increased over time (P < 0.001) in both treatment groups. Total mixed ratio intake was 11% lower (P = 0.022) in treated compared to control calves. Concentrate intake had a treatment by time interaction effect tendency (P > 0.090), but the post hoc (Tukey test) analysis did not show differences (P ≥ 0.468) between treated and control calves. No other treatment by time effects were observed for PMR, pasture and total DMI of all solid feed diets. LW and ADG of treated and control calves is presented in Figure 1. There was a treatment by time interaction (P < 0.001) for overall LW gain throughout the study, nevertheless this was primarily influenced by a 5.6% difference in LW between treated and control calves at week 44 (231 kg vs. 245 kg, P < 0.001; Figure 1A). However, there was no evidence (P = 0.087) of an effect of treatment on ADG (Trt = 0.613 kg/d [C.I. = 0.590 – 0.637] vs. Ctrl = 0.642 kg/d [C.I. = 0.619 – 0.666]). ADG declined from week 14 to 18 following removal of the starter concentrate with recovery of growth rates observed by week 20 (Figure 1B).


TABLE 3. Effect of methane inhibitors1 on dry matter intake (DMI).
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FIGURE 1. Growth performance from week 1 to 49 in control group (Ctrl) and treated (Trt) calves. Growth performance was measure as: (A) Live weight (kg) and (B) average daily gain (ADG; kg/d). Calves during the rearing time were fed as follows: milk twice a day and ad libitum control and treatment concentrates at weeks 2 and 4; milk once a day and ad libitum control and treatment concentrates and partial mixed ration (PMR) diet at weeks 6, 8, and 10; concentrates step-down weaned and PMR diets fed ad libitum until week 14; and grazing a mixed sward of ryegrass/clover as one mob at weeks 24 and 49. Predicted means and their least square of the difference (LSD) are presented. Significance of pairwise comparisons (Tukey post-hoc analysis) between treatments are indicated by asterisks as: ***P < 0.001.




Rumen Fermentation

The intake of methane inhibitors on the rumen function is shown in Table 4. Treatment by time interaction effects (P ≤ 0.001) were evident during the first 14 weeks of rearing for yield and production of CH4 and H2, and the percentage of acetate, propionate, caproate, valerate and isovalerate. Treated calves had average CH4 yield decreases (P < 0.001) of 7.9 ± 1.90-fold (mean ± SEM), and H2 yield (P < 0.001) increases of 88.7 ± 48.78-fold compared to control calves, but similar values for CH4 yield and H2 yield in both groups at 24 and 49 weeks. The average proportion of acetate decreased 1.2 ± 0.02-fold (P < 0.001) and those of propionate increased 1.3 ± 0.05-fold (P = 0.001) in treated compared to control calves, but the proportions of butyrate were similar (P = 0.246) in both groups. When CH4 was inhibited, treated calves had valerate 2.1 ± 0.17-fold greater (P < 0.001), caproate 2.8 ± 0.08-fold greater (P < 0.001) and isovalerate (P < 0.001) 2.4 ± 0.19-fold greater average proportions than control calves. No interaction effects were observed for isobutyrate (P = 0.462) or total SCFA concentrations (P = 0.723). Similar SCFA profiles were observed in both groups at weeks 24 and 49.


TABLE 4. Effect of methane inhibitors1 on rumen function2.
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Rumen Microbiota

A total of 9,527,448 reads were obtained from 190 rumen samples, using the Illumina MiSeq platform, with an average of 42,445 bacteria and 7,699 archaea sequences per sample. The number of OTUs was 1,500 and 40 for bacteria and archaea, respectively. A total of 245 bacteria and 17 archaea taxa were analyzed after using a minimal sample cut-off of 200 reads.

Figure 2 shows the normalized Shannon index for bacteria and archaea of treated and control calves across sampling periods. The bacterial Shannon index (Figure 2A) increased (P < 0.001) over time, but it was similar for the effects of treatment (P = 0.713) and treatment by time interaction (P = 0.907). The archaeal Shannon index (Figure 2B) showed an effect of treatment by time interaction effect (P < 0.001), where treated calves had a greater diversity at weeks 2 (P < 0.001) and 4 (P = 0.002) compared to control calves. In treated calves (0.48 ± 0.024), the archaea community showed a 24.5% greater (P = 0.002) Shannon index than in control calves (0.36 ± 0.024). Time effects (P < 0.001) were evident in calves at weeks 6 (0.33 ± 0.038) and 14 (0.30 ± 0.037) and had a lower (P < 0.001) archaeal diversity than calves at week 49 (0.56 ± 0.038).
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FIGURE 2. Shannon diversity indices of the rumen microbiota in control (orange) and treatment (blue) calves across different ages. Calves during the rearing time were fed as follows: milk twice a day and ad libitum control and treatment concentrates at weeks 2 and 4; milk once a day and ad libitum control and treatment concentrates and partial mixed diet (PMR) diet at weeks 6, 8, and 10; concentrates step-down weaned and PMR diets fed ad libitum until week 14; and grazing a mixed sward of ryegrass/clover as one mob at weeks 24 and 49. Sampling times were from 2 to 49 weeks. Shannon index for (A) bacteria and (B) archaea. Boxplots represent the 25th and 75th percentiles, lines within boxes are the medians, the whiskers extend to the most extreme data points, and dots represent the outliers. Significance of pairwise comparisons (Tukey post hoc analysis) between treatments are indicated by asterisks as: **P < 0.010; ***P < 0.001.


The beta diversity of the bacteria dataset is shown in Figure 3. The PLSDA of the whole dataset (245 bacterial genera) in Figure 3A shows no clustering for the treatments, but a continuum across the two dimensions according to animal age or diet. Figure 3B shows the analysis for the abundant bacteria that occurred on average at a level higher than 0.5%, where there was no clustering treatments and less clear continuum of the timeline was observed. The beta diversity of the archaeal community is shown in Figure 4. The whole archaea community and the abundant subset in treated calves clustered apart from control calves during the first 14 weeks (Figures 4A,B). While at week 24 and 49, both groups clustered together within two defined clusters in the whole archaea community (17 archaea species; Figure 4A), but in the abundant archaea (7 archaea species) only the community at week 49 of both treatments clustered separately (Figure 4B).
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FIGURE 3. Partial least square discriminant analysis (PLSDA) of the bacteria community at the genus level in treatment (red) and control (blue) dietary treatment across sampling periods. Calves during the rearing time were fed as follows: milk twice a day and ad libitum control and treatment concentrates at weeks 2 and 4; milk once a day and ad libitum control and treatment concentrates and partial mixed diet (PMR) diet at weeks 6, 8, and 10; concentrates step-down weaned and PMR diets fed ad libitum until week 14; and grazing a mixed sward of ryegrass/clover as one mob at weeks 24 and 49. Sampling times were from 2 to 49 weeks. (A) PLSDA of the bacteria community – 245 bacterial genera. (B) PLSDA of the abundant ( = 0.5 %) bacteria – 41 abundant bacterial genera. Calves from the treated and control groups are represented in red and blue, respectively. The numbers correspond to the sampling time in weeks.
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FIGURE 4. Partial least square discriminant analysis (PLSDA) of the archaea community at the species level for treated (red) and control (blue) calves across sampling times. Calves during the rearing time were fed as follows: milk twice a day and ad libitum control and treatment concentrates at weeks 2 and 4; milk once a day and ad libitum control and treatment concentrates and partial mixed diet (PMR) diet at weeks 6, 8, and 10; concentrates step-down weaned and PMR diets fed ad libitum until week 14; and grazing a mixed sward of ryegrass/clover as one mob at weeks 24 and 49. Sampling times were from 2 to 49 weeks. (A) PLSDA of the archaea community – 17 archaeal species. (B) PLSDA of the abundant ( = 0.5 %) archaea community – 7 archaeal species. Calves from the treated and control groups are represented in red and blue, respectively. The numbers correspond to the sampling time in weeks.




Bacterial Community Composition

The bacterial community, from the selected cut offs of OTUs, showed 18 different phyla. These phyla corresponded to 32 classes, 46 orders, 81 families and 244 genera (Supplementary Tables 2–6). Phyla with a relative abundance ≥0.5% across samples showed that Firmicutes (43.1 ± 6.89%; mean ± S.D.) and Bacteroidetes (43.1 ± 7.22%) were the most abundant phyla. Whilst Proteobacteria, Spirochaetae, Tenericutes, Fibrobacteres, Actinobacteria, and Cyanobacteria together represented only 12.8 ± 4.71% of the bacteria phyla in the rumen. The effect of methane inhibitors on the abundant bacterial phyla at different sampling times is shown in Table 5. A treatment by time interaction effect was observed in Fibrobacteres (P = 0.048) and Cyanobacteria (P = 0.003). Pairwise analysis (P = 0.137) did not show differences for Fibrobacteres at any of the sampling times between treatments. The relative abundance of Cyanobacteria decreased in treated calves at weeks 10 and 14 (5.6- and 10.7-fold change, respectively; P < 0.01) with respect to control calves. Time effects were observed (P < 0.001) in the abundant bacterial phyla composition, for all except the Actinobacteria (P = 0.125). The proportions of Bacteroidetes and Firmicutes were constant until week 49, when Bacteroidetes dominated the ruminal community. Other changes over time were the general decline in Proteobacteria and at the same time an increase in Spirochetes until weaning (week 10) that decreased thereafter.


TABLE 5. Effect of methane inhibitors1 on the relative abundance of bacterial phyla (%)2 at different sampling times3.
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At the genus level, 41 bacteria genera had a relative abundance ≥0.50% across sampling times. These 41 genera accounted for 85.7 ± 5.38% (mean ± S.D.) of the community across sampling times. On average, Prevotella 1 was the most abundant genus (24.7 ± 11.23%), followed by Christensenellaceae R-7 group (5.2 ± 5.54%), Rikenellaceae RC9 gut group (4.3 ± 3.87%), Ruminococcus 2 (4.1 ± 5.61%) and Sharpea (3.2 ± 6.54%). The abundant bacteria genera for treated and control calves during different sampling times are shown in Table 6. Treatment by time interaction effects (P ≤ 0.048) were observed in 15 abundant bacteria genera; however, pairwise comparison adjusted to Benjamini–Hochberg (BH) showed significance (P ≤ 0.040) in only 11 abundant bacteria genera for treated when compared to control calves at random weeks during and 2 weeks after treatment. Treatment effects (P < 0.031) were observed in 9 of the 41 abundant bacteria genera. Samples from inhibitor-treated calves indicated proportional increases of Rikenellaceae RC9 gut group, Succiniclasticum, Lachnospiraceae NK3A20 group, Ruminococcaceae UCG 002 and p-2534-18B5 gut group, whilst decreases of Ruminococcus 1, Ruminococcaceae NK4A214 group, Ruminoclostridium 5 and Ruminococcaceae UCG 005 when compared to control calves. Most of the abundant bacterial genera were affected by time (P ≤ 0.029), except for Succinivibrionaceae UCG 002, Ruminiclostridium 5 and Eubacterium ventriosum group (P ≥ 0.261).


TABLE 6. Effect of methane inhibitors1 on the relative abundance of bacterial genus (%)2 at different sampling times3.
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Archaeal Community

The archaeal community was represented by 17 species at a cut-off of ≥200 amplicons across sampling times. The archaeal community of treated calves had a reduced number of amplicons during and 2 weeks after administration of methane inhibitors compared to control calves (Supplementary Figure 1). The effect of methanogen inhibitors on the abundant archaea species is shown in Table 7. Treatment by time interaction effects (P ≤ 0.011) were observed during and 2 weeks after the intake of methane inhibitors. Post hoc analyses of Methanomassiliicoccales (Mcc.) Group 12 sp. ISO4-H5 showed greater (P < 0.001; between 6- and 68-fold increases) relative abundance from 2 to 10 weeks, and Methanosphaera (Msp.) sp. ISO3-F5 showed lower (P < 0.001) abundance at weeks 6 and 14 (12 and 31-fold decrease, respectively), in treated when compared to control calves. Methanobrevibacter (Mbb.) ruminantium and Mmc. Group 4 sp. MpT1 had greater (P < 0.001) proportions in treated calves in week 2 (10- and 8-fold change, respectively); however, Mmc. Group 4 sp. MpT1 showed significant decreases (P < 0.001) in treated calves at weeks 6, 8 and 14 (between 9 and 57-fold reductions) when compared to control calves. Treatment effects showed greater proportions (P < 0.001) of Mmc. Group 12 sp. ISO4-H5 (2.9% [C.I. = 1.71 – 4.87] vs. 0.4% [C.I. = 0.25 – 0.72]), but lower proportions of Mbb. gottschalkii (P = 0.028; 34.0% [C.I. = 26.66 – 43.29] vs. 50.8% [C.I. = 40.01 - 64.49]) and Msp. sp. ISO3-F5 (P = 0.004; 1.0% [C.I. = 0.59 – 1.75] vs. 3.5% [C.I. = 2.12 – 5.80]) in treated when compared to control calves. At weeks 24 and 49, the archaeal groups did not differ between treatments, and Mmc. Group 12 sp. ISO4-H5 was almost imperceptible in the rumen of both groups of calves. Time effects (P ≤ 0.016) were observed across all the abundant archaea species, except for Mbb. gottschalkii whose relative abundance did not change (P = 0.061) with time.


TABLE 7. Effect of methane inhibitors1 on the relative abundance of archaeal species (%)2 at different sampling times3.
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DISCUSSION

This study utilized known CH4 inhibitors that were incorporated into the solid diet of calves up to 12 weeks of age to investigate the impact on the rumen microbial composition, fermentation profiles, enteric emissions and animal feed intake and growth. In the present study, the inclusion of a CF/AQ mix in the PMR reduced the intake of this diet, but it did not affect the total DMI of solid feeds (concentrate and PMR) of treated calves, resulting in similar growth to control calves during the treatment interventions. Observed results from the current study supported those reported in adult ruminants that showed no effects on feed intake and animal production when receiving comparable doses of halogenated or synthetic compounds to reduce CH4 emissions (Sawyer et al., 1974; Martínez-Fernández et al., 2014; Hristov et al., 2015; Martinez-Fernandez et al., 2016, 2018). However, negative dose effects have been indicated in sheep fed up to 66 mg/kg of AQ in the diet for 8 weeks, showing reductions of 19% in DMI and numerical decreases of up to 31% in ADG when compared to controls (Kung et al., 2003). Calves’ LW, ADG, and DMI during the intake of CH4 inhibitors in this study were in accordance with those observed in goat kids drenched with bromochloromethane (BCM; Abecia et al., 2013) and calves receiving 3-nitrooxypropanol (3-NOP; Meale et al., 2021) in which DMI and growth were not affected; however, treated goat kids had greater weight gains than their control counterparts, whilst no such effect was observed in the present calf study. Post-weaning, the growth check observed following removal of the starter concentrate over a 2 week period from week 14 to 16 is consistent with prior observations in artificially reared lambs (Jensen et al., 2017). These results suggest that a 2 week transition period to remove starter concentrates provided ad libitum to young ruminants is insufficient to enable the rumen and metabolic system of the animal to adapt to the diet change. Therefore, the use of CF/AQ mix in the starter concentrate diets of calves during rumen development can be used without detrimental effects on DMI and growth in the animal; however, further digestibility studies are required to assess the effect that a CF/AQ mix has when used in PMR diet and the post-treatment growth effects on calves of similar breed.

Feeding a CF/AQ mix in the solid feed to calves in the present study showed similar pattern on enteric emissions as reported using CF in dairy cows and steers (Knight et al., 2011; Martinez-Fernandez et al., 2016), and using AQ in sheep (Kung et al., 2003), which resulted in decreasing CH4 and increasing H2 emissions during treatment but with no differences detected 7 and 14 days post-treatment. Hydrogen disposal, via molecular H2, is an important part of the adaptive changes in fermentation pathways in treated calves. In total, molecular H2 accounted for 26% of the H2 that was not captured in methane. This proportion of molecular H2 is in accordance with the 15 to 30% value observed by Martinez-Fernandez et al. (2016) in adult cattle. In response to CH4 inhibition, the proportion of propionate was increased in the current trial. The propionate fermentation pathway consumes H2 and is in direct competition with methanogenesis (Iannotti et al., 1973; Wolin, 1976; Morvan et al., 1996). However, because only rumen concentrations in this experiment were measured, no quantitative estimate of the H2 captured in propionate could be made. Following methane inhibition, the observed increases in ruminal H2 in treated calves additionally enhanced the fermentation pathways that consume H2 such as valerate and caproate, as also indicated in a meta-analysis study by Ungerfeld (2015). It has been indicated that H2 is redirected toward the production of SCFA that require a net incorporation of H2 when produced from glucose, i.e., production of valerate and caproate via propionyl-CoA, or SCFA whose production results in less release of H2 per unit of glucose compared to acetate, i.e., caproate via acetyl-CoA/butyryl-CoA (Ungerfeld, 2020). Acetogenesis is another potential pathway of H2 disposal in the rumen, but can be excluded here since CF inhibits the acetyl-CoA cleavage pathway of acetogens (Scholten et al., 2000) although no measurements of the pathway were made in this experiment.

In ruminants, methanogens have been found in neonatal animals (Guzman et al., 2015), indicating that microbial colonization of the gastrointestinal tract (GIT) occurred during or directly after birth (Malmuthuge and Griebel, 2018). In the current study, calves entered the experiment at approximately 4 days of age, therefore these animals had already been exposed to maternal and environmental microbial communities. Exposing the community to increasing amounts of CF/AQ, during the first 12 weeks of rearing, affected the diversity of the archaea community acquired during the first 4 days of the calves’ life. However, the observed changes of the archaeal community diversity were not maintained, returning to control levels 12 weeks after treatment cessation. Similar observations have been previously reported by Abecia et al. (2013) in goat kids ingesting BCM that showed reductions in the archaeal diversity while ingesting the inhibitors, but 12 weeks after treatment cessation all groups had similar diversities. Our results indicate that the application of CF/AQ in the solid feed during the first 12 weeks of rearing does not lead to a permanent change in the diversity of the archaeal community in growing ruminants.

The composition of the methanogen community in the rumen has been suggested to change from birth to adulthood (Guzman et al., 2015; Friedman et al., 2017). In the present study, changes in the archaeal community corresponded to those reported in calves receiving 3-NOP, in which the archaea diversity increased as the animal aged (Meale et al., 2021). In adult ruminants, the family Methanobacteriaceae, which includes Methanobrevibacter spp. and Methanosphaera spp., represents up to 90% of the rumen archaea (Henderson et al., 2015; Seedorf et al., 2015; Friedman et al., 2017). The relative abundance of this family in control calves showed adult-like proportions, representing an average of 93.8 ± 3.89% of the archaea community between 2 and 49 weeks. Methanogen inhibitors like CF and 3-NOP in steers have been shown to decrease the relative abundance of Methanobacteriaceae (Martinez-Fernandez et al., 2018). These results were consistent with the reduction of Mbb. gottschalkii and Msp. ISO3-F5 found in calves fed CF/AQ. Little treatment by time interaction effects observed between treatment calves for Methanobacteriaceae in the present study agreed with those reported in calves receiving 3-NOP from birth until 3 weeks post-weaning by Meale et al. (2021). Quantitative PCR analysis confirmed that 3-NOP and CF reduces Methanobrevibacter; however, only 3-NOP decreased the abundance of Methanomassiliicoccaceae family (Martinez-Fernandez et al., 2018). The mix of inhibitors in our experiment did not affect Methanomassiliicoccaceae confirming the results from Martinez-Fernandez et al. (2018) and also indicating that AQ does not appear to have a specific effect against this archaea family. The most abundant species of Methanobrevibacter grow from reducing H2 and CO2 (Miller et al., 1986), whilst Methanosphaera is a methanogen that reduces methanol with H2 and is dependent on acetate as a carbon source (Fricke et al., 2006). However, Methanomassiliicoccales (Mmc.) spp. are obligatory hydrogen-dependent methylotrophic methanogens and require compounds like methanol, methylamine, dimethylamine, and trimethylamine as their major energy and carbon source (Lang et al., 2015; Li et al., 2016). In the present study, it is not clear how the use of two different methanogen inhibitors affects the growth and abundance of the different archaea species (Borrel et al., 2014). Additionally, the observed changes in the archaeal community were driven by the diet offered at the time as observed in control calves. In addition, care has to be taken when evaluating the relative abundances, as an increase in abundance of one group can be due to either an increase in the target groups’ numbers or a major decrease in other groups (Supplementary Figure 1).

The use of methanogen inhibitors did not affect the diversity of the bacterial community in the present study. This is a novel observation in young calves and an unexpected result since the rumen metabolite profiles (gases and SCFA) were altered by the CF/AQ mix fed to the calves. The results in the present study agree with those reported in lambs and calves also receiving methane inhibitors from birth until weaning off milk and 3 weeks after weaning off milk, respectively, in which alterations of the fermentation pathways did not affect the bacterial diversity in the rumen when compared to controls (Abecia et al., 2018; Meale et al., 2021). Bacterial community diversity increased over time in the present study. Similar results have been shown for growing calves in previous studies (Jami et al., 2013; Dill-McFarland et al., 2017; Meale et al., 2021). In addition to animal age, bacterial community diversity can be affected by the diet (Kim et al., 2016; Martinez-Fernandez et al., 2016). In our study, the effects of time on bacteria community diversity reported here are a combination of animal age and changing diet.

Despite the differences in intra-ruminal H2 concentrations observed between treatment groups in the present study, the bacterial community at the phylum level was similar between studied groups. Our results differed from those in cannulated steers where increases in relative abundance of Bacteroidetes and decreases in Firmicutes in response to CF were described (Martinez-Fernandez et al., 2016). Changes in the abundant bacterial genera were few notwithstanding the fermentation shifts in the concentration of the different SCFA observed in the rumens of treated compared to control calves. The increase of Lachnospiraceae NK3A20 observed in treated calves was in accordance with data from CH4 inhibition studies in goat kids supplemented with rhubarb root containing emodin, a derivative of AQ (Wang et al., 2017). This family possess a large and diverse repertoire of glycoside hydrolases and polysaccharide lyases (Seshadri et al., 2018), having the capacity to ferment polysaccharides or fumarate to acetate, succinate and CO2, while no H2 is formed (Janssen and Hugenholtz, 2003). In the present study, CH4 inhibition appeared to increase Rikenellaceae RC9 gut group, Roseburia and p-2534-18B5 gut group to different extents. This is similar to the observation where these bacteria groups were increased by the ingestion of concentrate diets (Henderson et al., 2015), in the sense that diets rich in grains are known to lead to lower CH4 emissions, because starch utilizing bacteria tend to produce less H2 (Stewart et al., 1997; Janssen, 2010). Therefore, the metabolism of these bacteria is not likely to be affected by the partial pressure of H2 in the rumen.

Cellulolytic microbes such as Fibrobacter were not affected by CH4 inhibition in the present study, which is in accordance with previous observations inhibiting CH4 production in steers dosed with CF (16 and 26 mg/kg of LW) (Martinez-Fernandez et al., 2016) and in steers receiving CF (16 mg/kg of LW) or 3-NOP (2.5 g/animal) (Martinez-Fernandez et al., 2018). These results confirm that Fibrobacter can tolerate H2 accumulation (Wolin et al., 1997) because its major end product is succinate (Abdul Rahman et al., 2016). In contrast, calves treated with CF/AQ mixed in the diet showed that the proportion of cellulolytic Ruminiclostridium and Ruminococcus was reduced with increased H2 concentrations, similar to observations with BCM (50 mg/kg LW) in the diet (Mitsumori et al., 2012). Inhibition of these cellulolytic bacteria genera has been observed previously during in vitro experiments, in which inhibition of CH4 production with haloforms reduced Ruminococcus populations, whilst Fibrobacter numbers increased (Goel et al., 2009). The class Clostridia is predominated by H2-producing cellulolytic bacteria, and the H2 accumulation significantly inhibited their H2-producing activity (Lay, 2001). The increased partial pressure of H2 influences the metabolism of these fiber-degrading genera by inhibiting NADH oxidation, whilst H2 is diverted to form other end products such as succinate and ethanol (Wolin et al., 1997). Therefore, the degradation of cellulose by these Ruminiclostridium and Ruminococcus (Ruminococcaceae family) may be impaired by the increased H2 pressure in the rumen.

Methane inhibition did not have any effect on the most abundant genus Prevotella capable of degrading a broad spectrum of polysaccharides and peptides in the diet. They also have the ability to use different pathways in response to H2 pressure which makes them very flexible under high H2 conditions (Marounek and Dušková, 1999; Seshadri et al., 2018) as induced in the treated calves. Given the minor changes observed in the rumen community composition, this indicates that methane inhibition, other than dietary changes, result predominantly in a shift of metabolic pathways of an existing community rather than a change in the microbial communities. Further investigations are necessary to elucidate the mechanisms that the rumen bacterial population uses to adapt to high intra-ruminal H2 pressure, produced by the inhibition of methanogen microbes with CF/AQ in the diet, and to explore whether imprinting of the rumen microbiota is possible.



CONCLUSION

Collectively, this study showed that CF/AQ mix inclusion in the starter diets during the first 12 weeks of rearing did not affect the DMI and growth of dairy calves. Methane inhibition changed the composition of the target community, the methanogens, but had only minor effects on the bacterial community indicating the importance of the metabolic flexibility of many rumen microorganisms. This metabolic flexibility, however, may account for the observation that there was no lasting effect of the microbial community as it returns to the energetically more favorable pathways once CH4 inhibition/H2 pressure has been removed. Metabolic flexibility of the rumen microbiota, however, may be overcome if the treatments begin earlier in the rumen and more work is needed to establish the start and the duration of such early life interventions.
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The rumen microbiota is vital for the health and growth performance of the host animal, mainly due to its role in the fermentation of ingested feed within the rumen. Attaining a better understanding of the development of the bacterial community and fermentation in the rumen can provide the theoretical basis for regulating feed utilization. This study analyzed the development of rumen bacteria in lambs from birth to 4 months of age using 16S-rRNA amplicon sequencing data and studied its relationship with ruminal fermentation. Serum levels of metabolites were monitored at 30, 60, 90, and 120 days of age, and the RandomForest approach was used to determine age-related changes in rumen bacteria. Levels of blood metabolites, ruminal fermentation, the rumen bacterial community and its functions were all affected by the age of the lambs (P < 0.05). Based on the Bray-Curtis distance within the age groups of the rumen microbiota, the similarity increased sharply after the lambs were weaned at 60 days of age (P < 0.05). The similarity between the samples collected from birth to 90 days of age and those collected at 120 days of age, increased after 20 days of age, reaching a maximum at 90 days vs. 120 days (P < 0.05). Some age-associated changes in the microbial genera were correlated with changes in the concentrations of volatile fatty acids and the levels of microbial crude protein in the rumen, including positive correlations between main volatile fatty acids and the genera of Prevotella 1, Lachnospiraceae NK3A20 group, Ruminococcus gauvreauii group, Ruminococcaceae UCG-014, and Ruminococcus 2 (P < 0.05). These results indicated that the microbial community and the function of rumen was not well-established before 20 days of age, so there is a degree of plasticity in the rumen bacterial community during the first 20 days of post-natal development in lambs, and this might provide an opportunity for interventions to improve rumen fermentation and, thus, increase their growth performance.

Keywords: sheep, rumen microbiota, volatile fatty acid, microbiota crude protein, blood metabolites


INTRODUCTION

The rumen is vital for the metabolism, immunity, and health of the ruminant, which hosts a complex and dynamic ecosystem containing a great diversity of microbiota. The ruminant is completely dependent on the microbial community to ferment the ingested material (Huws et al., 2018; Morais and Mizrahi, 2019). The fermentation process provides most of the energy and protein to meet the needs of the host, mainly in the form of short-chain fatty acids (SCFAs) and microbial proteins (Weimer, 2015). Therefore, to increase feed utilization efficiency and improve animal health and production, we need to thoroughly understand the development of the nutrient organ-rumen.

The colonization of the gastrointestinal tract of newborns starts at birth, and the succession process continues until the microbiota reaches a stable state later in life. Young animals such as lambs can be considered to be non-ruminants from a nutritional standpoint (Drackley, 2008). Various factors, such as diet and the surrounding environment, may influence microbial colonization (Zhu et al., 2018). Many events or disturbances may affect the rumen microbiota composition. These modifications may be more significant in successive colonization processes when the microbiota is less stable and relatively simple (Saro et al., 2018). Compared to less mature communities, a diverse and well-established microbial community within the rumen has higher resilience and is more resistant to disturbances. The composition and function of the microbiota will tend to return to their pre-treatment status once the disturbance ceases (Shade et al., 2012; Kittelmann et al., 2014). However, in young ruminants, the influence of alterations may persist for some time after the end of the modification. Saro et al. (2018) showed that a long-term early life intervention can affect the composition of the rumen microbial community and persist weeks after the intervention. Abecia et al. (2018) showed that the treatment effect persisted after the end of the modification in the early life of kid goats. Currently, many ways to change the rumen fermentation through early life microbiota have been studied, including feed styles (Zhang et al., 2019), weaning method (Mao et al., 2021), rumen fluid inoculation (Yu et al., 2020), and different additives (Lin et al., 2019; Wang et al., 2021). Thus, the rudimentary status of the ruminants’ microbiota in the early period provides an opportunity for human intervention in the rumen colonization process. However, further study is essential to gain a better understanding of the rumen colonization process and the crucial period when it can be easily moderated. There is a dearth of study on the development of the rumen as a nutrient organ and the changing process of ruminal fermentation.

In order to determine an appropriate developmental stage for the timing of the interventions, we hypothesized that the rumen bacterial communities and ruminal fermentation would change significantly over the growing period of lambs and therein persisted the key microbiota required in this process. The present study was conducted to examine the changes of ruminal fermentation and the process of microbial colonization in the rumen. This information will improve our understanding of the microbial ecology in the rumen and will strengthen the methodology for modulating the microbial community to improve the productivity and health of ruminants.



MATERIALS AND METHODS

This study was conducted under the guidance of the Animal Care and Use Committee of Hebei Agricultural University (approval number: YJ201825).


Animals, Diets, and Experimental Design

The study was conducted between January and August 2019 at an experimental sheep farm facility in Hengshui, China. All sheep used in the study were of the Hu sheep breed. Twenty pregnant ewes (44.7 ± 1.7 kg BW, mean ± SD) carrying a singleton lamb were identified by ultrasonic examination (TTY2018, Liaochen, China). They were kept in individual pens (3.0 × 0.8 m) with free access to feed and water.

Ten newborn female lambs were included in this study (2.87 ± 0.28 kg BW). These lambs were raised according to conventional housing and growth practices used in our experimental facility. Briefly after birth, the lambs remained with their dams in individual pens and had free access to a starter commercial compound from day 15. On day 60, the lambs were weaned and offered a mixed ration at 0730 and 1,500 h each day with approximately 5% feed refusal. The ingredients and nutrient composition of the diets are provided in Supplementary Table 1. Fresh water was freely available throughout the experimental period. Unhealthy individuals (n = 3) were removed at 120 days of age.



Sample Collection

Blood samples (5 ml) were obtained from the lambs by jugular venipuncture on days 30, 60, 90, and 120 prior to the morning feeding (Figure 1A). They were allowed to coagulate, and the serum obtained by centrifugation at 3,000 × g for 15 min at 4°C was stored at −20°C prior to analysis.
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FIGURE 1. Experimental design and sampling schedule of lambs (A), serum concentrations of total protein (B), albumin (C), glucose (D), non-esterified fatty acids (E), and beta-hydroxybutyric acid (F) at different lamb ages. Data are expressed as mean ± SEM. a,bLetters denote significant differences between groups; groups that do not share the same letter are significantly different from each other (P < 0.05).


The ruminal contents from each lamb were sampled at nine time points as follows: the first within 24 h after birth, then at the ages of 3, 10, 20, 30, 45, and 60 days before weaning, then at the ages of 90 and 120 days after weaning (Figure 1A). The rumen fluid samples were obtained 2 h after the morning feeding by use of an oral stomach tube, which was thoroughly cleaned using fresh warm water between sample collections (Ahmad et al., 2020). The rumen contents were collected into 20 mL cryopreservation tubes. All samples were immediately snap-frozen in liquid nitrogen and then stored at −80°C for further analysis.



Sample Measurements

The analyses of the serum concentrations of total protein (TP), albumin (ALB), glucose (GLU), non-esterified fatty acids (NEFA), and beta-hydroxybutyric acid (BHBA) were performed by an automatic biochemical analyzer using standard commercial kits supplied from Nanjing Jian Cheng Bioengineering Institute (Nanjing, China).

The cryopreserved rumen fluid samples were thawed at 4°C and thoroughly mixed by vortexing. Later, 5 ml of the rumen fluid was taken and centrifuged at 3,000 × g for 10 min at 4°C. Then 1 ml of the supernatant was transferred to a 1.5-ml centrifuge tube containing 0.2 ml of metaphosphoric acid solution (25% w/v) with the internal standard 2-ethylbutyric acid. The mixture was placed in an ice-water bath for 30 min and centrifuged at 10,000 × g at 4°C. The resulting supernatant was transferred to a 1.5-ml centrifuge tube and stored at 4°C until analysis of the concentration of VFA.

The concentration of VFA was determined by gas chromatography (Varian 450, Agilent Technologies China, Co., Ltd., China) using the conditions and subsequent test procedures described earlier (Ahmad et al., 2020). Ammonia N concentration was determined spectrophotometrically using a colorimetric method (Weatherburn, 1967). The concentration of microbial crude protein (MCP) was determined by the Coomassie brilliant blue method (Bradford, 1976).



DNA Extraction and Sequencing

The DNA of the rumen bacteria was extracted using the DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) following the manufacturer’s protocol. The quality of the obtained DNA was checked using 1% agarose gel electrophoresis and spectrophotometer (optical density at 260/280 nm ratio). We used universal primers to amplify the V3-V4 hypervariable regions of bacterial 16S rRNA gene. The primers were (338F: 5′- ACTCCTACGGGAGGCAGCAG −3′, 806R: 5′- GGACTACHVGGGTWTCTAAT −3′) (Munyaka et al., 2015). For each sample, a 10-digit barcode sequence was added to the 5′ end of the forward and reverse primers (provided by Allwegene Company, Beijing). The PCR was carried out on a Mastercycler Gradient (Eppendorf, Germany) using 25 μl reaction volumes, containing 12.5 μl KAPA 2G Robust Hot Start Ready Mix, 1 μl Forward Primer (5 μM), 1 μl Reverse Primer (5 μM), 5 μl DNA (total template quantity was 30 ng), and 5.5 μl H2O. Cycling parameters were 95°C for 5 min, followed by 32 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. Three PCR products per sample were pooled to mitigate reaction-level PCR biases. The PCR products were extracted from 2% agarose gels and purified using a QIAquick Gel Extraction Kit (QIAGEN, Germany) following the manufacturer’s instructions. Then they were quantified using QuantiFluorTM-ST (Promega, Madison, WI, United States). After that, the amplicons were sequenced at the Allwegene Company, Beijing. Deep sequencing of DNA extracts was performed on an Illumina Miseq PE300 sequencing platform (Caporaso et al., 2012) at the Allwegene Company (Beijing, China). After the run, image analysis, base calling, and error estimation were performed using Illumina Analysis Pipeline Version 2.6.



Bioinformatics Analysis

The raw data were first screened, and the sequences that were shorter than 300 bp or had a low quality score (≤20), contained ambiguous bases, or did not exactly match primer sequences and barcode tags were removed from consideration. Only clean sequences with an overlap longer than 10 bp were assembled using FLASH-1.2.11 (Magoc and Salzberg, 2011). Reads that could not be assembled were discarded. Chimera sequences were detected using usearch6.1 (Edgar, 2010). Qualified reads were separated using sample-specific barcode sequences and trimmed with Illumina Analysis Pipeline Version 2.6. The resulting dataset was analyzed using QIIME1 pipeline (version 1.5.0). The sequences were clustered into operational taxonomic units (OTUs) at a similarity level of 97% (Edgar, 2013) to calculate the richness and diversity indices. The Ribosomal Database Project (RDP) Classifier tool was used to classify all the sequences into different taxonomic groups (Cole et al., 2009). The microbiota Bray- Curtis similarity was calculated based on OTUs. Chao 1 index and Shannon index, which reflect alpha diversity, were calculated by QIIME. Non-metric multidimensional scaling (NMDS) plots of the Bray-Curtis metric calculated with square root transformed data in R (vegan package). Heat maps were generated using the package “pheatmap” of R (v4.0.0) software. The functional profiles of bacterial communities were predicted by the method of Tax4Fun2 (Wemheuer et al., 2020). The 16S rRNA function prediction was categorized into the Kyoto Encyclopedia of Genes and Genomes (KEGG).



RandomForest Analysis

We regressed (Subramanian et al., 2014) the relative abundances of bacterial taxa at the genus level along with the KEGG pathways against the ages of lambs using default parameters in the “RandomForest” package in R (Breiman, 2001) (ntree = 1,000, mtry = p/3, where p is the number of genera or the number of pathways) (Liaw and Wiener, 2002) in order to obtain the best discriminant performance of taxa and pathways across lambs’ ages. Lists of taxa and pathways ranked by RandomForest were performed in order of feature importance. Ten-fold cross-validation [the rfcv() function in the R package “RandomForest,” 10 repeats] was used to identify the number of marker taxa and pathways. After the minimum cross-validation error was obtained, we chose the number that stabilized against the cross-validation error curve as marker taxa and pathways correlating with the ages of lambs (Zhang et al., 2018).



Data Availability Statement

The datasets generated from the current study are available in the Genome Sequence Archive repository1 under accession numbers PRJCA004193.



Statistical Analysis

All statistical analyses were carried out using R (v4.0.0) software. A completely randomized design was used to analyze the results. An individual lamb was considered as an experimental unit for every analysis. The ruminal fermentation parameters and serum parameters were processed by ANOVA after checking independency, normality, and homogeneity:
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where Yi is the dependent parameter, μ is the overall mean, Xi is the age effect, and ei is the residual error. Duncan’s multiple range test was used when significant effects were detected between ages. Spearman correlation between parameters was performed with CORR procedures. ANOSIM was performed to compare the similarity of bacterial communities in the rumen of different ages of lambs (Supplementary Data). Comparisons between groups were performed using a Wilcoxon test or Kruskal-Wallis test with R software. All data are presented as mean ± SEM. P-value < 0.05 was considered to indicate statistical significance.



RESULTS


Blood Metabolites

Serum parameters for the different age groups are presented in Figure 1. The TP concentration was not affected by age (P > 0.05; Figure 1B). However, serum concentrations of ALB, GLU, and NEFA were higher at 30 days and declined thereafter (P < 0.05; Figures 1C–E). The concentration of BHBA increased from 60 to 120 days, finally reaching the highest at 120 days of age (P < 0.05; Figure 1F).



Ruminal Fermentation Parameters

Ruminal fermentation parameters were affected by the age of the lambs (Figure 2). Rumen ammonia N concentration was highest at 30 days of age (P < 0.05; Figure 2A). The concentration of MCP increased from birth to 10 days of age and became relatively stable thereafter (P < 0.05; Figure 2B). Except for valerate which appeared at 10 days of age (Figure 2G), other volatile fatty acids (total VFA, acetate, propionate, butyrate, isobutyrate, and isovalerate) appeared at 3 days of age, and the concentration of all volatile fatty acids reached the highest at 60 days of age (P < 0.05; Figure 2).
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FIGURE 2. Serum concentrations of ammonia N (A), microbial crude protein (B), total volatile fatty acids (C), acetate (D), propionate (E), butyrate (F), valerate (G), isobutyrate (H), and isovalerate (I) at different lamb ages. Data are expressed as mean ± SEM. a,bLetters denote significant differences between groups; groups that do not share the same letter are significantly different from each other (P < 0.05).




Changes in Rumen Microbiota and Taxonomic Composition

To investigate the development of the ruminal microbiota in these Hu sheep, we amplicon-sequenced the rumen fluid samples of the lambs from birth to 4 months of age (Figure 1A). The average number of high-quality rumen bacterial sequences generated per sample was 70,600. The Chao1 index, which reflects the species richness, increased after day 0 (Figure 3A), whereas the Shannon index, which indicates bacterial diversity, was observed lower at 3 days compared to the age groups of 45, 60, 90, and 120 days (Figure 3B, P < 0.05). The NMDS analysis, which compared the OTU community of each age group, revealed a high within-group similarity from 30 to 120 days of age (Figure 3C). The discrimination and high variance of samples collected at the 0, 3, and 10 age groups compared to later age groups confirmed the unique development of the bacterial community of each lamb before 10 days old. The samples collected at 20 days of age were also compositionally distinct to later samples but were similar to 30 days of age with less variance between ruminal samples. The significance of differences between groups was tested by analysis of similarity (ANOSIM, Supplementary Data). To further investigate the changes in specific rumen bacterial taxa during the early life of lambs, we compared the relative abundance of rumen bacteria at the phylum level (Figure 3D). The ruminal communities were dominated by Firmicutes (46.11%), Bacteroidetes (42.97%), and Proteobacteria (5.20%), accounting for 94.28% of all reads. From birth to 4 months of age, the relative abundances of Firmicutes and Bacteroidetes increased, whereas those of Proteobacteria and Fusobacteria decreased dramatically. The results showed that each age hosts its own particular bacterial community and the ruminal communities became more similar at the later time points.
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FIGURE 3. Effect of the age of lambs on rumen bacterial communities. (A) Species richness estimates (Chao1 index) and (B) diversity (Shannon index) for the nine sampling time points. (C) Scatterplot from non-metric multidimensional scaling (NMSD) of bacterial Bray-Curtis distance in each sample. (D) Relative abundance of bacterial phyla at different ages of the lambs. a,bLetters denote significant differences between groups; groups that do not share the same letter are significantly different from each other (P < 0.05).




The Stability of Ruminal Microbiota Over Time

The within-group similarity comparison based on the Bray-Curtis distance of the bacterial communities among age groups declared a significant change in an age-dependent way (Figure 4A). The within-group similarity between different individuals increased significantly after birth with the continued increase of the alpha diversity (Chao1 and Shannon index), while no difference was observed in the inter-individual variation at 3 days compared to the age groups of 10, 20, 30, 45, and 60 days (Figure 4A, P < 0.05). The results of the within-group similarity demonstrated that the rumen bacterial ecosystem of lambs was exposed to a very high rate of inter-individual diversity and low stability before weaning.
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FIGURE 4. Changes in rumen bacterial diversity as the lambs age. (A) The Bray-Curtis similarity within groups, (B) between samples collected from birth to 90 days of age and those collected at 120 days of age, and (C) the similarity between adjacent time points. Data are expressed as mean ± SEM.


Besides, ruminal samples of lambs apparently clustered together in the NMDS graph after 20 days, suggesting that the entire ruminal microbiota underwent relatively minor changes after 20 days of age and the community become relatively stable (Figure 3C). To highlight the process of progressive approximation to the community structure of the mature rumen microbiota in lambs, we determined the similarity between the rumen bacteria of samples collected from birth to 90 days of age and those collected at 120 days of age (Figure 4B). The results demonstrated that the composition of the lambs’ rumen bacterial ecosystem changed closer to the mature one, with a dramatic increase in the similarity after 20 days of age, reaching a maximum at 90 days vs. 120 days (P < 0.05, Figure 4B).

Furthermore, we determined the average Bray-Curtis similarity between adjacent age groups to describe the stability of an individual’s bacteria. The similarity illustrated that the bacterial composition of each individual’s rumen bacteria increased in an age-dependent manner. We found that rumen bacteria similarity between 0 and 3 days and 3 and 10 days was lower than the other groups. Meanwhile, the similarity between 90 and 120 days was the highest among the groups (P < 0.05, Figure 4C).

These results showed that large differences in bacterial community composition appear within the first few days after birth (days 0–3) and in the period shortly after providing starter feed (days 10–20). The bacterial communities changes fast during these periods, whereas a stable rumen bacterial community gradually becomes established after weaning (60 days of age).



Age-Discriminatory Bacteria in Rumen Fluid of Lambs

With the application of the RandomForest algorithm to correlate rumen microbiota composition with ages, we found that the cross-validation error curve stabilized when 27 genera were used. Thus, these 27 genera are defined as biomarker taxa in the model and are shown in Figure 5A. All bacterial taxa were ranked in a descending order of importance. The age-discriminatory genera mostly belonged to Firmicutes (18/27), Proteobacteria (4/27), and Bacteroidetes (4/27) phyla. Of these age-discriminatory genera, 12 taxa (out of 27) increased abundance with the age of the lambs (Veillonellaceae UCG-001, Prevotella 1, Anaeroplasma, Anaerovibrio, Ruminococcaceae NK4A214 group, Ruminococcus 2, Quinella, Acetitomaculum, Lachnospiraceae ND3007 group, Ruminococcaceae UCG-014, Pseudoramibacter, and Desulfobulbus), 6 taxa obtained the highest relative abundance at 60 days of age (Selenomonas 1, Ruminococcus gauvreauii group, Syntrophococcus, Moryella, Defluviitaleaceae UCG-011, and Lachnospiracea NK3A20 group), the abundance of 6 taxa increased within the first 3 days after birth and decreased thereafter (Moraxella, Peptostreptococcus, Bacteroides, Porphyromonas, Bibersteinia, and Streptococcus), and 3 taxa increased in abundance up to 20 days of age and then decreased (Conchiformibius, Hydrogenoanaerobacterium, and Alloprevotella) (Figure 5B).


[image: image]

FIGURE 5. Bacterial taxonomic biomarkers of lamb age and the rumen microbiota gradually stabilize. (A) The top 27 biomarkers of bacterial genera were identified by applying RandomForest regression of their relative abundances in lambs against chronological age. Ranking in descending order of importance to the accuracy of the model was to determine biomarker taxa. The insert illustrates the result of the 10-fold cross-validation error. (B) Heatmap of changes over ages showing the relative abundances of the top 27 age-predictive biomarkers for bacterial genera.




Function Prediction of Rumen Microbiota

The list of 21 pathways, in the order of time-discriminatory importance, which are defined as biomarker pathways in the model, is presented in Figure 6A (citrate cycle; glycine, serine, and threonine metabolism; penicillin and cephalosporin biosynthesis; taurine and hypotaurine metabolism; pyruvate metabolism; biotin metabolism; lipoic acid metabolism; folate biosynthesis; porphyrin and chlorophyll metabolism; flavonoid biosynthesis; isoflavonoid biosynthesis; stilbenoid, diarylheptanoid, and gingerol biosynthesis; carbon metabolism; phosphatidylinositol signaling system; phospholipase D signaling pathway; peroxisome; amoebiasis; human papillomavirus infection; viral carcinogenesis; renal cell carcinoma; choline metabolism in cancer). Most (13/21) of the important pathways are metabolic (including processes such as the citrate cycle and the metabolism of glycine, serine and threonine, taurine and hypotaurine, pyruvate, biotin, lipoic acid, porphyrin, and chlorophyll, and carbon), as well as biosynthetic processes (for penicillin, cephalosporin, folate, flavonoid, isoflavonoid, stilbenoid, diarylheptanoid, and gingerol). All of these pathways had a high relative abundance from birth to 10 days of age, which decreased thereafter (Figure 6B).
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FIGURE 6. Bacterial pathway biomarkers of lamb age and the rumen microbiota gradually stabilize. (A) The top 21 biomarkers of bacterial pathways were identified by applying RandomForest regression of their relative abundances in lambs against chronological age. Ranking in descending order of importance to the accuracy of the model was to determine biomarker taxa. The insert illustrates the result of the 10-fold cross-validation error. (B) Heatmap of changes over ages showing the relative abundances of the top 21 age-predictive biomarkers for bacterial pathways.




Correlation Analyses of Age-Related Bacterial Genera and Functions With Rumen Fermentation and Serum Metabolite Levels

To investigate how the age-related genera and functions in rumen impact host metabolism, a Spearman correlation matrix was generated to explore these relationships. As shown in Figure 7A, the relative abundances of Bacteroides, Moraxella, Peptostreptococcus, Streptococcus, Hydrogenoanaerobacterium, Conchiformibius, Porphyromonas, Alloprevotella, and Bibersteinia had negative (P < 0.05) Spearman correlations with acetate, propionate, butyrate, valerate, and total VFA. In contrast relative abundances of Ruminococcus 2, Pseudoramibacter, Prevotella 1, Selenomonas 1, Acetitomaculum, Ruminococcus gauvreauii group, Syntrophococcus, Veillonellaceae UCG-001, Ruminococcaceae UCG-014, Lachnospiraceae NK3A20 group, Anaeroplasma, Anaerovibrio, Desulfobulbus, Quinella, and Lachnospiraceae ND3007 group were positively (P < 0.05) correlated with acetate, propionate, butyrate, valerate, and total VFA. Relative abundances of Pseudoramibacter, Acetitomaculum, Anaeroplasma, Quinella, and Lachnospiraceae ND3007 group were negatively (P < 0.05) correlated with NEFA and GLU and those of Moryella, Conchiformibius, and Bibersteinia were positively correlated with NEFA and GLU (P < 0.05). The relative abundances of the citrate cycle, the metabolism of glycine, serine and threonine, biotin, lipoic acid, the biosynthesis of folate, porphyrin, and chlorophyll, and carbon as well as of flavonoid, stilbenoid, diarylheptanoid, and gingerol were negatively correlated with acetate, propionate, butyrate, valerate, and total VFA (P < 0.05, Figure 7B).
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FIGURE 7. Association of the age-associated genera and pathways with lamb ruminal fermentation and blood serum parameters. (A) Spearman correlation of ruminal fermentation, serum parameters, and age-associated genera identified by RandomForest. (B) Spearman correlation of ruminal fermentation, serum parameters, and age-associated pathway identified by RandomForest. Bubble size represents the absolute value of the correlation coefficient (r), and bubble color represents negative (blue) or positive (red) correlations, *P < 0.05.




DISCUSSION

In order to improve the efficiency of metabolic pathways, efforts have been made to investigate compounds that may modify key populations of microorganisms (Ahmad et al., 2020; Chen et al., 2020). However, because the rumen microbiota is generally well-established and hard to change by the time of such treatments, this approach has tended to be inconsistent or short-lived. Previous works have observed that the developing rumen in the newborn provides a unique opportunity to alter such a complex microbial ecosystem (Yá?ez-Ruiz et al., 2015; Abecia et al., 2018; Saro et al., 2018), but at this stage the most sensitive period of interventions on ruminal microbiota community and fermentation processes are not well known. The current study was designed to determine the effect of age on the rumen bacterial community and the ruminal fermentation of lambs. Both the composition and the fermentation of the microbial community were monitored from birth until lambs had access to adult diets. This study demonstrated that ruminal fermentation changed in an age-dependent manner that was correlated with some age-related alterations in rumen microbial taxa. It is important to know when modulating the composition and function of microbiota will be more effective. Our results indicated that it may be possible to manage these changes to improve rumen function and enhance the health and productivity of the host animals. In particular, these results suggest that the first 20 days from birth may be the most suitable period for the interventions.

The specific characteristic of ruminants is their ability to utilize the cellulose and hemicelluloses present in plant-based diets (Newbold and Ramos-Morales, 2020). In our study, as the lambs’ ruminal microbiota developed, we recorded changes in the relative abundances of Proteobacteria, Bacteroidetes, and Firmicutes that were consistent with previous studies (Jami et al., 2013; Zhu et al., 2018). The relative abundances of Firmicutes and Bacteroidetes increased, while that of Proteobacteria decreased dramatically. From 10 days on, there were no further dramatic changes of bacterial phyla indicating that, despite the fact that no solid plant material was ingested by the lambs, the bacteria responsible for its digestion were already present. Although the major types of rumen bacteria were present within 20 days, our findings on similarity suggested that the bacterial community was still unstable at this stage and thus was not fully matured. This supports the proposal that the period from birth to 20 days of age provides a unique opportunity to manipulate the composition of ruminal microbiota in lambs.

After 20 days of age, there were no clear age-related changes at the bacterial phyla level; however, there was variation in the relative abundance of some genera, which corresponds with changes of the substrate in the rumen (Yá?ez-Ruiz et al., 2015). Genera that were abundant from birth to 20 days of age in this and other studies (Dill-McFarland et al., 2017; Li et al., 2018; Yousif et al., 2018) included Bacteroides, Moraxella, Peptostreptococcus, Streptococcus, Hydrogenoanaerobacterium, Conchiformibius, Porphyromonas, Alloprevotella, and Bibersteinia, and these had a negative correlation with the main VFAs. These early rumen colonizers may have been spread from the birth canal or other environmental sources and are likely to be important for the newborn. For instance, the abundance of Bacteroides in newborn lambs enables them to utilize some components of milk (Mach et al., 2015). For the ruminal fermentation, the total volatile fatty acids appeared at 3 days of age, indicating that at the beginning of birth, though the microbiota already persists in the rumen, it was almost impossible to produce the SCFAs. Our results proved that the lambs can be considered a non-ruminant from a functional point of view in the early period (Jiao et al., 2016). Later, the microbiota present in the rumen will help the host to ingest feed. One of the important events in the development of microbiota is starter feeding, which can effectively facilitate the growth and development of the rumen. In our study, the similarity between the samples collected from birth to 90 days of age and those collected at 120 days of age increased after starter feeding (15 days of age). And after feeding solid food, the relative abundance of Bacteroides, which was important to digest milk (Mach et al., 2015), decreased. Our findings demonstrated that, in some way, the starter feeding affected the composition of ruminal bacteria which stabilized the bacterial ecosystem, consistent with a previous study in lambs (Lin et al., 2019). The presence of dietary fiber leads to a high abundance of Prevotella species (Kolodziejczyk et al., 2019). The butyrate-producing bacteria, Lachnospiraceae (Lachnospiraceae NK3A20 group) and Ruminococcaceae (Ruminococcus gauvreauii group, Ruminococcaceae UCG-014, and Ruminococcus 2) are critical for rumen fermentation (Ma et al., 2020). In our study, the age-related genera, Prevotella 1, Lachnospiraceae NK3A20 group, Ruminococcus gauvreauii group, Ruminococcaceae UCG-014, and Ruminococcus 2, all had a higher relative abundance after 30 days of age especially after weaning (60 days of age) along with a positive correlation with acetate, propionate, butyrate, valerate, and total VFA. Meanwhile, the concentrations of SCFAs significantly increased from 60 days of age. The changes of relative abundance in lambs showed that weaning will significantly increase the proportion of the bacteria which can produce the SCFAs, thus increasing the concentrations of SCFAs. The changes in the gene involved in the KEGG pathway also showed that the fermentation way in the rumen was changed after 20 days of age. The relatively oxidized rumen environment of newborn lambs enables rumen microbes to exploit the citrate cycle for energy production (Backhed et al., 2015) as shown by the enhanced expression of genes related to citrate cycle enzymes at this age. Our results illustrated that the microbiota which helps the neonate to utilize breast milk decreased, and then the microbiota which can ferment the solid food increased. Finally, a fully matured microbial ecosystem was established to digest plant material.

The feeding pattern will influence the bacterial communities in lambs. In our study, the lambs had free access to the starter from 15 days compared to a previous study in goats (free access to the starter from 25 days). The richness and diversity calculated by Chao and Shannon were higher in our study, and the relative abundance of Firmicutes and Bacteroidetes were different (Li et al., 2019). Compared to the Hu lambs that were weaned at 90 days, richness and diversity were higher in lambs 60, 90, and 120 days of age (Wang et al., 2016) in our study. The comparison of different feeding patterns indicated that both the time of feeding the starter and the time of weaning will affect the composition of the rumen bacterial community. Early intake of the starter and timely weaning will increase microbial diversity and make the microbial community mature earlier.



CONCLUSION

This study of the ruminal microbiota of lambs shows that the bacterial diversity increases with the age of lambs and the age-related abundances of particular genera are correlated with concentrations of volatile fatty acids and microbial crude protein. The genera of Prevotella 1, Lachnospiraceae NK3A20 group, Ruminococcus gauvreauii group, Ruminococcaceae UCG-014, and Ruminococcus 2 are important in maturation of both the rumen bacterial community and rumen fermentation. Although the composition and function of the ruminal microbiota are not well-established by 20 days of age of lambs, the major types of rumen bacteria are already present at this stage. This period provides a unique opportunity for the potential manipulation of the ruminal microbial ecosystems. The findings of the present study may be instructive for improving the ruminal fermentation processes and reprogramming the efficiency of rumen microbiota.
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Methane emissions by ruminants contribute to global warming and result in a loss of dietary energy for the animals. One possibility of reducing methane emissions is by dietary strategies. In the present trial, we investigated the long-term effects of Mootral, a feed additive consisting of garlic powder (Allium sativum) and bitter orange extracts (Citrus aurantium), on fermentation parameters and the microbial community in the rumen simulation technique (RUSITEC) system. The experiment lasted 38 days and was divided into three phases: an equilibration period of 7 days, a baseline period (BL) of 3 days, and experimental period (EP) of 28 days. Twelve fermentation vessels were divided into three groups (n = 4): control (CON), short-term (ST), and long-term (LT) application. From day 11 to day 27, 1.7 g of Mootral was added to the ST vessels; LT vessels received 1.7 g of Mootral daily for the entire EP. With the onset of Mootral application, methane production was significantly reduced in both groups until day 18. Thereafter, the production rate returned to the initial quantity. Furthermore, the short chain fatty acid fermentation profile was significantly altered by Mootral application; the molar proportion of acetate decreased, while the proportions of propionate and butyrate increased. Metabolomic analysis revealed further changes in metabolite concentrations associated with the Mootral supplementation period. The methyl coenzyme-M reductase gene copy number was reduced in the liquid and solid phase, whereas the treatment did not affect the abundance of bacteria. At the end of the BL, Methanomicrobia was the most abundant archaeal class. Mootral supplementation induced an increase in the relative abundance of Methanomassiliicoccales and a reduction in the relative abundance of Methanomicrobia, however, this effect was transient. Abundances of bacterial families were only marginally altered by the treatment. In conclusion, Mootral has the transient ability to reduce methane production significantly due to a selective effect on archaea numbers and archaeal community composition with little effect on the bacterial community.

Keywords: methane, cattle, garlic, microbial community, RUSITEC


INTRODUCTION

In the rumen, methanogenic archaea produce methane mainly by reducing CO2 with hydrogen (Morgavi et al., 2010). Additionally, formate, methanol, and methylamines serve as substrates for methanogenesis (Hungate et al., 1970; Patterson and Hespell, 1979). Methane production depends on various factors such as carbohydrate intake and composition, rumen retention time, rate of fermentation, and methanogenesis (Beauchemin, 2009). Reducing enteric methane emissions is desirable to reduce the contribution of livestock to greenhouse gas emissions.

Many strategies to reduce methane emissions have been evaluated, which can be differentiated into dietary and non-dietary approaches. The latter are, for example, defaunation (Machmuller et al., 2003), anti-methanogenic vaccination (Wedlock et al., 2010), and breeding of ruminants with low methane emissions (Attwood et al., 2011). Moreover, various dietary strategies have been examined regarding their anti-methanogenic effect. Firstly, there have been attempts to alter the diet in grain content, forage type, and quality (Haque, 2018). Secondly, the supplementation of lipids (Johnson and Johnson, 1995), and secondary plant compounds such as saponins (Lila et al., 2003) and tannins (Tavendale et al., 2005) have been tested. Furthermore, organic acids for example fumaric acid have been investigated (Riede et al., 2013). Moreover, the supplementation of chemicals such as 3-nitrooxypropanol (Martinez-Fernandez et al., 2018) and ionophores (Odongo et al., 2007) have been studied. These strategies either target the methanogens or alter metabolic processes so that less substrate is available for methanogenesis (Haque, 2018). Many of the described approaches have the potential to inhibit methane production, but their effectiveness is limited by practicability, decreased palatability or a negative impact on productivity. According to Beauchemin (2009), the ideal strategy is highly dependent on the particular farm, geographic region, feed, and the type of animal.

Among the dietary approaches, application of garlic and flavonoids has been the focus of many studies. Garlic contains allicin and is known for its antimicrobial properties (Ankri and Mirelman, 1999). The potential of garlic to reduce methane production has been widely studied in vitro (Busquet et al., 2005; Soliva et al., 2011; Mbiriri et al., 2017) and in vivo (Patra et al., 2011; Ma et al., 2016). Flavonoids from citrus fruits are a group of polyphenols with antioxidative, antimicrobial und anti-inflammatory properties (Kumar and Pandey, 2013). Hence, these plant compounds have also been investigated regarding their effect on methane production (Oskoueian et al., 2013).

Mootral (Mootral SA, Rolle, Switzerland) is a feed additive, which consists of garlic powder (Allium sativum) and bitter orange extracts (Citrus aurantium). The strong potential of Mootral to mitigate methane production has already been demonstrated in vitro by Eger et al. (2018). In this study, a 1 and 2 g/days application of Mootral were evaluated during 1 week of supplementation in the rumen simulation technique (RUSITEC)-system. Both doses substantially reduced the percentage of methane in the fermentation gas (by 95 and 99%, respectively). In a recently published study by Ahmed et al. (2021) application of Mootral at a level of 20% of the substrate led to a reduction of methane proportion up to 54% in a batch culture. In an in vivo study by Vrancken et al. (2019) a pellet with 3% Mootral powder reduced methane emissions in Jersey cows by 38% and in Holstein Friesian cows by 21%. In another study by Roque et al. (2019), Angus × Hereford cross steers were supplemented with 15 g of Mootral per day for a duration of 12 weeks. A reduction in methane production by 23% was reported.

However, although the effectiveness of Mootral in reducing methane production in vitro and in vivo has already been demonstrated, the mechanisms which lead to methane reduction still remain unclear. In the present study, we aimed to investigate the impact of a long-term Mootral application on fermentation parameters, methane production and its effects on the microbial community within the RUSITEC-system. Therefore, we intensively studied both, liquid- and solid-associated archaea and bacteria and identified specific metabolite alterations using an untargeted metabolomics approach.



MATERIALS AND METHODS


Ethics Statement

The fistulation of the donor cows was permitted by the Lower Saxony State Office for Consumer Protection and Food Safety (LAVES, Oldenburg, Germany) under AZ 33.19-42502-05-13A373. In this project, all activities including animals were carried out under the requirements of the German Animal Welfare Act.



Experimental Setup

In 1977, Czerkawski and Breckenridge introduced the RUSITEC (Czerkawski and Breckenridge, 1977). For this experiment, two systems with six fermentation vessels each were applied, and all fermenters were fed with the same basal diet of 7 g of hay (70.1% of diet dry matter) and 3 g of concentrate (29.9% of dry matter, deuka Schaffutter, Deutsche Tiernahrung Cremer GmbH & Co. KG, Bramsche, Germany, Supplementary Table 1) per day. The same hay and concentrate was fed to the donor cows. The hay was cut into pieces of approximately 1 cm length. The trial lasted 38 days and was designed to compare the short- and long-term effects of Mootral (Mootral SA, Rolle, Switzerland, crude nutrients are presented in Supplementary Table 1). The product was produced as described by Eger et al. (2018). The powder used in this trial contained 1% allicin with a stability of 6 months. The experiment started 4 weeks after delivery of the product. The experiment consisted of three phases: equilibration (days 0–7), baseline period (BL, days 8–10), and experimental period (EP, days 11–38). The equilibration period was performed to ensure a stable microbial community composition in the system, and the BL aimed to verify that there were not differences in fermentation among the treatment groups before supplementation. The 12 vessels were divided into three treatment groups (each n = 4): control (CON), short-term (ST), and long-term (LT) application. The CON group remained untreated during the entire experiment. In the LT group, the diet was supplemented with 1.7 g Mootral (inclusion rate: 17.7% of the diet dry matter content) for the entire EP, in the ST group 1.7 g was supplied from the beginning of the EP (day 11) until day 27, by adding Mootral into the feed bags.

At the start of the experiment, rumen fluid, and solid contents of two rumen-fistulated non-lactating German Black Pied cattle were collected as an inoculum 3 h after the morning feeding. The cows were fed a basal diet of 6.5 kg hay, 600 g concentrate, and 100 g minerals (VitaMineral Trockensteher, Agravis, Münster, Germany) once per day. The rumen fluid was removed from each cow’s rumen and filled in a bottle via a pump. Solid rumen contents were collected from the solid phase in the dorsal rumen sac. Rumen contents were transported from the stable to the laboratory in closed well-filled containers to avoid extensive exposure to oxygen. Liquid contents from each cow were filtered through a gauze (Lohmann & Rauscher International GmbH & Co. KG, Rengsdorf, Germany) to remove larger feed particles and mixed in another bucket. Afterward, 660 mL of mixed rumen fluid was filled into each of the fermentation vessels. During the whole procedure, rumen contents were kept warm using a water bath (39°C). The solid rumen content was squeezed out through gauze and a total of 70 g was weighed into each of the 12 nylon bags (R712 Forage Bags in situ, ANKOM Technology, 6.75 cm × 12 cm, Gesellschaft für Analysetechnik HLS, Salzwedel, Germany). One of these inoculum bags was placed into the inner vessel of each of the fermentation vessel together with another nylon bag containing the formerly described basal diet (feed bag). The whole procedure was finished about 45 min after collection of rumen contents. A motor ensured a permanent up and down movement (6 times/min) of the inner vessel. A modified McDougall’s buffer (Wetzels et al., 2018) was infused into the fermentation vessel using a pump (Typ B1, Ole Dich, Hvidore, Denmark) with a dilution rate of 0.77 L/days. At day 1, the inoculum bag was replaced after 24 h of incubation by a feed bag. At day 2, the feed bag from day 0 was exchanged for a new one. Thereafter, the feed bags were changed alternately, so that each feed bag remained in the fermentation vessel for 48 h. After removing the feed or inoculum bag from the fermentation vessel, it was transferred to a plastic bag and 40 mL of the modified McDougall’s buffer was added. The bag was washed by squeezing for 60 s to detach the microorganisms loosely associated with the feed particles. Subsequently, the washing liquid was added back to the vessels. The daily overflow was collected in a glass flask via a butyl tube (8.0 mm × 12.0 mm, YMC Europe GmbH, Dinslaken, Germany). Glass flasks were placed in a styrofoam box filled with ice, to stop further fermentation processes. Daily, nitrogen (Widmann Gase GmbH, Elchingen, Germany) was infused into the overflow flasks after removing the fluid to maintain anaerobic conditions. To seal the overflow flask, a plug with a further butyl tube was placed into the aperture. The butyl tube was linked to a gas bag (Plastigas®, Linde AG, Pullach, Germany) to collect the fermentation gas for further evaluation of the gas volume. Gas samples for analysis of the gas composition were collected in a glass bulb (Pfeuffer, Hannover, Germany) installed between flask and gas bag.



Sampling and Measurements

Measurements of pH (Polyplast pH Sensor, Hamilton Bonaduz AG, CH-7402, Switzerland), redox potential (Polyplast ORP, Hamilton Bonaduz AG, connected with a Digital-pH-Meter 646, Knick GmbH & Co. KG, Berlin, Germany), and overflow volume were carried out daily for the entire duration of the experiment. Overflow samples for determining short chain fatty acid (SCFA) and ammonia-N concentrations were collected daily in BL and every fourth day during EP. The samples were stored at −18°C until further processing. The SCFA concentrations were analyzed by gas chromatography (Gas Chromatograph 5890 Series II, Hewlett Packard Enterprise GmbH, Böblingen, Germany) as previously described by Koch et al. (2006). To determine the ammonia-N-concentration, a photometric measurement was performed as described before (Riede et al., 2013). Gas volume was measured daily using a gas drum type meter (Dr.-Ing. RITTER Apparatebau GmbH & Co. KG, Bochum, Germany). Samples for measuring of CO2 and CH4 were collected with a glass bulb at days 10, 14, 18, 22, 26, 30, 34, and 38. The analysis of the gas samples was performed at the ISAH (Institute for Sanitary Engineering and Waste Management, Leibniz University Hannover, Germany) by gas chromatography as described by Eger et al. (2018). The total production rate was calculated by multiplying the percentages of CO2 and CH4 with the gas volume corrected for standard conditions (1,013 hPa, 0°C). Samples for qPCR of the bacterial 16S gene in solid- and liquid-associated microorganisms (SAM and LAM, respectively) were collected at days 9, 16, 23, 30, and 37 by freezing feed bags or 10 mL of fermenter fluid, respectively, in liquid nitrogen. Samples were stored at −80°C until further treatment. Prior to DNA extraction, the samples were freeze-dried and the solid samples were ground mechanically using a coffee grinder. For sequencing and qPCR of the methyl coenzyme-M reductase gene (mcrA) gene, samples were taken weekly during BL and EP (days 10, 17, 24, 31, and 38). For the LAM, 30 mL of the liquid was taken from the vessel and treated as described by Eger et al. (2018). Feed bags were treated as described by Brede et al. (2020). Additionally, samples for metabolome analysis were obtained from the effluent on a weekly basis (days 10, 17, 24, 31, and 38) and stored at −18°C.



DNA Extraction and Quantitative PCR

The DNeasy PowerSoil Kit (QIAGEN GmbH, Hilden, Germany) was used for DNA extraction in SAM and LAM samples as well as in qPCR samples to obtain the DNA for sequencing and qPCR analysis. Two modifications of the manufacture’s protocol were applied: 250 μL or 250 mg of samples collected for sequencing and mcrA PCR and 100 mg of the freeze-dried samples were used, and at the final step, the membrane was washed with 50 μL of 70°C pre-warmed water instead of solution C6. The concentration and purity of genomic DNA was determined using the NanoDrop ONE (Thermo Fisher Scientific Inc., Madison, WI, United States). A quantitative PCR was performed by Microsynth AG (Balgach, Switzerland) to determine the absolute abundance of bacteria as described by Liu et al. (2012). The quantification of methanogenic archaea based on the abundance of the mcrA gene was conducted at the Institute for Physiology and Cell Biology, University of Veterinary Medicine Hannover, Germany, by using primers against the mcrA gene as described by Denman et al. (2007). Reaction mixtures (20 μL) contained SensiFASTTM SYBR® No-ROX Kit (BioCat GmbH, Heidelberg, Germany), 500 nM of each primer and 10 ng template. The PCR product amplification was performed on a real-time PCR cycler (CFX96TM; Bio-Rad Laboratories Inc., Hercules, CA, United States) in accordance with the following protocol: 5 min at 95°C; 40 cycles of 15 s at 95°C; 30 s at 60°C; and 30 s at 72°C. In order to define the melt curve a thermal profile with a gradual increase in temperature (0.5°C/10 s) from 72 to 98°C was performed. Water was used as no-template control in each assay. Additionally, pool samples were calibrated with the NanoDrop ONE (Thermo Fisher Scientific Inc.) and were used to determine a standard curve (108–102 serial dilution). Each series of experiments was carried out twice. The efficiency of the PCR runs ranged between 88.6 and 90.3%.



Next Generation Sequencing

Sequencing of the hypervariable regions V3 and V4 of the 16S RNA gene was performed by Microsynth AG on the Illumina MiSeq using a v2 500 cycles kit using Arch349F and Arch806R as primer pair for archaea (Takai and Horikoshi, 2000), and 341F_ill (5′-CCT ACG GGN GGC WGC AG-3′) and 802R_ill (5′-GAC TAC HVG GGT ATC TAA TCC-3′) for bacteria. Paired-ends reads were filtered through Illumina’s chastity filter, de-multiplexed and trimmed of Illumina adaptor residuals by Illumina real time analysis software. A quality check was performed with the software FastQC version 0.11.8. By using the software cutadapt v2.3, the locus specific V3 and V4 primers were cut from the sequencing reads. If trimming was not possible, the paired-end reads were discarded. The software USEARCH version 11.0.667 was used to unite the trimmed forward and reverse reads of each paired-end read. The merged sequences were filtered with the maximum of one “expected error” allowed. Reads containing ambiguous bases were discarded. Reads were denoised and OTUs (100% similarity) were compared to the SILVA v123 database as previously described (Eger et al., 2018). Alpha and beta diversity and the rarefaction were calculated by using the R package phyloseq v1.26. PERMANOVA was performed using the adonis2 function of vegan 2.5-7. The assessment of alpha diversity was conducted by using the Richness (Observed), Simpson and Shannon indices. The beta diversity calculation was performed with the unifrac distance measure. With the package DESeq2 v1.22.2 a differential OTU analysis based on normalized abundance counts was carried out and was considered significant at a log2fold change of at least ±2 and P < 0.05. In order to achieve a more specific classification, archaeal OTUs were compared to the JGI Integrated Microbial Genomes and Microbiomes (IGM/M) database1.



Metabolome Analysis

The samples were analyzed at the Max Rubner-Institut (Department of Safety and Quality of Meat, Max Rubner-Institut, Federal Research Institute of Nutrition and Food, Kulmbach, Germany) by two-dimensional gas chromatography coupled with a quadrupole mass spectrometer (GC × GC qMS). The sample set consisted of biological study samples, quality check samples (QCs), and blank samples. The QC samples were prepared by combining an aliquot of 1 mL from each sample. Blank samples were matrix free. For sample preparation an aliquot of 1.5 mL of each sample was added to 20 μL of an internal standard mixture (Supplementary Table 2). Samples were centrifuged, filtered (0.2 μm), and freeze-dried. For the subsequent extraction, 200 μL of methanol (hypergrade LC/MS, Merck KGaA, Darmstadt, Germany) was added and shaken using the Bead Ruptor 24 Elite (Omni International Inc., Kennesaw GA, United States) for 30 s at 4 m/s. After a second centrifugation step (15 min at 4°C, 15,000 rpm) 150 μL of the supernatant was transferred into 2 mL glass vials containing a 200 μL glass insert, dried in a vacuum centrifuge (Christ Speedvac RVC 2-18 CDplus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), and finally stored under protective argon atmosphere at −80°C until analysis. Before measurement, samples were derivatized by methoximation and silylation. Methoximation was performed using a 20 mg/mL solution of O-methoxylamine hydrochloride (Sigma-Aldrich, Darmstadt, Germany) in pyridine at 50°C for 1 h. In a second step, 50 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide + 1% trimethylchlorosilane (Thermo Fisher Scientific GmbH, Dreieich, Germany) was added and samples were shaken at 70°C for 1 h. Derivatized samples were additionally centrifuged and the clear supernatant was transferred to fresh glass vials. The measurements were performed on a Shimadzu GCMS QP2010 instrument (Shimadzu Deutschland GmbH, Duisburg, Germany). Instrumentation and parameter details are provided in Supplementary Table 3. Full scan data were acquired in a mass range of 60–550 m/z.

Peaks of the acquired raw data were integrated using the GCMS Postrun Analysis Module within the instrument software GCMSsolution (Version 4.45, Shimadzu Deutschland GmbH). Subsequently, peak quality filtering, peak alignment, signal intensity drift correction, and quality assessment were performed as described by Egert et al. (2015) and Weinert et al. (2015). For visualization of chromatograms and annotation of compounds, we used the NIST 14 library database implemented in GC Image Software (Version 2.7, GC Image, LLC, Lincoln, NE, United States). A series of n-alkanes (C7–C30, Sulpelco, Merck KGaA) was used as a retention time standard.



Statistical Analysis

GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, United States) was applied for statistical analysis of biochemical data, qPCR results, and comparisons of relative abundances of microbial taxa. Residuals were tested for normal distribution by the Kolmogorov–Smirnov test. To determine time, treatment, and interaction (time × treatment) effects, a two-way ANOVA for repeated measurements and a post hoc Tukey test were performed. Due to missing values a mixed-effects analysis was carried out for pH value, α-diversity of solid-associated archaea and qPCR data of solid-associated bacteria. For qPCR data Tukey’s multiple comparison test was subsequently applied. Relative abundances of bacteria and archaea families were tested for normal distribution and compared with multiple t-tests corrected for multiple comparisons using Benjamini–Hochberg correction with an FDR of 1%. For all statistical test, the levels of significance were defined at ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Data are presented as mean ± SD. As no time-dependent alterations were observed during BL, only data for the last day (day 10) are presented.

For multivariate data analyses of metabolomics data unbiased principle component analysis (PCA) and supervised orthogonal projections to latent structures discriminant analysis (OPLS-DA) were applied using the SIMCA-P+ software (version 13, Umetrics, Umeå, Sweden). For univariate statistical testing the Tukey-HSD, which includes a correction for family-wise error rates by multiple testing, was applied using JMP software (13.1.0, SAS Institute Inc., Cary, NC, United States). The heatmap illustration of metabolite data was created in MetaboAnalyst2 (Chong et al., 2019).



Data Availability

The sequence datasets are available at the NCBI SRA database under the accession number PRJNA716515.




RESULTS


Production of Fermentation Gas

Mootral treatment significantly affected methane production (P < 0.001, two-way ANOVA for repeated measurements, Figure 1A). The ANOVA also revealed a significant effect of time (P < 0.001) and an interaction of time × treatment (P < 0.01). In the post-test, a significant reduction in daily methane production compared to the CON group was observed at day 14 (P < 0.001, −97%) and day 18 (P < 0.01, −83% for ST, −77% for LT) for both groups treated with the feed additive. Subsequently, the production rate increased again and both groups did not differ from the CON group, indicating that this effect was not persistent. In contrast, CO2 production ranged from 331.43 ± 97.51 to 602.32 ± 87.20 mL in all three groups for the entire duration of the trial and did not differ among the three groups (P > 0.05, Figure 1B).
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FIGURE 1. Daily production rates of methane (A) and carbon dioxide (B) during baseline period (BL, day 10) and experimental period (EP). The black line indicates the beginning of the EP. The green line indicates termination of Mootral supplementation in the short-term (ST) group. CON, control group; LT, long-term group. Significant differences between treatments and the control group in the Tukey post hoc test are indicated by ***P < 0.001, **P < 0.01. Data are presented as means ± SD.




Fermentation Parameters

Several changes in fermentation parameters were detected due to the treatment with Mootral. In the LT and ST group, the pH value was marginally lower compared to the CON group at some timepoints (Table 1, time: P < 0.001, treatment: P < 0.01, interaction: P < 0.01); however, all measured values were within the physiological range. An increase in NH3-N was observed in the LT group for the entire EP duration and in the ST within the supplementation time until day 27 (Table 1, time: P < 0.001, treatment: P < 0.001). This was accompanied by a slight increase in total SCFA production that was significant for the ST treatment at day 14 (P < 0.01) and for the LT treatment at days 22 and 26 (P < 0.01), as compared with the control (Table 1). Furthermore, Mootral treatment affected the SCFA composition. It led to a significant reduction in the molar proportion of acetate, in the ST group from day 14 to day 26 (P < 0.001) and at day 34 (P < 0.01), and in the LT group from day 14 to day 38 (P < 0.05) compared to CON group (Table 2). Propionate and butyrate proportions were significantly changed over time (P < 0.001, Table 2) with a slight increase in propionate and a transient elevation of butyrate. Moreover, a significant interaction of time and treatment (P < 0.01) was revealed for propionate and butyrate. Butyrate proportion was elevated in the LT group compared to the CON group at days 14, 18, and 26 (P < 0.05), and in the ST group at day 18 (P < 0.01). There were no significant differences among groups from day 26 onward. Additionally, the application of Mootral increased the valerate (P < 0.001) and isovalerate (P < 0.01) proportion (Table 2). Significant effects were also revealed for the factors time (both P < 0.001) and interaction (P < 0.01). The molar proportion of valerate was significantly higher in the LT group compared to the CON group (P < 0.05) from day 18 to day 38. In the ST group, the valerate proportion was increased compared to CON at days 22, 26, and 34 (P < 0.05). Regarding the isovalerate proportion the post-test revealed a significant increase at days 14–22 (P < 0.001) in the LT and ST group compared to the CON group.


TABLE 1. Fermentation parameters at day 10 (baseline period) and every fourth day of experimental period (days 14–38).
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TABLE 2. Molar proportions of acetate, propionate, butyrate, valerate, isovalerate at day 10 (baseline period), and every fourth day of experimental period (days 14–38).
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Effects of Mootral on Abundance of 16S rRNA Genes and Bacterial Community Composition

The abundance of the bacterial 16S rRNA gene was not altered by Mootral treatment (data not shown). By sequencing the bacterial 16S gene V3 and V4 regions, 1,031 OTUs were detected in LAM samples, 1,026 of these were bacterial OTUs. Of the 749 observed solid-associated OTUs, 744 were bacterial OTUs. Alpha-diversity measures did not differ among treatment groups (Supplementary Figure 1). In total 18 phyla were detected, the most abundant being Bacteroidetes (LAM: 40.24 ± 6%; SAM: 25.2 ± 3.5%) and Firmicutes (LAM: 31.55 ± 3.35%; SAM: 57.03 ± 6.45%). A total of 43 bacterial families were detected in the LAM samples and 39 families in the SAM samples. Only the 20 most abundant thereof will be discussed below (Supplementary Figure 2). Few differences among treatment groups were detected by multiple comparisons (Table 3). A lower abundance of the families Christensenellaceae and Succinivibrionaceae was observed in the LAM samples at day 17 in the LT group compared to the CON group (CON vs. LT, P < 0.001). At days 31 and 38 of the experiment, the relative abundance of Prevotellaceae was higher in the LT group compared to the CON group (CON vs. LT, P < 0.001). In the SAM samples, only the family Victivallaceae was less abundant in the LT group at day 17 (CON vs. LT, P < 0.001). Lactobacillaceae were numerically more abundant in the ST group at days 17 and 24, and in the LT group at days 31 and 38, however, due to a high variance within the treatments this effect was not significant.


TABLE 3. Differentially abundant bacterial families by treatment group in liquid- and solid-associated microbiota (LAM and SAM, respectively).
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Effects of Mootral on mcrA Copy Numbers and on the Archaeal Community

In contrast, mcrA copy numbers (Figure 2) were affected by time (SAM: P < 0.001; LAM: P < 0.01), treatment (both P < 0.001) and an interaction of both factors (LAM: P < 0.001; SAM: P < 0.01). Mootral treatment led to a significant decrease in mcrA gene copy number at day 17 (P < 0.01) in both LAM and SAM (Figures 2A,B). In LAM (Figure 2A), a reduced copy number was also observed at days 24 and 31 (P < 0.01). In SAM, mcrA gene copy numbers were significantly lower in LT group compared to both the ST and CON groups, at day 38 (P < 0.05, Figure 2B).
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FIGURE 2. Copy numbers of the mcrA gene in LAM (A) and SAM (B) samples. ST, short-term group; LT, long-term group; CON, control group. Significant treatment effects of LT or ST, compared to CON in Tukey post hoc test are indicated by **P < 0.01, *P < 0.05. Significant treatment effects between ST and LT are indicated by #P < 0.05. Data are presented as means ± SD.


In the liquid samples, archaea sequencing resulted in 2,630,324 total reads, ranging from 270 to 810,506 with a mean of 37,046. Within these, 71 OTUs were identified, 42 of them belonged to the domain Archaea and accounted for 92.9% of the reads. In the solid samples, a total of 2,279,860 reads were obtained, the range was from 2,147 to 105,637 with a mean of 38,642 among all samples. In solid samples, 97.0% of the sequencing reads belonged to Archaea and 40 of the detected 54 OTUs were archaeal OTUs. All archaeal OTUs belonged to the phylum Euryarchaeota. The three classes Methanomicrobia, Thermoplasmata, and Methanobacteria were identified.

Mootral application also changed archaeal alpha-diversity measures. In both, LAM and SAM samples, the number of observed OTUs decreased up until day 31 in ST group and up until day 38 in the LT group (P < 0.05, Figures 3A,B). Moreover the Simpson Diversity index decreased for the LT and ST groups at days 17 and 24 in SAM (P < 0.001, Figure 3B), for LT at days 17, 24, and 38 in LAM (P < 0.05, Figure 3A), as well as for ST at day 24 in LAM (P < 0.05). The Shannon index was affected at days 14, 24, and 38 in SAM (P < 0.01, Figure 3B), but only at days 17 and 38 in LAM (P < 0.05, Figure 3A). In the beta-diversity plots of archaea, all 12 communities clustered close together in both liquid and solid samples at day 10 (Figure 4). However, at day 17 the LT and ST communities were clearly separated from the day 17 CON samples as well as from the day 10 samples. At day 24 and day 31, the LT and ST samples were widespread in the plot, whereas the two groups treated with Mootral moved closer to CON group at day 38 but remained more variable than the samples of the CON group. PERMANOVA revealed a clear effect of time and interaction for both phases (P < 0.001), as well as a treatment effect for LAM (P < 0.05) and SAM (P < 0.01).
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FIGURE 3. Number of observed operational taxonomic units (OTUs), Simpson’s Diversity Index, and Shannon’s Index in LAM (A) and SAM (B) of Archaea by treatment groups (n = 4). Individual data and medians are presented. ST, short-term group; LT, long-term group; CON, control group. The treatment effects of the Tukey post hoc test are indicated by *P < 0.05, **P < 0.01, ***P < 0.001 (CON vs. LT or CON vs. ST); #P < 0.05, ##P < 0.01 (LT vs. ST). Time effects are not shown.
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FIGURE 4. The beta-diversity of Archaea is indicated by Detrending Correspondence Analysis (DCA) based on the UniFrac distances. Treatment groups are distinguished by color: CON, red; LT, green; ST, blue. The labels represent the day (10, 17, 24, 31, and 38) and the name of the fermentation vessel (A–L). Panel (A) shows the LAM, and (B) shows the SAM archaeal communities.


At day 10, the Methanomicrobiaceae was the family with the highest abundance in all three treatment groups (LAM: 61.7 ± 5.1%; SAM: 90.9 ± 1.9%, Table 4). Additionally, the families Thermoplasmatales incertae sedis (LAM: 35.9 ± 4.8%; SAM: 8.7 ± 1.7%), Methanobacteriaceae (LAM: 2.3 ± 0.5%; SAM: 0.6 ± 0.3%), and Methanosarcinaceae (LAM: 0.008 ± 0.08%; SAM: 0.001 ± 0.001%) were detected. After treatment with Mootral Thermoplasmatales incertae sedis increased in the LT group and ST group. In contrast, a significant reduction in the proportion of Methanomicrobiaceae was observed (Table 4).


TABLE 4. Differentially abundant archaeal families by treatment group in liquid- and solid-associated microbiota (LAM and SAM, respectively).
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The analysis of differentially abundant OTUs revealed significant alterations in liquid (Figure 5A) and solid (Figure 5B) archaeal communities among treatment groups and at different time points. None of the OTUs differed among the groups at day 10, before treatments were applied. Mootral application diminished the abundance of members of the genera Methanomicrobium (Methanomicrobium mobile DSM 1539), Methanobrevibacter (Methanobrevibacter thaueri DSM 11995, Methanobrevibacter sp. YE 315), and the family Thermoplasmatales incertae sedis (Unclassified archaeon ISO4-G1, Candidatus Methanoplasma termitum MpT1 and Methanomassiliicoccales archaeon RumEn M2) at days 17 and 24 in SAM and LAM (Figure 5), while it increased the relative abundance of several OTUs from Thermoplasmatales incertae sedis. In the LT group, Methanobrevibacter olleyae YLM1 was enriched at several time-points in both phases. While LT and ST samples were similar at day 24 for both phases, at day 31, M. thaueri DSM 11995 and nine OTUs from Thermoplasmatales incertae sedis increased again in ST SAM samples. In LAM, 12 OTUs displayed consistent differences among the CON and LT groups throughout the entire treatment period. Five of these 12 OTUs also differed between the ST and CON group up until day 31, but not at day 38.
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FIGURE 5. Heatmaps of significantly differentially abundant (P < 0.05, differential OTU analysis, DESeq2) archaeal operational taxonomic units (OTUs) in liquid-associated (A) and solid-associated (B) microbiota based on log2fold changes, which is indicated by the brown to green color scale. A threshold of ±2 was applied, and white indicate no significant differences. The heatmap displays the significant differences at days 17, 24, 31, and 38 between the three treatment groups (CON, LT, and ST). No significant differences were detected at day 10 and at day 24 between LT and ST group.




Effects of Mootral on the Rumen Metabolome

Metabolite profiles of the samples were compared with focus being placed on differences among treatments (comparison among BL, and CON, ST, and LT groups at day 17, and time-dependent shifts in the ST and LT groups). Addition of Mootral lead to a clear separation of ST and LT samples at day 17, from BL samples at day 10 in PCA and OPLS-DA (Supplementary Figure 3A, Figure 6A, R2 = 0.97 and Q2 = 0.88). For the LT group, a clear separation of day 10 CON and LT samples vs. LT samples from day 17 to day 38 (Mootral addition) was confirmed (R2 = 0.98, Q2 = 0.94, Figure 6B). In contrast, in the ST group, a model with three groups was applied, comparing “before treatment” samples from day 10 (BL, CON10, and ST10), with Mootral treatment (ST17 and ST24) and “after treatment” samples (ST31 and ST38). Both PCA and OPLS-DA (R2 = 0.91, Q2 = 0.77, Figure 6C and Supplementary Figure 3C) indicated clear differentiation between pre-treated and treated samples. Samples collected after treatment were not clearly separated from day 10 samples in PCA (Supplementary Figure 3C) and in the OPLS-DA they formed a third cluster (Figure 6C). To determine compounds which were responsible for the observed clustering in the OPLS-DA model, variable importance in projection (VIP) score was calculated. A threshold of VIP >1 was chosen, as this indicated an above average contribution of this compound for the model. For the LT group, 194 compounds were significantly different (P < 0.05) and exhibited a VIP score >1; for ST group, 222 compounds differed. About 38% (106) of these compounds could be identified. The 20 identified compounds with the highest VIP scores for both comparisons (ST and LT) were selected (Supplementary Table 4). Four clusters were identified (Supplementary Figure 4). The first cluster was more highly concentrated when the samples were treated with Mootral compared to BL (day 10), ST31 and ST38 samples and could therefore contain compounds derived from Mootral itself or degradation products of Mootral. The second cluster was enriched in BL samples and was persistently reduced by Mootral application. It consisted of propylene glycol, two branched-chain SCFA, 2-hydroxycaproic acid, and two monosaccharides. A third group consisting mainly of plant-derived compounds showed a similar pattern; however, a slight recovery of these compounds appeared in ST31 and ST38. The fourth cluster exhibited a suppression during Mootral treatment, but clearly recovered after terminating the supplementation in ST group (ST31 and ST38). This cluster consisted of several fatty acids, phenoxyethanol, 5-hydroxytryptophan, 4-isopropylphenol, and an indole derivate.


[image: image]

FIGURE 6. Orthogonal projections to latent structures discriminant analysis plot of the metabolomics analysis (A) for all three treatment groups at days 10 and 17, (B) the long term (LT) group at days 17–38 (Treatment) vs. LT and CON at day 10 (BL) and (C) the short term (ST) group at days 17 and 24 (Treatment), at days 31 and 38 (After Treatment) vs. CON and ST at day 10 (BL).





DISCUSSION

The strong potential of Mootral, a product consisting of garlic and citrus extracts, to reduce methane emissions has been previously revealed in vitro and in vivo (Eger et al., 2018; Roque et al., 2019; Vrancken et al., 2019). The aim of the present study was to examine the long-term effects of Mootral on ruminal fermentation parameters, archaeal, and bacterial community structure as well as on the rumen metabolome in a long-term in vitro trial.


Mootral Dosage and Potential Effects of Mootral Degradation

Due to the use of natural compounds in this product, the concentrations of active substances varies. As a reference, the concentration of allicin was determined. The dose applied here resulted in an allicin concentration of approximately 20 mg/L in the fermentation vessels, which is comparable to doses applied in previous in vitro experiments (Busquet et al., 2005; Chaves et al., 2008; Eger et al., 2018) and far lower than the likely toxicity for rumen bacteria (300–3,000 mg/L) (Busquet et al., 2005). In general, the dosage applied in the RUSITEC system needs to be higher compared to in vivo dosing due to the higher liquid to solid ratio (Carro et al., 2009), however, also in vivo quite high dosages (2 g allicin/65 kg body weight) have been used (Ma et al., 2016).

Due to a low allicin concentration in the Mootral powder used in this study, a relatively large amount had to be used. As Mootral is a natural product with various active compounds, an inactive placebo for the control group was not available. Therefore, it cannot be excluded, that some of the effects observed in this study are due to nutrient utilization of the product. Metabolites, whose concentrations were increased at the same timepoints when Mootral was applied are probably derived from the product itself. As the crude protein content of the powder is about 22% (Supplementary Table 1), elevated NH3-N levels are presumably related to the higher protein supply. Mootral application also increased the concentration of benzeneprenoic acid (hydrocinnamic acid) and other aromatic compounds. Hydrocinnamic acid is produced by rumen bacteria from cinnamic acid (Martin, 1982) which can be found in various plants. Bitter oranges not only contain isoflavonoids such as naringin, but, e.g., also phenolic acids, hydroxybenzoic acid, and cinnamic-acid (Jabri Karoui and Marzouk, 2013), therefore it is most likely that the increase in the concentrations of aromatic compounds is based on supply by Mootral application. The concentration of pyridoxine, a vitamin B6, was also increased during Mootral application. In contrast to other B vitamins its rumen balance is often negative (Castagnino et al., 2016; Beaudet et al., 2020) and an increase in its concentration may be beneficial for the animal.



Effects of Mootral on the Fermentation Pattern, the Bacterial Community Composition and Metabolites in the Rumen Simulation Technique System

In the present trial, the supplementation of Mootral induced an increase in the total SCFA production in the RUSITEC-system. This was due to an increased production of propionate, butyrate, valerate, and isovalerate. However, this effect was transient for total SCFA, butyrate, and isovalerate even in the LT group. Effects on pH, SCFA production and SCFA molar proportions resembled those observed by Eger et al. (2018) and Ahmed et al. (2021). Previous studies with garlic compounds and flavonoids are variable, but they often also report an increase in total SCFA accompanied by a lower acetate, and higher propionate or butyrate proportions (Busquet et al., 2005; Balcells et al., 2012; Patra and Yu, 2015; Ma et al., 2016). Metabolomics revealed that Mootral supplementation suppressed the production of several fatty acids (short, medium, and long chained), phenol derivates, and plant-derived compounds. Changes in carbohydrate metabolism were indicated by accumulation of a disaccharide and suppression of several monosaccharides, levoglucosan, and tyrosol.

The abundance of bacteria was not affected by Mootral application, which is in agreement with previous reports where garlic oil (Patra and Yu, 2015) or the flavonoid naringin (Oskoueian et al., 2013) were investigated in vitro using rumen fluid from dairy cattle (roughage: concentrate 43:57) or male cattle (roughage: concentrate 60:40), respectively. In contrast, in vitro treatment with garlic powder resulted in a dose-dependent reduction in the number of bacteria with a straw and concentrate diet (Wanapat et al., 2008). Treatment with garlic oil led to a reduction in the total number of the cellulolytic bacteria Fibrobacter succinogenes, Ruminococcus flavefaciens, and Ruminococcus albus (Patra and Yu, 2012). Cellulolytic bacteria mainly produce acetate (Dijkstra et al., 2012), which was lower in proportions in Mootral-treated groups in the present study and is a source of hydrogen for methane production. However, only the families Succinivibrionaceae, Prevotellaceae, Christensenellaceae, and Victivallaceae were affected at single time-points by Mootral treatment in our study. Ahmed et al. (2021) also observed a treatment related effect on the family Prevotellaceae, as the relative abundance was significantly increased with a treatment of 20% Mootral. Nevertheless, they only observed additional effects for Veillonellaceae. Altogether, the impact of Mootral on the bacterial community appears to be small and was only visible at single time-points. However, most rumen bacteria have a certain metabolic flexibility to degrade various substrates (Comtet-Marre et al., 2017) and therefore may result in differing fermentation profiles. Thus, transient shifts in fermentation products may occur without major alterations in the bacterial community composition. As the shifts in methane production were not in parallel to shifts in fermentation products, the effects of Mootral on methane production are not simply linked to the changing bacterial fermentation pattern.



Effects of Mootral on Methane Production and the Archaeal Community

Regarding their ability to reduce methane production, both garlic and flavonoids have been described as very effective (Busquet et al., 2005; Patra et al., 2011; Soliva et al., 2011; Ramos-Morales et al., 2018). Compared to this study, a similar effect on methane production was observed in the previous in vitro study by Eger et al. (2018), in which a 95% reduction in methane production was achieved during an 8 day supplementation period. The reduction in in vivo methane production in beef cattle or dairy cattle by Mootral was considerably less, ranging from 21 to 38% (Roque et al., 2019; Vrancken et al., 2019). In the in vitro study by Ahmed et al. (2021), a reduction in the percentage of methane in the fermentation gas by 54% could be achieved in a batch culture system when 20% Mootral was administered using rumen fluid from sheep fed grass and concentrate (50:50). However, the total production rate in the supplemented group did not differ from the control group (Ahmed et al., 2021). A discrepancy between the decrease in methane production achieved in vivo compared to in vitro was also observed by Fievez et al. (2003) when comparing the effects of different fish oil types in a batch culture incubation with an in vivo application. An inhibition of rumen methanogenesis was observed in both approaches, but the effect was one-fifth in vivo. It appears that the methane-reducing effect of Mootral is reproducible in different animals and with different diets and in vitro systems. However, as our long-term study indicates, this effect appears to be transient, at least in vitro, as methane production was not significantly reduced after 12 days of supplementation. Long-term responses to different methane reducing compounds differ. Long-term application may result in a better and more persistent decrease in methane production (Belanche et al., 2020) or reveal a transient effect (Guan et al., 2006). Patra et al. (2011) did not observe an effect of garlic bulb on methane emissions of sheep after 21 days of feeding. Schilde et al. (2021) revealed that 3-NOP combined with a high concentrate ration in vivo persistently reduced methane production, while when a high forage ration was fed, methane production recovered after 3–4 months. In contrast to the short suppression of methane production in our study, the two in vivo studies using Mootral (Roque et al., 2019; Vrancken et al., 2019) detected effects over a 12-week supplementation period; however, these two studies used higher concentrate proportions compared to our in vitro study. Therefore, further studies on the time-course of methane emissions and ruminal parameters in response to Mootral supplementation in combination with different feeding strategies in vivo and in vitro are needed to reveal whether the transient effects observed here are linked to the in vitro system or to the dietary strategy and whether they transfer to the in vivo situation.

Busquet et al. (2005) discussed that the mechanism of methane inhibition by organosulfur components in garlic could be based on an inhibition of the 3-hydroxy-3-methyl-glutaryl coenzyme A, which is needed to produce membrane lipids only found in archaea, however, they could not clearly prove or reject this hypothesis. However, this agrees with previous reports on allicin inhibiting enzymes by reacting with their thiol group (Ankri and Mirelman, 1999). Alterations to the liquid-associated archaeal communities have already been reported by Eger et al. (2018) where a similar diet was used in the RUSITEC system. In the present study solid-associated archaea were additionally investigated. The qPCR targeting the mcrA gene revealed a significant reduction in methanogenic archaea, which is in line with previous studies on garlic or flavonoids (Oskoueian et al., 2013; Patra and Yu, 2015; Ma et al., 2016). However, this effect was not consistent over time indicating an adaption of these microorganisms to the treatment. In addition, the application of Mootral resulted in a reduction in the relative abundance of Methanomicrobiaceae and an increase in Methanomassiliicoccales. This is in line with the finding of Ahmed et al. (2021), who observed a dose-dependent increase in the Methanomassiliicoccaceae. Interestingly, in the previous studies by Eger et al. (2018), Methanobrevibacteriaceae dominated before treatment and were reduced by Mootral application; however, this resulted in a comparable decrease in methane reduction. Nonetheless, as with methane production, the Mootral-induced structural changes in the microbial community composition were transient, indicating an adaptation to the product. The ability of the microbial ecosystem to adapt to dietary strategies to reduce methanogenesis is well known (Beauchemin, 2009). This effect might not have occurred in the in vitro study by Ahmed et al. (2021), as a short-term batch culture was used, whereas in our trial, the supplementation lasted for up to 28 days. Saro et al. (2018) reported that feeding growing lambs with a combination of garlic and linseed oil for 4 weeks did not result in persisting methane reduction or changes of the archaeal population.

Although the composition of the ST and LT archaeal communities was similar to the CON group by the end of the experiment, the log2fold change revealed an increased abundance of some OTUs in the treated groups. This was particularly applicable to OTUs belonging to Methanomassiliicoccales. When this analysis was performed these OTUs were still classified as Thermoplasmatales incertae sedis in the database, however, nowadays their classification has to be updated. Most Methanomassiliicoccales OTUs were identified as ISO4-G1 or RumEn M2, which are now classified to belong to the host-associated clade Methanomethylophilaceae (Söllinger et al., 2016; Cozannet et al., 2020). It has been demonstrated that they produce methane in a H2-dependent methylotrophic way and that their reduction is accompanied by a reduced methane production (Borrel et al., 2013; Poulsen et al., 2013). In contrast, in the present study, an increase in the proportion of Methanomassiliicoccales and decrease in the abundance of Methanomicrobiaceae accompanied the reduction in methane production. However, differing results for several OTUs that appeared to be closely related indicate that Methanomassiliicoccales have a certain metabolic flexibility. Methyl-reducing archaea such as Methanomassiliicoccus luminyensis have been demonstrated to be able to use lower H2 pressures compared to “classic hydrogenotrophic” (growing on CO2 + H2) such as Methanobrevibacter strains (Feldewert et al., 2020). One potential mode of action of Mootral could therefore be to provide an alternative sink for H2, thereby favoring obligate methylotrophic archaea. Calculated based on SCFA, hydrogen production was not reduced by Mootral addition, raising the question of the fate of the hydrogen (Eger et al., 2018). Moreover, a higher availability of methyl-compounds through Mootral addition may favor these archaea. The results of Eger et al. (2018) implied that the effect of Mootral is primarily mediated via a reduction in Methanobrevibacter spp. of the SGMT clade. In the present study, we also revealed a suppression of M. thaueri and an additional suppression of Methanomicrobium mobile, while an enrichment of M. olleyae which belong to the lower-methane production RO-clade (Danielsson et al., 2012) was observed in the LT group. Some of these shifts persisted, while the total archaeal family composition resembled the CON group at the end of the experiment. To our knowledge, there are currently no data on microbial community composition available in vivo, and it has to be investigated whether these shifts are mirrored and persistent in vivo.




CONCLUSION

By using a long-term in vitro-system, we demonstrated that the methane-reducing effect of Mootral is mainly based on direct effects on the liquid and solid-associated archaea. Although some changes in fermentation products were observed, the bacterial community was barely affected. As most of the effects were transient even with continued supplementation, it remains to be studied, whether this effect also occurs in vivo and under different feeding strategies or if it is related to the in vitro system in order to find a practicable application scheme for the on-farm use of Mootral.
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The objective of this study was to determine whether divergent feeding regimes during the first 41 weeks of the life of a calf are associated with long-term changes in the rumen microbiota and the associated fermentation end-products. Twenty-four calves (9 ± 5 days of age) were arranged in a 2 × 2 factorial design with two divergent treatments across three dietary phases. In phase 1 (P01), calves were offered a low-milk volume/concentrate starter diet with early weaning (CO) or high-milk volume/pasture diet and late weaning (FO). In phase 2 (P02), calves from both groups were randomly allocated to either high-quality (HQ) or low-quality (LQ) pasture grazing groups. In phase 3 (P03), calves were randomly allocated to one of two grazing groups and offered the same pasture-only diet. During each dietary phase, methane (CH4) and hydrogen (H2) emissions and dry matter intake (DMI) were measured in respiration chambers, and rumen samples for the evaluation of microbiota and short-chain fatty acid (SCFA) characterizations were collected. In P01, CO calves had a higher solid feed intake but a lower CH4 yield (yCH4) and acetate:propionate ratio (A:P) compared with FO calves. The ruminal bacterial community had lower proportions of cellulolytic bacteria in CO than FO calves. The archaeal community was dominated by Methanobrevibacter boviskoreani in CO calves and by Mbb. gottschalkii in FO calves. These differences, however, did not persist into P02. Calves offered HQ pastures had greater DMI and lower A:P ratio than calves offered LQ pastures, but yCH4 was similar between groups. The cellulolytic bacteria had lower proportions in HQ than LQ calves. In all groups, the archaeal community was dominated by Mbb. gottschalkii. No treatment interactions were observed in P02. In P03, all calves had similar DMI, CH4 and H2 emissions, SCFA proportions, and microbial compositions, and no interactions with previous treatments were observed. These results indicate that the rumen microbiota and associated fermentation end-products are driven by the diet consumed at the time of sampling and that previous dietary interventions do not lead to a detectable long-term microbial imprint or changes in rumen function.
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INTRODUCTION

The rumen is a fermentation chamber occupied by a diverse, interactive, and dynamic microbiota comprised of many species of bacteria, archaea, protozoa, and fungi (Hobson and Stewart, 1997). These microorganisms convert ingested feed into short-chain fatty acids (SCFA) and microbial biomass, which are the main source of energy and amino acids for ruminants (Puniya et al., 2015; Huws et al., 2018; Gruninger et al., 2019). Other fermentation end-products, including hydrogen (H2) and carbon dioxide (CO2), formic acid, and methyl groups, are utilized by methanogens to produce methane (CH4) (Moss et al., 2000; Liu and Whitman, 2008; Janssen, 2010). Methane production is both a loss of dietary gross energy (Bergman, 1990) and a greenhouse gas (Johnson and Johnson, 1995). Thus, manipulation of the ruminal ecosystem has been used in attempts to improve the efficiency of feed conversion and decrease environmental impacts (Mizrahi et al., 2021). However, manipulations in adult ruminants have shown limited and only short-term effects after treatment cessation (Weimer, 1998). The microbiota in the rumen of mature ruminants is characterized by a high degree of redundancy and resilience, which provides stability to the rumen environment and maintains the digestive function of the host across a range of feeding and management conditions (Weimer, 2015). These properties thus represent a barrier to manipulating rumen fermentation by selectively targeting groups of microorganisms. However, some studies in small ruminants suggest that in early life the rumen microbial community may be more plastic and, therefore, easier to manipulate (Yáñez-Ruiz et al., 2010; Abecia et al., 2014; De Barbieri et al., 2015).

During early postnatal life, the rumen microbiota of the young ruminant is very responsive to dietary interventions (Yáñez-Ruiz et al., 2010; Abecia et al., 2014; O’Hara et al., 2020). While sterile in utero (Malmuthuge and Griebel, 2018; Husso et al., 2021), the rumen of newborn animals undergoes a rapid microbial colonization during and after birth from maternal (Taschuk and Griebel, 2012; Yeoman et al., 2018) and environmental sources (Dehority and Orpin, 1997; Curtis and Sloan, 2004). After the initial colonization, microbial groups critical to the degradation of feed have been observed in the undeveloped rumen, as early as the third day of age (Fonty et al., 1987; Minato et al., 1992; Guzman et al., 2015; Wang et al., 2017). The rumen microbiota rapidly shifts toward obligate anaerobic microbes as young ruminants start to transition from milk to solid diets (Walters et al., 2011; Rey et al., 2014). In post-weaned calves, the consumption of solid diets is associated with a progressive shift in ruminal microbial composition toward a more diverse microbiota (Rey et al., 2014; Dias et al., 2017; Dill-McFarland et al., 2017). The ruminal microbiota in young ruminants acquires an adult-like composition as the solid feed intake increases between the weaning transition and 1 year of age (Dill-McFarland et al., 2019), with recent studies indicating that an increased solid feed intake can result in adult-like fermentation profiles (Cristobal-Carballo et al., 2019). As a result, dietary interventions, aimed at altering ruminal microbial composition and fermentation profiles, may be most effective during the weaning transition of young ruminants. However, there is little information available on the effect of early life nutrition of calves during the transition to weaning and immediately afterward on the rumen prokaryotic community and fermentation profiles. The aim of this study was to determine whether contrasting feeding regimes pre- and post-weaning could imprint the rumen microbial community and produce associated changes in rumen fermentation.



MATERIALS AND METHODS

Animal procedures were reviewed and approved by the Grasslands Animal Ethics Committee (AE 13297) and complied with the institutional Codes of Ethical Conduct for the Use of Animals in Research, Testing and Teaching, as prescribed in the New Zealand Animal Welfare Act of 1999 and its amendments.


Experimental Design

Twenty-four calves were randomly selected and balanced across dietary treatments from a parent production study using 200 Hereford–Friesian-cross female calves (Burggraaf et al., 2020). Treatments in the large production study were balanced for live weight and arrival date of the calves. The study was carried out in a 2 × 2 factorial design with different dietary treatments across three dietary phases. In phase 1 (P01, 0–14 weeks), calves were reared using either a low-milk volume and concentrate starter diet with early weaning (CO) or high-milk volume and pasture diet with later weaning (FO). In phase 2, post-weaning (P02, 14–19 weeks), each group of calves was evenly divided and randomly allocated to either a high-quality (HQ) or low-quality pasture (LQ) diet. The outcome was the generation of four groups in P02, where the main effects of pre-weaning rearing system and post-weaning diet quality and the interactions were compared. In phase 3 (P03, 30 to 41 weeks), all calves were randomly allocated to two groups that equally represented all four treatment groups and managed under commercial grazing conditions on the same farm. For this study, measurements and sampling were undertaken in week 9 (P01), week 19 (P02), and week 41 (P03).



Animal and Feeding Management

Calves from P01 were managed in two pre-weaning rearing systems: FO calves were housed during week 1 and then moved to paddocks of ryegrass/white clover pasture from weeks 2 to 12. These calves were fed whole milk powder (WMP; Table 1; NZ Agbiz, Auckland, New Zealand) at 8.0 L/calf/day (1,000 g of WMP; 125 g/L of water), divided in two feeds for 5 weeks. In this group, the intake of WMP was increased from 5.0 to 8.0 L/calf/day during the first 2 weeks. Calves were fed 8.0 L once per day from weeks 5 to 9, then 4 L once a day for 2 weeks, then were gradually weaned over the following week. Calves from the CO group were housed on arrival and fed WMP at 4.0 L/calf/day (500 g WMP/day; mixed as per the FO group), divided in two feeds for 5 weeks and then once a day for 2 weeks, before abruptly weaning off milk at the end of week 7. This group was offered ad libitum starter concentrate (Table 1; Denver Stock Feeds, Palmerston North, New Zealand) from weeks 1 to 7, then calves were transferred to paddocks of ryegrass/white clover pasture with starter concentrate reduced to 1.5 kg/calf/day for 2 weeks and finally to 1 kg/calf/day for two more weeks until weaning off concentrate starter at week 12.


TABLE 1. Chemical composition (% of dry matter) of the whole milk powder (WMP), concentrate and pasturesa fed to calves in phase 1 (P01), pastures of highb (HQ) and low qualityc (LQ) in phase 2 (P02) and pasturesd fed to all calves in phase 3 (P03).

[image: Table 1]In P02, calves in the HQ and LQ groups were grazed on pastures of either high quality (HQ; irrigated pasture) or low quality (LQ; non-irrigated pasture). Calves grouped in LQ were also fed grass silage to meet dry matter intake (DMI) requirements. The botanical composition of high-quality pastures was 31.0% of ryegrass, 35.5% of white clover, 7.3% of herbs, 3.4% other grasses, and 22.4% of dead material (DM basis), while the botanical composition of non-irrigated low-quality pastures was of 16.3% of ryegrass, 4.0% of white clover, 1.3% of herbs, 16.0% other grasses, and 61.4% of dead material (DM basis) (Burggraaf et al., 2020). In P03, from approximately 7 months of age, the calves were randomly allocated to one of two groups which were balanced for all four previous treatments and grazed commercially on ryegrass/white clover pasture. Fresh water was available ad libitum at all times.



Enteric Emissions and Animal Performance Measurements

Enteric emissions [methane (CH4) and hydrogen (H2)] and animal performance [DMI and live weight (LW)] measurements were performed from the 24 selected calves, at weeks 9 (P01), 19 (P02), and 41 (P03). Before enteric emission measurements, calves were adapted to confinement conditions in covered yards as follows: in a group pen all together for the first 5 days and then in individual crates from days 5 to 7. Enteric emission measurements were carried out in open circuit respiratory chambers (Pinares-Patiño et al., 2012) over a 48-h period. The air flow through the chambers was set at 700, 1,000, and 1,200 L/min during the three measurement phases, respectively, to account for the increasing gas emissions as the solid feed intake of the calves increased. Calves entered the chambers in the morning (0900 h) when feed was offered: WMP (for FO calves in P01) and fresh solid feed (starter concentrate and/or pasture, depending on the phase and group). For LQ calves in P02, these animals received only low-quality grass (Table 1) during confinement and in respiration chambers; no grass silage was offered to these animals. Enteric emission measurements were paused for ∼45 min every morning to offer fresh feed and clean the chambers. During the adaptation and enteric emission measurement phases, pasture was cut daily, transported to the animal facility, and offered ad libitum. Water was available ad libitum.

Samples of concentrate and WMP were analyzed for chemical composition by wet chemistry (Hill Laboratories Ltd., Hamilton, New Zealand). Pasture samples of ryegrass/white clover-mixed sward were analyzed by near-infrared reflectance spectroscopy (NIRS; FeedTECH, Palmerston North, New Zealand). The chemical composition of the offered diets during the different rearing phases is shown in Table 1. During the gas measurement phases, DMI was calculated from the difference between the allowance and the residual feed. Milk DMI was not included in the calculation of the total DMI to estimate methane or hydrogen yield because most of the milk DM bypasses the rumen (Wise and Anderson, 1939) and, therefore, has little effect on rumen fermentation (Lane et al., 2000). Live weights were recorded a day before methane emission measurements during the morning and before feeding. Total daily production (g/day) of CH4 and H2 (pCH4 and pH2, respectively) were calculated from the enteric emission measurements (Pinares and Waghorn, 2014). Daily enteric emissions and animal performance parameters were used to calculate CH4 and H2 yield (yCH4 and yH2, respectively; g per kg DMI).



Sampling and Fermentation Analysis of Rumen Contents

Rumen samples were collected in the morning via an oral stomach tube (Henderson et al., 2013) after enteric emission measurements and before feeding new milk and/or solid feed. Oral stomach tubing was performed using a stainless steel pipe (25 mm outside diameter, wall thickness 1.2 mm) measuring 520 mm in length with a “T” handle 350 mm from one end. The stainless steel pipe was used to guide the lavage tube over the back of the tongue to ensure it entered the rumen. The lavage tube (19 mm outside diameter) enabled contents to be aspirated using a 400-ml syringe from the center of the dorsal rumen. A modification of the technique was used at 9 and 19 weeks, where the stainless steel pipe was not used due to the size of the animals. Each sample of 10 to 30 ml of rumen fluid was subsampled for SCFA analysis and DNA extraction. For DNA analyses, 900 μl of each rumen fluid sample was snap frozen in a cool rack and immediately stored at −20°C until analysis. For SCFA analysis, 1.8 ml of each rumen sample was prepared as per Guyader et al. (2016). Gas chromatography was then used to analyze SCFA composition, as per Attwood et al. (1998), using a gas chromatograph (Model 6869, Hewlett-Packard, Montreal, QC, Canada) equipped with an auto-sampler, fitted with a Zebron ZB-FFAP 30.0 m × 0.53 mm I.D. × 1 μm film column (Phenomenex, Torrance, CA, United States) and a flame ionization detector set at 265°C.



Microbial DNA Extraction, Library Preparation, and Sequencing

DNA was extracted from 200 μl of thawed and vortexed rumen fluid samples using the phenol–chloroform, bead beating with filtration kit for purification II (PCQI) (Rius et al., 2012; Henderson et al., 2013). Primers used for PCR amplification of bacterial and archaeal 16S rRNA genes are listed in Supplementary Table S1. Amplification reactions used for PCR targeting the regions of bacterial (30 cycles) and archaeal (35 cycles) 16S rRNA genes were prepared in triplicate as described by Kittelmann et al. (2013). PCR products were pooled, and the correct size products (∼500 bp) were verified by agarose gel electrophoresis and quantified by fluorescence using the Quant-iT dsDNA BR assay kit (Invitrogen, Carlsbad, CA, United States). Bacteria and archaea PCR reactions included a negative control for each separate amplification run. Negative control reactions containing no template DNA were performed alongside each PCR amplification and were included in subsequent analyses to confirm no amplification of product. Agarose gel electrophoresis was performed using 2 μl of PCR product on a 1% (w/v) agarose gel containing SYBR Safe. Each amplicon (150 ng) from the same target gene and region (i.e., all bacteria and archaea amplicons) was pooled. Pooled samples were concentrated (vacuum dried) and the final PCR product concentration was determined using Quant-iT dsDNA HS assay kit (Invitrogen, Carlsbad, CA, United States). Pools were purified using the NucleoMag NGS kit (Macherey-Nagel, Dueren, Germany). The final purification of amplicons was done using the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA) and the DNA concentration quantified using Quant-iT dsDNA HS assay kit (Invitrogen, Carlsbad, CA, United States). Both pools were diluted to 6.0 × 109 copies per μl and combined at a “bacteria to archaea” ratio of 5:1 (Kittelmann et al., 2013). Pooled libraries were checked for quality control (QC) using Labchip GX Touch HT instrument (PerkinElmer, Waltham, MA, United States). Amplicons were sequenced using the Illumina MiSeq system according to the protocol of the manufacturer (Illumina, San Diego, CA, United States) at Massey Genome Service, Massey University, Palmerston North, New Zealand. The pooled library was run on one Illumina MiSeq (500 cycle V 2 kit). A control library for the run, Illumina-prepared PhiX, was loaded onto the Illumina MiSeq run at 20% volumes. Sequence reads were provided in fastq format. The sequences obtained were deposited in the European Nucleotide Archive under the accession number PRJEB37783.



Phylogenetic Analysis of Sequencing Data

Sequencing reads were quality-filtered using the DynamicTrim function of SolexaQA (Cox et al., 2010). Reads were then processed and analyzed using the QIIME software package 1.8 (Caporaso et al., 2010). Sequencing reads were grouped into operational taxonomic units (OTUs) sharing over 97% and 99% similarity for bacteria and archaea, respectively, by using the UCLUST algorithm (Edgar, 2010). Sequences were assigned to phylogenetic kingdoms using the BLAST (version 2.4.0) algorithm (Altschul et al., 1990). Bacterial 16S rRNA genes were assigned using SILVA 123 (Henderson et al., 2019) and archaeal 16S rRNA genes using RIM-DB (Seedorf et al., 2014). QIIME-generated OTU tables were used for downstream statistical analysis.



Statistical Analysis

Data were checked for normality using Q–Q plots alongside the Shapiro–Wilk’s W test. After normality assessment, univariate analyses were performed using a linear mixed effect (LME) model via the restricted maximum likelihood (REML) framework as implemented in the NLME package in R (Pinheiro et al., 2015; R Core Team, 2016). The resulting LME models were analyzed using analysis of variance (ANOVA). Predicted means from the model, together with estimates of the standard error of the mean and pairwise comparisons (Tukey’s or Benjamini–Hochberg test), were obtained and back transformed (where applicable) using the PREDICTMEANS package of R (Luo et al., 2014). Statistical significance was declared at a P-value ≤0.05.

Dietary effects were evaluated on animal performance, enteric emissions, and rumen fermentation data. In P01, dietary treatment (FO or CO) was used as a fixed effect and animal as a random effect. Data from P02 and P03 were analyzed using dietary treatments from P01 (FO and CO) and P02 (HQ and LQ) as fixed effects and animal as random effect. Live weight analysis for each feeding phase was adjusted using the initial LW as covariate in the model. The resulting LME models were analyzed using one-way ANOVA for P01 and a 2 × 2 factorial ANOVA for P02 and P03. Treatment effects were assessed and predicted means from the model, together with estimates of the standard errors of the means, were obtained and compared using Tukey’s test.

A total of 364 bacterial OTUs and 17 archaea OTUs (Supplementary Tables S2, S3) were analyzed after using a minimum average cutoff of 70 reads per sample. The alpha diversity of the bacterial and archaeal community of calves under contrasting dietary management conditions was analyzed separately using Shannon index in the Vegan package of R (Oksanen et al., 2017). Dietary treatment effects for the Shannon index of the microbial (bacterial and archaeal) community during P01, P02, and P03 were fitted in an LME model and analyzed using ANOVA as described for DMI, rumen fermentation, and gas emissions data. Predicted means from the models, together with estimates of the standard error of the mean (SEM), were obtained, and pairwise comparisons were done using Tukey’s test. Beta diversity of the bacteria and archaea community in each group of calves was analyzed using a partial least squares discriminant analysis (PLSDA) using the mixOmics package of R (Lê Cao et al., 2016). Groups of calves in the PLSDA analysis were assigned combining phase and treatments as follows: phase 1 (P01) corresponded to groups FO and CO, and phases 2 (P02) and 3 (P03) were the groups formed by the combination of dietary treatments from P01 and P02, resulting in FOHQ, FOLQ, COHQ, and COLQ. Additionally, a PLSDA was conducted for abundant microbes. Abundant microbes were defined as bacteria genera and archaea species with a relative abundance ≥0.70% and ≥1.00%, respectively. The aim was to identify whether the abundant microbiota showed a similar cluster separation pattern to that observed in the whole microbiota. Association scores for bacteria and archaea were visualized using clustered image maps (CIM) representing the first two dimensions (Henderson et al., 2015).

Univariate analyses were used to determine the effect of dietary treatments on the abundant microbial community. The abundant microbial community was defined from the OTU data table as those taxa with an overall relative abundance across phases ≥1.0 and ≥0.7% at bacteria phylum and genus level, respectively, and ≥1.0% at species level for archaea. After checking for normality, bacteria (phyla and genera) and archaea (species) community data were transformed using natural logarithm. The analysis of the abundant microbial community in each feeding phase was assessed as described for animal performance, enteric emissions, and rumen fermentation data. Predicted means from the models, together with estimates of the confident intervals (CI) with upper limit (UL) and lower limit (LL), were obtained and back transformed, and pairwise comparisons were done using the Benjamini–Hochberg test.



RESULTS


Animal Performance, Enteric Emissions, and Rumen Fermentation

The effects of dietary treatments on animal performance, enteric emissions, and rumen fermentation are presented in Table 2. In P01 (week 9), CO calves had a 136% greater (P < 0.01) DMI than FO calves (total DMI, including milk intake, CO = 2.10 kg vs. FO = 1.84 kg; P < 0.01). Live weight was 8% lower (P = 0.02) in CO than in FO calves. Daily pCH4 was 25% higher in CO than FO calves but this was not significant (P = 0.06). Calves in the CO group had 47% lower (P < 0.01) yCH4 than FO calves. Hydrogen production and yield were not affected (P ≥ 0.33) by the dietary regime. Total SCFA concentrations in the rumen were 45% higher (P < 0.01) in CO than FO calves. Compared with FO calves, the proportion of acetate in CO calves was lower (P < 0.01), while the proportions of propionate and valerate were greater (P < 0.01). The proportions of butyrate and caproate were similar (P ≥ 0.11) in both groups, while both isobutyrate and isovalerate were lower (P < 0.01) in CO than FO calves.


TABLE 2. Effect of dietary treatmentsa on dry matter intake (DMI)b, live weight (LW)c, enteric emissionsd, and fermentation profilese in calves during three measurement phasesf.

[image: Table 2]In P02 (week 19), CO calves were 10% lighter (P < 0.01) than FO calves. Isovalerate proportions were higher in CO than FO calves (1.00 vs. 0.87; P = 0.03). No other effects from P01 dietary regimes (i.e., CO and FO) and no interactions between the dietary regimes in P01 and P02 (i.e., HQ and LQ) were observed (P ≥ 0.13). Dry matter intake was 41% greater in HQ than LQ calves. Live weight in HQ calves was 8% lower (P = 0.03) than in LQ calves. The pCH4 and pH2 were 31% (P < 0.01) and 133% (P = 0.03) greater in HQ than LQ calves, respectively. No differences between yCH4 and yH2 were observed between these groups (P ≥ 0.15). Total SCFA concentrations in HQ calves were 36% greater (P < 0.01) than in LQ calves. In HQ calves, acetate proportions were lower (P < 0.01), while propionate and valerate proportions were greater (P < 0.01) than in LQ calves. The proportions of butyrate and caproate were 20% lower and 8% greater in HQ than in LQ calves, but these were not significant (P = 0.07). Both isobutyrate and isovalerate proportions were greater (P < 0.01) in HQ than LQ calves.

In P03 (week 41), CO calves were 6% lighter than FO calves, but this was not significant (P = 0.08), while HQ calves were 23% heavier (P < 0.01) than LQ calves. No direct effect of previous dietary treatments (P ≥ 0.12) or their interactions (P ≥ 0.14) was observed on animal performance, enteric emissions, and rumen fermentation.



Rumen Microbial Diversity

Negative control reactions containing no template for bacteria and archaea resulted in no 16S rRNA amplicons after PCR; therefore, no subsequent analysis was undertaken. After merging, filtering, and trimming, Illumina sequencing generated a total of 8,087,270 bacterial and archaeal 16S rRNA sequences from the 72 samples. The average number of sequences of bacteria and archaea was 97,286 ± 29,785 SD and 15,037 ± 2,875 SD as per sample, respectively, while the number of OTUs was 1,509 and 41 for bacteria and archaea, respectively.

Figure 1 shows the Shannon index of the bacterial and archaeal community in each of the dietary treatment groups of calves during each sampling phase. In P01, the bacteria diversity in CO calves was lower (P = 0.01) than in FO calves. However, the Shannon index for bacteria in P02 and P03 did not show dietary effects from P01 and P02 (P ≥ 0.69) or dietary interaction effects (P ≥ 0.70; Figure 1A). The archaea diversity did not show dietary treatment effect (P ≥ 0.29) in P01, or carryover effects (P ≥ 0.17) from P01, dietary treatment effects during P02, or their interaction effects during P02 and P03 (Figure 1B).
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FIGURE 1. Effects of dietary treatments in the Shannon diversity indices of the microbial communities in the rumen of calves during the three measurement phases. The alpha diversity of dietary treatment concentrate (CO) vs. pasture (FO) during phase 1 (P01; blue) and the combination of dietary treatments from P01 and high-quality (HQ) vs. low-quality (LQ) pastures from phase 2 (P02), resulting in FOHQ, FOLQ, COHQ, and COLQ, evaluated during P02 (red) and phase 3 (P03; green) are shown for (A) bacteria Shannon index and (B) archaea Shannon index. Boxplots represent the 25th and 75th percentiles, the whiskers extend to the most extreme data points, lines within boxes are the medians, and dots represent outliers.


Figure 2 shows the beta diversity analysis of the bacteria and archaea for the community and abundant microbes, respectively, during each feeding phase. The PLSDA for the bacteria community (364 bacteria genus; Figure 2A) and abundant bacteria (25 genus; Figure 2B) in CO calves differed from pasture-fed calves in P01–P03. Within pasture-fed calves, the beta diversity for the bacteria community differed between calves in P01–P02 and those in P03; however, for the abundant bacteria, differences were only observed between pasture-fed calves in P01 and those in P03. The PLSDA of the archaea community (17 species; Figure 2C) and abundant archaea (7 species; Figure 2D) showed that concentrate-fed calves had different archaea diversity than those pasture-fed calves. Beta diversity within pasture-fed calves, for the archaea community and for the abundant archaea, showed that calves from the HQ groups (FOHQ and COHQ) in P02 differed from the other groups of calves in P01–P03.
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FIGURE 2. Partial least square discriminant analysis (PLSDA) of the bacteria community at the genus level and archaea community at the species level from calves fed different treatments and treatment combinations in three sampling phases. Dietary treatments corresponded to: phase 1 (P01), concentrate (CO) vs. pasture (FO); and phase 2 (P02) high-quality (HQ) vs. low-quality (LQ) pastures. The treatment groups analyzed by phase were as follows: phase 1 (P01; blue) corresponded to groups from FO and CO; phase 2 (P02; red) and phase 3 (P03; green) were the groups formed by the combination of dietary treatments from P01 and P02, resulting in FOHQ, FOLQ, COHQ, and COLQ. (A) PLSDA of the bacteria community—364 bacterial genera, (B) PLSDA of the abundant (>0.7%) bacteria—25 abundant genera, (C) PLSDA of the archaea community—17 archaeal species, and (D) PLSDA of the abundant (>1.0%) archaea—7 abundant species.




Bacterial Community

The most prominent difference in P01 was a decrease (P < 0.01) in the proportion of Fibrobacteres and Tenericutes in CO compared with FO calves. No other differences were observed for bacteria phyla composition between treatments (Table 3). At the genus level, members of the Firmicutes phylum had greater (P < 0.01) Lachnospiraceae NK3A20 group, Roseburia, Erysipelotrichaceae UCG-002, and Succiniclasticum proportions, but lower (P < 0.01) Ruminiclostridium 9, Ruminococcaceae NK4A214 group, Ruminococcus 1, and Kandleria proportions in CO compared with FO calves. On the other hand, members of the Bacteroidetes phylum showed greater (P < 0.01) Prevotella 7 proportions but lower (P < 0.01) Prevotella 1; Bacteroidales BS11, RF16, and S24-7; Prevotellaceae UCG-003; and Rikenellaceae RC9 gut group proportions in CO compared with FO calves (Table 4).


TABLE 3. Effect of dietary treatmentsa on the abundant bacteria phylumb during the measurement phases: 1 (P01), 2 (P02), and 3 (P03)c.
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TABLE 4. Effect of dietary treatmentsa on the abundant bacteria genusb during the three measurement phasesc.
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During P02, the bacterial community in HQ when compared with LQ calves had greater Firmicutes proportions (P < 0.01) but lower Fibrobacteres proportions (P < 0.01). At the genus level, members of the Firmicutes phylum in HQ calves had greater (P ≤ 0.02) proportions of Butyrivibrio 2, Pseudobutyrivibrio, Roseburia, Ruminiclostridium 9, and Ruminococcaceae NK4A214, but lower (P ≤ 0.02) Christensenellaceae R-7, Ruminococcus 1, Saccharofermentans, and Succiniclasticum compared with LQ calves. Conversely, members of the Bacteroidetes phylum in HQ calves had lower (P ≤ 0.03) Bacteroidales BS11 and S24-7, Prevotellaceae UCG-003, and Rikenellaceae RC9 gut proportions than LQ calves. No effects (P > 0.10) from dietary treatments in P01 or the interaction (P = 0.07) between P01 and P02 were observed in P02 for the most abundant bacteria phyla and genera (Tables 3, 4).

In P03, no direct effect of previous dietary treatments or their interactions was observed on the abundant bacteria at the phylum and genus levels (Tables 3, 4). Low abundant bacterial genera showed similar patterns to abundant bacteria (Supplementary Table S2).



Archaeal Community

Table 5 shows the effects that dietary treatments during the three feeding phases have on the main archaea species in calves. During P01, the methanogenic community in CO calves was dominated by Methanobrevibacter (Mbb.) boviskoreani, while in FO calves, this was dominated by Mbb. gottschalkii. The abundant archaeal community in CO calves had greater (P < 0.01) proportions of Mbb. boviskoreanii, Methanosphaera (Mph.) A4, and Mph. Group 5, respectively, but lower (P < 0.01) proportions of Mbb. gottschalkii, Mbb. ruminantium, and Mph. ISO3_F5 when compared with FO calves (Supplementary Figure S1).


TABLE 5. Effect of dietary treatmentsa on the abundant archaea speciesb during the three measurement phasesc.

[image: Table 5]In P02, the archaea community was dominated by Mbb. gottschalkii in both treatment groups. Compared with LQ calves, the abundant archaea community composition in HQ calves had greater (P ≤ 0.04) proportions of Mph. sp. A4, Mph. Group 5, and Mph. ISO3_F5, but lower (P < 0.01) proportions of Methanomassiliicoccales (Mmc.) Group 10 sp. During P02, the archaea community did not show carryover effects from P01 treatments (P ≥ 0.24) or interactions between P01 and P02 treatments (P ≥ 0.32) in the abundant archaeal species.

In P03, animals that previously grazed the HQ swards showed greater (P < 0.01) Mbb. ruminantium proportions when compared with LQ calves. No main effects of P01 diets (P ≥ 0.08) on the relative proportions of the abundant archaea were observed in P03.



DISCUSSION

Ruminal microorganisms are required for the degradation of plant components (Puniya et al., 2015; Huws et al., 2018; Gruninger et al., 2019). The establishment of these microbes in the rumen has been shown to be a dynamic progression from birth to adulthood (Jami et al., 2013; Rey et al., 2014). Recent studies have suggested that early interventions in life might imprint the microbial community, with such interventions having a persistent effect throughout the adult life of the animal (Yáñez-Ruiz et al., 2015). In this study, we have shown that feeding contrasting diets in early life (1 to 30 weeks) affects rumen fermentation patterns and rumen microbiota composition at the time of sampling; however, a permanent microbial or rumen fermentation imprint was not achieved.


Animal Performance, Rumen Enteric Emissions, and Fermentation Profiles

In pre-weaned ruminants, the intake of solid feed is affected by milk management (e.g., amount of milk, age at weaning, and weaning method) and both access to and the type of solid feed offered (Khan et al., 2011; Abbas et al., 2017). The above was observed in the present study in P01, where pre-weaning milk management and type of solid diet access resulted in differences in solid DMI. Despite the increased DMI in CO calves, the greater daily milk allowance and duration of milk feeding in FO calves resulted in heavier pre-weaning LW, as reported in the wider cohort of animals from the parent study (Burggraaf et al., 2020) and prior studies (Muir et al., 2002; Khan et al., 2011). Differences in solid feed intake between groups corresponded to differences in CH4 production between CO and FO calves, where greater DMI was associated with greater CH4 production (Jonker et al., 2016; Bird-Gardiner et al., 2017). However, CH4 production per kilogram of DMI (yCH4) was lower in CO calves with higher energy content in grain-based diets than in FO calves with a forage diets (Table 1), as previously stated by Johnson and Johnson (1995). Differences in dietary nutrient composition and its digestibility include changes in ruminal pH and in cellulolytic activity and fiber degradation, level of starch by-pass to the intestine, and percentage of SCFA which all may influence methanogenesis (Benchaar et al., 2001; Jentsch et al., 2007). Beauchemin and McGinn (2005) indicated that feeding high-concentrate diets (47–58% of starch) decreases methane yield and lowers the acetate:propionate ratio. In the rumen, the fermentation of diets rich in structural carbohydrates produces greater proportions of acetate with the release of hydrogen, whereas the intake of diets rich in starch contents results in greater propionate proportions without hydrogen production (Ungerfeld, 2020). The propionate pathway competes for hydrogen with hydrogenotrophic methanogens (Janssen, 2010). Therefore, the high availability of starch in the diet of CO calves resulted in a reduction of methane yield in part due to an increased propionate production (Sauvant et al., 2011; Williams et al., 2019). Moreover, the rumen pH of grass-fed ruminants ranges between 6.0 and 7.0 under normal physiological conditions (Grünberg and Constable, 2009). However, the consumption of diets rich in grains results in greater concentration of SCFA and production of lactic acid that can build up in the rumen and reduce the ruminal pH below 6.0 (Dijkstra et al., 2012). Ruminal pH was not measured in the current study, but it can be speculated that CO calves with higher SCFA concentrations and less fiber contents in the diet had a lower ruminal pH than the grazing groups (Hook et al., 2011). Reduction in ruminal pH may affect methanogenic microbes and further decrease CH4 yield (Van Kessel and Russell, 1996).

During P02, results from the parent production trial (Burggraaf et al., 2020) showed no compensatory growth in CO calves reared on restricted milk, which correspond to observations in previous studies (Wardrop, 1966). Conversely, no growth checks were observed in FO calves, which indicated that an adequate rumen development was achieved, despite the high volume of milk fed, consistent with prior studies (Khan et al., 2011). Forage quality in this feeding phase was critical for lifetime performance of post-weaned calves, where calves fed HQ forages resulted in heavier LW when compared with calves fed LQ forages. This agrees with de Clifford et al. (2014), who showed that improved growth of calves is achieved when fed forages with higher metabolizable energy, metabolizable protein, and digestibility. The differences in methane production during P01 did not persist when these group of calves were allocated into different forage treatment diets in P02. During this P02, the intake of low-quality pastures with high fiber contents lowered DMI, resulting in low CH4 production (g/day). These observations corresponded to those reported in growing heifers, where DMI was reduced in forage diets with low-quality and high NDF content (Pino et al., 2018). The lack of difference in methane yield (g/kg of DM) between calves grazed in high- or low-quality pasture is likely a result of the effects that the diet had on daily methane output and DMI; this lack of a response of methane yield to pasture quality has been also shown in adult cattle (Jonker et al., 2016) and sheep (Muetzel and Clark, 2015). Conversely, the intake of grasses with high protein and low fiber content increased the total concentration of SCFA and decreased the acetate to propionate ratio, i.e., HQ calves, characteristic of the intake of grasses with high organic matter digestibility (Owens and Basalan, 2016; Pino et al., 2018). On the other hand, reduced proportions of protein degradation products, i.e., isobutyrate and isovalerate, in LQ calves reflected the low crude protein content in the pasture (Brinkhaus et al., 2017).

When the animals were on the same diet in P03, treatment differences in LW were sustained due to the lack of compensatory growth following the dietary intervention in P01 and P02. Results from the present study and the parent production study (Burggraaf et al., 2020) showed that extended nutritional restrictions imposed during the first 7 months of age limited the capacity of cattle to exhibit compensatory growth. This agrees with similar studies where severe pre- and post-weaning nutritional restrictions limit the capacity of cattle to exhibit compensatory growth and achieve equivalent weight for age in later life (Ryan, 1990; Hearnshaw, 1997; Shamay et al., 2005). No differences of DMI, CH4 emissions, and SCFA profiles were observed between the two groups. Similar results were observed in lambs fed high and low fiber diets in early life with no effect on rumen metabolites after 16 to 20 weeks of treatment cessation (Yáñez-Ruiz et al., 2010). Our results indicate that dietary composition at the time of measurement is the major driver for DMI, rumen fermentation pathways, and methane production independently of the previous feeding regimes, thus showing that at the metabolic level no imprint of pre- and post-weaning treatments had occurred.



Bacterial Composition in the Rumen

The bacterial diversity in the rumen is host specific; however, variations in the composition of the ingested diet result in diversity changes of the prokaryotic domains harbored in the rumen (Henderson et al., 2015). In the present study, differences in bacterial diversity observed between treatments in the different dietary phases were consistent with those reported in young and adult ruminants, suggesting that the degradation of more structural diets is a complex process which requires a more diverse consortium of microbes working together (Kim et al., 2016; Belanche et al., 2019).

In young ruminants, the bacteria present in the rumen is largely represented by the phyla Bacteroidetes, Firmicutes, and Proteobacteria, whose changes in relative abundance have been associated with animal growth and diet (Li et al., 2012; Jami et al., 2013; Rey et al., 2014). Previously, reports in calves showed that the fiber content of the diet led to an increased Firmicutes:Bacteroidetes ratio (F:B ratio) (Kim et al., 2016), but no such difference was observed in P01 of the present experiment despite the differences in structural contents between diets. It cannot be elucidated whether restriction in forage intake by the allowance of high-milk volumes might affect the F:B ratio as observed in FO calves from the present study. However, in P02, the intake of low-quality pastures increased F:B ratio as previously stated. The intake of diets rich in fiber, e.g., FO in P01 and LQ in P02, resulted in increased proportion of cellulose-degrading microorganism such as Fibrobacteres (Ransom-Jones et al., 2012). The lack of any differences in P03 confirms that diet at the time is the major driver of the microbial community at the phylum level and that changes observed by differences in diet composition pre- and post-weaning do not lead to a permanent change of the rumen microbiota.

Prevotella is one of the most abundant ruminal bacterial groups and plays a key role in the degradation and utilization of a large variety of carbohydrates and proteins entering the rumen (Cotta, 1992; Kim et al., 2016; Solden et al., 2016). In the present study, Prevotella was the dominant genus in the rumen of calves independent of age and diet, as observed previously in young and adult ruminants (Rey et al., 2014; Henderson et al., 2015). However, our results indicate that the differences between Prevotella 7 and Prevotella 1 are driven by dietary composition. The dominance of Prevotella 7 was only observed in CO calves in accordance to sheep fed 95% concentrates (McLoughlin et al., 2020), while Prevotella 1 prevailed in FO and all the other groups of grazing calves similar to reports in sheep fed high forage diets (Xie et al., 2019). Prevotella 1 group includes the species P. ruminicola, P. brevis, and P. bryantii (Henderson et al., 2019) that produce mainly acetate and succinate (Avguštin et al., 1997), rather than propionate (Avguštin et al., 1997; Seshadri et al., 2018). Prevotella 1 species possess extensive repertoires of polysaccharide utilization loci and carbohydrate active enzymes targeting various plant polysaccharides (Accetto and Avguštin, 2019). Prevotella 7 includes species like P. albensis (Henderson et al., 2019) that mostly produce acetate, succinate, and propionate (Avguštin et al., 1997; Seshadri et al., 2018). Annotation of de novo assembled contigs from metagenomic data not only identified sequences encoding for α-amylase enzymes in uncharacterized strains of P. albensis but also revealed the potential to metabolize xylan as an alternative substrate (Bandarupalli and St-Pierre, 2020). The higher proportion of propionate in the rumen of concentrate-fed calves was at least partially due to the differences in these two dominant rumen bacterial genera.

The intake of concentrates in CO calves increased the relative abundance of bacteria from the genera Roseburia, Lachnospiraceae NK3A20 group, and Erysipelotrichaceae UCG-002, which have a high affinity for utilizing highly degradable mono- and polysaccharides (Stanton et al., 2009; Huo et al., 2014). Increases of these soluble carbohydrate-utilizing genera have been observed in the rumen contents of cattle and sheep fed greater ratios of dietary concentrates (McLoughlin et al., 2020). Roseburia and Lachnospiraceae NK3A20 are butyrate-producing microorganisms (Duncan et al., 2002). However, even though the principal fermentation product of these organisms is butyrate, no effect on the proportion or concentrations (CO = 11.3 mM vs. FO = 8.4 mM, SED = 1.62; P = 0.09) of this SCFA between the two groups was observed. This may be because Roseburia and Lachnospiraceae NK3A20 made up only 6.6% and 6.0% of the community, respectively. Likewise, the family Erysipelotrichaceae ferments a wide range of sugars to produce mainly lactic acid (Deusch et al., 2017). Studies in low methane-emitting sheep have shown that high proportions of Erysipelotrichaceae are associated with increases in lactic acid production, resulting in less hydrogen and methane formation (Kamke et al., 2016). In the present study, the relative abundance of Erysipelotrichaceae UCG-002 in the CO group may have favored the production of propionate by lactate-utilizing bacteria, i.e., Megasphaera (CO = 0.33% vs. FO = 0.00%, SED = 0.086; P < 0.01) (Kamke et al., 2016). Reductions in methane formation are attributed to the H2 utilization for propionate formation, which competes with the most common hydrogenotrophic methanogens (Liu and Whitman, 2008; Ungerfeld, 2020). Therefore, increases in the intake of starch favored the proportions of amylolytic microorganisms, whose metabolism increased the proportions of propionate during ruminal fermentation but reduced the production of hydrogen and ultimately its availability to be used by methanogens. However, although the amylolytic bacterial microbiota dominated during the pre-weaning rearing phase in concentrate-fed calves, it did not persist into the post-weaning phases of grazing calves.

Interestingly, Kandleria, which degrades different sugars, including D-galactose and lactose (lactate producer) (Kumar et al., 2018), was found in high proportions in calves from the FO group. The genus Kandleria has been isolated from the rumen of young calves fed on only milk diets (Salvetti et al., 2011). Therefore, the observed relative abundance of this genus in FO calves may be associated with the degradation of milk sugars leaking into the rumen. This can be confirmed by the low relative abundance of Kandleria in FO calves when transitioning into P02 and P03 despite the soluble sugars from fresh mixed sward of ryegrass and white clover.

Bacteria from the genus Ruminococcus and Fibrobacter are considered major cellulolytic degraders (Koike and Kobayashi, 2001; Ransom-Jones et al., 2012; Abdul Rahman et al., 2016). The proportion of Fibrobacter in P01 and P02 was higher in calves consuming diets with the highest fiber contents within each dietary phase. Such association of high relative abundance of Fibrobacter has been shown in heifers (Petri et al., 2013) and sheep (Belanche et al., 2019) fed forage diets. Similar effects have also been observed for the various genera in the Ruminococcaceae, but their proportional increases with the increase in fiber content of the diets was not as pronounced as for Fibrobacter, which may be due to the fact that Ruminococcaceae have a much wider spectrum of metabolizable substrates compared with Fibrobacter (Thurston et al., 1994).

Besides the known fiber degraders, some unclassified Bacteroidetes genera such as Rikenellaceae RC9, Bacteroidales, and Prevotellaceae UCG-003 and the Firmicutes genus Christensenellaceae R-7 were increased in calves fed diets rich in fiber, i.e., LQ calves. The genus Rikenellaceae RC9, with no as yet defined metabolic function, is one of the most prevalent microbes in the rumen microbiota (Henderson et al., 2015; De Mulder et al., 2017) and abundant in rich fibrous diets (Petri et al., 2013; Schären et al., 2017). We found similar results with increased proportions of Rikenellaceae in the high fiber treatments in P01 and P02. Correspondingly, hemicellulose and monomeric sugar (xylose, fucose, mannose, and rhamnose) degraders (Ormerod et al., 2016; Solden et al., 2017) from Bacteroidales, such as the genera BS11 gut group and S24-7 group, were increased in calves with high fiber intakes. In the present study, Christensenellaceae R-7 was the second most abundant bacteria genus in the rumen of grazing calves. These also appear to be related to fiber degradation as their levels were increased in the high fiber treatments in the first two phases. These findings agreed with reports in dairy cows, where increases of fiber in the diet resulted in an increase of this genus (Lima et al., 2015). Our data suggest that not only are the well-described families like Fibrobacteracea and Ruminococcaceae involved in plant fiber degradation but also members of the Rikenellaceae RC9, Bacteroidales BS11, Bacteroidales S24-7, and Christensenellaceae R-7. However, further studies of these genera are required to investigate their growth, ecology, and metabolism when ruminants are fed diets rich in fiber.

The ingestion of high-quality forage diets, i.e., HQ calves, with less NDF and ADF content favored the growth of bacteria from the Firmicutes genera such as Ruminococcaceae NK4A214, Butyrivibrio 2, Ruminiclostridium 9, and Pseudobutyrivibrio (Rainey, 1996; Ravachol et al., 2016). In post-weaned calves, Butyrivibrio and Pseudobutyrivibrio were found in greater proportion when transitioning into forages with lower contents of hemicellulose. Species belonging to the genus Butyrivibrio and Pseudobutyrivibrio are important degraders of plant polysaccharides, i.e., hemicelluloses (arabinoxylans) and pectin (Palevich et al., 2019b). However, some species of Butyrivibrio are unable to grow on structural plant components, and their role in the rumen appears to be as a utilizer of monosaccharides, disaccharides, and oligosaccharides made available by the degradative activities of other bacterial species (Palevich et al., 2017; Palevich et al., 2019a). Correspondingly, bacterial species from the genus Pseudobutyrivibrio are metabolically versatile and capable of growing on a range of simple mono- or oligosaccharides derived from complex plant polysaccharides such as pectins, mannans, starch, and hemicelluloses (Palevich et al., 2020). These findings may explain the increased relative abundance of Butyrivibrio and Pseudobutyrivibrio in high-quality forages.



Archaea Composition in the Rumen

Rumen archaea are much less diverse than rumen bacteria, which likely reflects the narrow range of substrates they use (Janssen, 2010; Seedorf et al., 2014). Variations in the dietary composition have been shown to alter the archaeal community (Henderson et al., 2015) due to changes in fermentation patterns that affect the proportion of their substrates and metabolic activity (Lana et al., 1998; Ungerfeld, 2020). In the current study, the archaeal microbiota of grazing calves, across all treatments, was dominated by Mbb. gottschalkii and Mbb. ruminantium, which was in agreement with observations from adult ruminants fed diets with high fiber contents (Henderson et al., 2015; Seedorf et al., 2015). Conversely, the group of calves fed high proportions of concentrate in the diet showed increases of Mbb. boviskoreani, an organism that has been previously found and isolated from cattle fed diets rich in concentrates (Lee et al., 2013; Snelling et al., 2019). Therefore, these results indicate that the fermentation of diets with high contents in structural carbohydrates favored the prevalence of hydrogenotrophic archaea such as Mbb. gottschalkii and Mbb. ruminantium. Additionally, as previously discussed, rumen pH was likely to be lower in CO calves, which may decrease the relative abundance of abundant archaea species such as Mbb. gottschalkii and Mbb. Ruminantium in these calves. The metabolic activity of these methanogen species, however, begins to be inhibited when the pH drops below their optimum pH of 7.0–7.2 for growing (Miller and Lin, 2002; Janssen, 2010). In contrast, Mbb. boviskoreani growth is supported at a ruminal pH of 5.5, whereas its optimum pH is between 6.0 and 7.0 (Lee et al., 2013). Another observation is the low relative abundance of Methanomassiliicoccus (Mmc.) Group 10 sp. and Methanosphaera (Mph.) ISO3_F5 in the CO group. Our results agreed with the low proportions of Mmc. reported in heifers fed diets rich in concentrate (Zhang et al., 2017). However, it is not clear whether the low abundance of Mmc. observed in concentrate-fed calves is due to a reduction in ruminal pH or a competition for substrates, e.g., methanol, with methylotrophic archaea such as Mph, as further discussed.

The intake of highly digestible diets, i.e., CO and HQ treatments, showed high proportions of the genera Methanosphaera (Mph). These methanogens reduce methanol (Fricke et al., 2006; Kelly et al., 2019). Methanol in the rumen is derived from the demethoxylation of dietary pectins and other methylated plant polysaccharides via pectin methylesterase activity (Dehority, 1969; Kelly et al., 2019). Additionally, methanol production is negatively affected by pasture maturity that has lower pectin degradation (Dehority et al., 1962). Clover and other non-grass pasture species usually contain higher proportion of pectins than grasses (Thomson, 1984; Hammond et al., 2011). In cows, the intake of diets rich in clover can favor the relative abundance of Mph. sp. Group 5 and Mph. sp. ISO3_F5 in the rumen (Bowen et al., 2018; Smith et al., 2020). In the present study, calves consuming high-quality sward with 35.5% of white clover (DM basis) may have produced more methanol, favoring the increase of Mph. sp. Group 5 and Mph. sp. ISO3_F5 when compared with the intake of non-irrigated low-quality pastures with 4.0% of white clover and more fibrous contents (Burggraaf et al., 2020). Conversely, Mph. sp. A4 was found in high proportions in CO diets similar to that observed in pre-weaned calves by Dias et al. (2017), who indicated that the pectins present in the starter concentrate may contribute to the formation of methanol and increases in the relative abundance of this archaea species. However, further studies are required to elucidate that the production of methanol, and a hypothetical reduction in ruminal pH, in concentrate-fed calves may correspond to the increasing proportion of Mph. sp. A4 in the rumen.

In the present study, calves consuming diets rich in fiber showed increases in Mmc. This order is a methylotrophic methanogen that utilizes compounds like methanol, methylamines, dimethylamine, and trimethylamine (Borrel et al., 2012; Poulsen et al., 2013). Plant-derived glycine, betaine, and choline are rapidly metabolized by ruminal bacteria using choline trimethylamine lyase (Kelly et al., 2019). Fiber-rich diets, where fermentation results in high ratios of acetate to propionate, are associated with a greater concentration of methylamine, dimethylamine, and trimethylamine compared with highly digestible diets such as corn silage (Deusch et al., 2017). In our study, the fiber content in the diets and the acetate to propionate ratios were higher in calves consuming greater fiber contents in the diet, which might have resulted in greater production of methylamines. Morgavi et al. (2015) showed that Mph. and Mmc. occupy similar trophic niches; however, the more versatile use of substrates by Mmc. explained their higher relative abundance in the rumen of lambs after receiving an inoculum of rumen fluid obtained from wethers fed a hay diet. Therefore, the intake of swards rich in fiber with low white clover content may produce high concentrations of methylamines in the rumen, offering a competitive advantage to low abundant methylotrophic methanogens from the order Methanomassiliicoccales over the genus Methanosphaera, whose growth is limited by the availability of methanol in the rumen (Kelly et al., 2019). Our results indicate that the apparent methanogen structure community, specifically the low abundant archaea, is affected by changes in the chemical composition of the diet consumed.



CONCLUSION

In conclusion, our results showed that the rumen microbial community in the growing calf is diet dependent, with early life differences having only negligible effects on the microbiota of the growing ruminant. Different dietary regimes, pre- and post-weaning, were unable to leave a microbial imprint in the rumen of calves when the animals were fed a common diet. These findings showed that interventions after feeding colostrum to calves did not leave a permanent effect in the early microbial colonization and function in the rumen. Further studies should target earlier microbial interventions, during microbial colonization of the rumen milieu, in an attempt to imprint the ruminal microbiota.
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The rumen ecosystem is a complex and dynamic environment, which hosts microorganisms including archaea, bacteria, protozoa, fungi, and viruses. These microorganisms interact with each other, altering the ruminal environment and substrates that will be available for the host digestion and metabolism. Viruses can infect the host and other microorganisms, which can drive changes in microorganisms’ lysis rate, substrate availability, nutrient recycling, and population structure. The lysis of ruminal microorganisms’ cells by viruses can release enzymes that enhance feedstuff fermentation, which may increase dietary nutrient utilization and feed efficiency. However, negative effects associated to viruses in the gastrointestinal tract have also been reported, in some cases, disrupting the dynamic stability of the ruminal microbiome, which can result in gastrointestinal dysfunctions. Therefore, the objective of this review is to summarize the current knowledge on ruminal virome, their interaction with other components of the microbiome and the effects on animal nutrition.
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GRAPHICAL ABSTRACT. Ruminal viruses can interact with all groups of microorganisms in the ruminal environment, which include bacteria, archaea, fungi, and protozoa. Physical-chemical parameters of the ruminal environment, such as pH, concentration of volatile fatty acids (VFA), ammonia, and other chemical components, can be modulated by the animal’s diet. We hypothesized that such changes in the physical-chemical parameters of the ruminal environment can modify the infectivity of viral particles and change the lysis rate of microbial cells, consequently, changes on VFA production and microbial biomass could affect animals’ performance.




INTRODUCTION

The rumen is a complex and dynamic ecosystem inhabited by anaerobic bacteria, protozoa, fungi, archaea and viruses (Huws et al., 2018), all living in the same environment and interacting with each other. This microbial community uses a wide range of feed components as substrates for its own growth, including cellulose- and starch-rich substrates. In a healthy ruminant this process generates volatile fatty acids which are absorbed by the ruminal epithelium and used as the major energy source (approximately 70%) for the host animal (Bergman, 1990). Microbial growth also supplies microbial biomass which, given its protein concentration, amino acid profile, and digestibility, represent an important source of metabolizable protein for the host (Schwab and Broderick, 2017).

Ruminal bacteria, archaea, protozoa, and, to a less extent, fungi have been vastly studied in the past decades; however, ruminal viruses have mostly been under investigated but have been gaining more attention due to their biotechnological potential and possible effects on animal health and production. The most known description of viruses is that they are simple infectious particles composed of genetic material (DNA or RNA in a single or double strand) and an outer shell composed of protein, this simple structure is called a virion or free-virus (Lodish et al., 2000), also some viruses have an outer membrane and are called enveloped viruses (Tsai, 2007). The viruses population in the environment is referred to as the virome (Ross et al., 2013). Those viruses that specifically target and infect bacteria are called bacteriophages (phages) (Clokie et al., 2011). There are also viruses that infect other prokaryotes in the rumen such as archaea which may also be called archaeaphages or archaeal viruses, and eukaryotes such as fungi (called mycophages or mycoviruses) and protozoa (protozoan viruses) (Gilbert et al., 2020). Phages, particularly infecting bacteria, have been reported to be the most numerous virus population in the rumen, as well as the most studied, and will therefore be the focal point of this review.

The first description of these submicroscopic agents in the ruminal environment occurred in the 1960s when it was demonstrated that viruses were inhabitants of the rumen and not just transient of the gastro-intestinal tract (GIT), from feed and water ingested (Adams et al., 1966; Hoogenraad et al., 1967). These resident viruses use ruminal microorganisms to proliferate themselves (Gilbert and Klieve, 2015) and represent a significant part of the ruminal microbiome. The viral particle count reported in the literature ranges from 5 × 107 to 1.4 × 1010 (Table 1).


TABLE 1. Summary of published electron microscopy (EM) and pulse-field gel electrophoresis (PFGE) studies characterizing the phage population in the ruminal environment.
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Aside from resident viruses, transient viruses from feed and water sources can also be found in the rumen, which would likely make up a small part of the ruminal virome; however, they are not well understood and very little is known about their interaction with the ruminal microbiome. According to Klieve et al. (1996), the majority of the resident phages in the rumen have a symbiotic relationship with other ruminal microorganisms, and are often found integrated in host genomes as prophages. This interaction can create a long term and symbiotic association with the host cells, where the genome of the phage is inserted into the chromosome of the host organism and this process ends up forming the prophage. However, a predation interaction can also take place, where infection of the host cell by phages occurs with a short association, rapid death of the host cell, and release of new virions. These interactions between phages and microorganisms can drive changes in the microbial ecology of the environment (Koskella and Brockhurst, 2014). Those changes can modify ruminal fermentation and affect health of the animals, and consequently, animal performance (Namonyo et al., 2018) and will be covered in more details later on in the article.

Because of the limited knowledge about the ruminal virome and its interaction with other ruminal microorganisms, the objective of this review is to summarize the knowledge available in the literature in ruminal phages and create a comprehensive review, including the viral biology, their interaction with other microorganisms in complex environments, and their implication in the ruminant nutrition and health.



REPLICATION CYCLE

The lifecycle of the phage is used to classify them into virulent (or strict lytic phages) and temperate phages (Figure 1). Virulent ones use the lytic cycle, which inject their own genetic material into the host cell and quickly reprogram the cell machinery to replicate the viral particles and transcribe viral proteins, leading to a fast death of the host and consequently release of new virions in the environment (Payet and Suttle, 2013).
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FIGURE 1. Schematic representation of phage reproduction by lytic and lysogenic cycle. Adapted from Payet and Suttle (2013).


On the other hand, temperate phages use the lysogenic cycle, which will inject their genetic material into the host cell, where the viral genome is incorporated into the host cell genome, creating the prophage (Payet and Suttle, 2013) (Figure 1). The host cell (lysogen) then replicates itself, and the resulting daughter cells both harbor the prophage integrated in their genomes. This prophage can stay in a dormancy stage for several generations and can be activated or induced by physical or chemical environmental perturbations, which will start to produce viral particles and eventually cell lysis (Paul, 2008).

Viral infection is highly specific and host cell receptors may be composed of lipopolysaccharide, sugars, proteins, and fimbriae structures, which will determine the range of organisms that can host the virus (Matsuzaki et al., 2005). Some phages only target and infect one host species or even strain, and may be classes as monovalent, whilst others can infect multiple strains and be classed as polyvalent (Parasion et al., 2014).

Phages are commonly associated with their destructive effects on the host cell; however, injection of genetic material into the host cell can actually guide it through a process of evolution and diversification via horizontal gene transfer (HGT) (Berg Miller et al., 2012; Koskella and Brockhurst, 2014; Gilbert et al., 2020). Horizontal gene transfer can occur in both prokaryotic and eukaryotic cells by a process called transduction, where a newly formed virus incorporate host genes and transfers it to another cell (Touchon et al., 2017). However, these genes usually have to improve the adaptation chances of the recipient cell or it will no longer survive in the new lineage formed (Soucy et al., 2015).

Prokaryotic cells can use a strategy of their adaptive immune elements to incorporate the foreign genetic material into their own genome via clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR associated (Cas) protein (Barrangou et al., 2007; Berg Miller et al., 2012; Barrangou and Marraffini, 2014). The CRISPR/Cas process occurs in a large number of species of archaea and almost all species of bacteria in the rumen and horizontal gene transfer is a common and important evolutionary practice of the living organisms in the ruminal environment (Berg Miller et al., 2012). The presence of CRISPR/Cas genes can provide historic information of phage-bacteria interaction and metagenomic analysis of the rumen microbiome (Berg Miller et al., 2012) and genomic analysis of bacterial host have detected CRISPR/Cas genes (Gilbert et al., 2017; Friedersdorff et al., 2020) suggesting previous interactions between phages and bacterial host.



KEY GROUPS OF THE RUMEN VIROME

Viruses that infect bacteria and those that infect archaea are often presented together due to its similarity (Gilbert and Klieve, 2015). A pioneer study of the characterization of ruminal phages using electron microscopy (EM) observed six different morphological viral types in the bovine ruminal content (Paynter et al., 1969), which is a small number when compared to the 26-40 morphological types observed by Ritchie et al. (1970) and Klieve and Bauchop (1988). Using molecular approaches (metagenomic) to identify phages and prophages in the ruminal environment, Berg Miller et al. (2012) and Anderson et al. (2017) identified a large number of viral DNA fragments in a large number of viral species (1500 and 2243, respectively), those DNA sequences were assessed for homology to the viral genome database, and the majority of them could not be identified, meaning that the majority of the phages and prophages in the ruminal environment were unknown.

Both, Berg Miller et al. (2012) and Anderson et al. (2017), observed that viruses (phages and prophages) from the families Myoviridae, Siphoviridae, Mimiviridae, and Podoviridae were the most abundant in the ruminal environment, their results corroborates the findings on morphological studies by Ritchie et al. (1970). According to Klieve et al. (1996), the majority of the phages in the ruminal environment are in a lysogenic state (prophages), which represents a symbiotic coexistence between phages and other microorganisms. Corroborating these results, Berg Miller et al. (2012) reported that prophages outnumbered lytic phages approximately 2:1 and the majority of the viruses (both prophages and phages) are proportionally associated with the dominant ruminal bacterial phyla (Firmicutes and Proteobacteria).

Culture-based studies have been used to isolate and culture new phages. Gilbert et al. (2017) reported the genomic study of five isolated phages of the families Siphoviridae and Podoviridae. Isolated phages were described as predators of ruminal bacteria of the genera Bacteroides, Ruminococcus, and Streptococcus and a co-examination of bacterial genomes suggests that these microorganisms have genes responsible for modulating phage:host interactions, such as CRISPR/Cas elements and restriction-modification phage defense. However, the authors suggested that even bacterial strains within the same genus could have different receptivity to phage infection and replication than others.

Another recent study reported five more phage genomes isolated from the ruminal environment, which double the currently available phage genomes (Friedersdorff et al., 2020). These phages have been observed in a lytic lifestyle, as a free phage; however, genomic analysis indicates that some have a potential to undergo temperate lifecycle. Also, the authors reported that the five phages identified were isolated from a single host (Butyrivibrio fibrisolvens) and they belong to three different genera, which indicate that there is much to be discovered and an international effort is required to achieve a greater understanding of the viral diversity and interaction.

Only a few studies on ruminal viruses that interact with prokaryotic organisms are available in the literature; however, fewer report viruses with eukaryotic (i.e., anaerobic fungi and protozoa) interactions. Anaerobic fungi is an important component of the microbial community in the ruminal environment, playing a key role in the degradation of plant cell wall material (Rabee et al., 2019; Azad et al., 2020). While the importance of anaerobic fungi in ruminant nutrition is known, very little is known about the mycoviruses that infect them. To our knowledge, only one study reporting mycoviruses in the rumen is available (Hitch et al., 2019). The authors reported the presence of 30 mycoviruses in the ruminal environment, which the majority were classified in the Partitiviridae, Alphaflexiviridae, and Betaflexiviridae families; however, similar to the bacteriophage analysis, the majority of the DNA sequences obtained could not be classified (only 0.025% of the contigs were related to known mycoviruses), indicating that more studies are needed to access a better identification of mycoviruses.

Anderson et al. (2017), in their metagenomic analysis of viruses, observed ten DNA fragments that belong to viruses that have eukaryotic cells as target hosts (fungi and protozoa) were identified, based on the homology with known viruses; however, no further explanations were provided. To the best of our knowledge, this is the only study evaluating ruminal protozoa viruses. However, it has been documented that viruses can infect protozoa in other environments (Barrow et al., 2020), suggesting that ruminal protozoa can also be infected by viruses, leading to speculations that protozoal population changes can be driven by viral activity, with possible implications in the fiber and protein utilization.



VIRAL INFLUENCE IN COMPLEX ENVIRONMENTS

As mentioned previously, phages are predators of other organisms. In a complex environment, such as the marine environment, viruses can be considered drivers of nutrient and energy cycles (Suttle, 2007). Phages can modulate bacterial populations through host cell lysis, which could in turn effect ruminant nutrition. Although this hypothesis has not been fully proven, we know from other microbiomes that virus can be considered drivers of nutrient and energy cycles (Suttle, 2007).

According to Mojica and Brussaard (2014), after the release of viral progeny, free virions are exposed to the environmental physicochemical conditions of the water (such as pH, temperature, and metabolites presented in the water) which can affect the interaction of the viruses with other organisms. For example, environmental conditions can change infectivity, modify the viruses’ structure, and adsorption of it by the host organism. Anthropogenic activities in the marine environment can change physicochemical conditions and metabolites composition of the water, these changes have impacts in the virus-host interaction and consequently on rate of host lysis (Mojica and Brussaard, 2014; Johannessen et al., 2017); however, the exact way that environmental properties affect the viruses are still unknown.

In addition to marine environments, the gut virome in humans has been well studied (Minot et al., 2011; Beller and Matthijnssens, 2019). Published studies reported that the human gut virome is driven by diet (Minot et al., 2011; Oh et al., 2019; Rasmussen et al., 2019). However, there is little explanation of how viral population structure is driven by diet and how it can affect other organisms within the GIT.

A couple of studies are available evaluating the effects of the diet on the ruminal virome (Swain et al., 1996; Anderson et al., 2017). Swain et al. (1996) using pulse-field gel electrophoresis and two groups of sheep, one fed oaten and chaff-lucerne at a ratio of 70:30 and the other fed pasture, reported differences in the viral population between groups. They hypothesized that differences on viral population between dietary groups are due to the specific dietary regime and suggested that it is possible to manipulate the rate of bacterial lysis (Swain et al., 1996). Also, the authors observed a diurnal fluctuation in the viral population in response to feeding.

In a more recent study, Anderson et al. (2017) used a metagenomic approach, to evaluate the effect of diets varying in energy content, nutritional composition, and fiber source in beef steers. They demonstrated that virus population can change according to the diet and viruses can modulate the microbiome, impacting microbial metabolism.

Based on knowledge from other fields, such as the marine environment, it can be speculated that when new free virions are produced in the rumen, physicochemical properties (such as pH, ammonia, volatile fatty acids, and other metabolites) can modulate viral activity, increasing or reducing their infectivity to the next host cell (Figure 2); however, to our knowledge this has not yet been shown in the rumen.
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FIGURE 2. Schematic overview of hypothetical environmental factors in the ruminal environment that could affect virus dynamics and phage-host interaction. 1 – physicochemical parameters in the ruminal environment, such as ammonia (NH3), pH, and VFA (volatile fatty acids); 2 – new phages produced; 3 – physicochemical parameters in the environment can modulate infectivity of new phages; 4 – changes in the infectivity of phages can modulate the ruminal microbiome.


As discussed previously, viruses can infect ruminal microorganisms and many of these interactions between the viruses and microorganisms in the ruminal environment can generate a fragmentation of the host cell, which releases particles of the host cell, including proteins, nucleic acids, and cell wall fragments, which can be used by other organisms from the microbiome as source of nitrogen and energy, in a process referred as intra-ruminal recycling (Firkins et al., 1992; Hartinger et al., 2018) (Figure 3A). The microorganisms involved in the recycling process utilize substrates that are not primarily absorbed by the animal, using it as a source of nutrient to produce microbial biomass, and later on the microbial biomass produced can be digested, absorbed, and metabolized by the animal (Silva et al., 2019; Gnetegha Ayemele et al., 2020).
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FIGURE 3. Schematic demonstration of phages and ruminal microorganisms. (A) Process of intra-ruminal recycling and enzymatic release. 1 – microorganism in the environment (e.g., rod like microorganism); 2 – attachment of phages (red circular structure) to microorganism; 3 – reproduction of phages (red circular structure) inside of the host cell; 4 – lysis of the host cell and release of virions (red circular structure) and cellular particles; 5 – cellular particles released (blue spiral like particles), which can be used as substrate to other microorganisms; 6 – enzymes released can act in the degradation of feedstuff. (B) Bloom of lytic cycle. 1 – microbiome with predominant species (dark blue rod like microorganisms); 2 – phages (small red circular particles) attachment to individuals of the predominant species (dark blue rod like microorganisms); 3-reduction of the predominant species (dark blue rod like microorganisms).


In addition, a recent study suggested that the bacterial host cell lysis can release enzymes as well, including those involved in carbohydrate fermentation (Solden et al., 2018). These enzymes can help in the feed degradation and enhance ruminal fermentation. These findings support the idea that phages in the rumen can influence microbial lysis and nutrient recycling.

Phages can drive the environment ecology by bloom of lytic activity, which is illustrated in Figure 3B, this process occurs in the rumen and was first presented by Swain et al. (1996). These lytic activities affect the dominant microbial population in the environment in a process named top-down or “kill the winner,” which is a theoretical model, in which a specific organism starts to dominate the ecosystem, this specific organism will likely be preyed upon by its natural viral predator, which will control the organism population, creating the opportunity for other organisms to emerge. However, this has not been experimentally demonstrated in the ruminal environment (Gilbert et al., 2020).



THE PROSPECTUS OF PHAGE THERAPY IN RUMINANTS

After the discovery of phages infecting bacterial cells and their potential to kill the host, Felix d’Herelle was the first to use phages as a treatment to reduce human infections (d’Herelle, 1917). This technology has continued to be developed since then and studies of biological control of several human infections have been carried out, bacterial diseases such as pneumonia (Dufour et al., 2019; Anand et al., 2020) and skin infections (Jault et al., 2019) are some examples of its application. In addition, studies using phage therapy to control antibiotic resistant organisms have been successfully used (Schooley et al., 2017).

According to Gilbert and Klieve (2015), in agriculture, phage therapy approaches for biological control have caught the attention of researchers. This shift from antibiotic use to the phage therapy is advantageous due to the fact that the isolation of a phage of interest is relatively simple, fast, and inexpensive, also, due to its high specificity of target, which avoids disturbances of local microbiome (Parasion et al., 2014).

Phage therapy has been studied as a strategy to reduce methane (Leahy et al., 2010; Morkhade et al., 2020). As ruminal fermentation leads to the eventual production of methane, it is thought that perturbations of microbial populations that contribute to this process would result in a reduction of methane. Methanogens act as a hydrogen sink, combining hydrogen with carbon dioxide to produce methane (Ungerfeld, 2020), and therefore targeting methanogens with phage activity to control their population and activity would lead to a reduction in methane production. Indeed, this was shown to be the case when archaea population is reduced, the activity of methane pathway is decreased and the hydrogen is redirected toward other metabolic pathways available in the rumen that are more beneficial, such as propionate production (Martin and Macy, 1985). According to Leahy et al. (2010), the discovery of a prophage with 69 phage-related proteins have been described from Methanobrevibacter ruminantium, including lytic enzymes which have a potential to be applied as a biocontrol agent for ruminal methanogens, such as Peir from the Methanobrevibacterium prophage φmru. These enzymes may potentially be used to reduce the archaea population in the rumen which could lead to reductions in methane emission and consequently less energy loss from feed.

Altermann et al. (2018) studied the viability of the production of phage-derived lytic enzymes, they used the viral enzyme PeiR from methanogen virus that has the capability to infect Methanobrevibacter ruminantium. They fused the gene of PeiR to polyhydroxyalkanoate synthase gene and added it in the genome of Escherichia coli. Translation of this gene produced a polyhydroxyakanoate with an active PeiR enzyme at the surface of this nanoparticle. Altermann et al. (2018) also reported that these nanoparticles were able to kill not only the original methanogen host strain cell but a wide range of other ruminal methanogen strains in an in vitro pure culture, reducing methane emission by up to 97%.

Another application of phage therapy is to revert cases of dysbiosis. According to Belizário and Napolitano (2015) and Gutiérrez and Domingo-Calap (2020), phage therapy can be used to reestablish the homeostasis of the host microbiome. Under dysbiosis, the homeostasis of the host microbiome is altered, which leads to an increase in pathogenic organisms and a reduction on symbiotic organisms (Palmela et al., 2018), using phage therapy, the organisms that are causing the dysbiosis can be targeted, leading to a reestablishment of homeostasis of the host microbiome.

Recently, a study was published testing an endolysin (LyJH307) to reduce Streptococcus bovis, which is a lactic acid-producing bacteria that is highly correlated to development of subacute ruminal acidosis (Kim et al., 2020). According to the authors, the viral molecule LyJH307 presented a potent lytic activity in a wide range of pH and temperature. Also, it was effective in the control of growth not only S. bovis isolated from rumen, but in in different groups of S. bovis, suggesting that this molecule have the potential to be used in the control of S. bovis which is one of the biggest contributors to the development of subacute ruminal acidosis.



USE OF TECHNOLOGY

For the scope of this article, only a brief summary of the technologies used in phages studies was included; however, a comprehensive publication on advances in technology for studying rumen virome has been recently published by Gilbert et al. (2020). The infection of bacteria by phages was first noted in the early 1900’s (Twort, 1915; D’Herelle, 1918), a few years later, EM was developed (Haguenau et al., 2003). Electron microscopy is a technique that enable researchers to visualize particles at a nanometer scale, providing a direct image of the subject of study (Richert-Pöggeler et al., 2019), in this case the viral particle. Electron microscopy enabled pioneer studies with focus on visualization and enumeration of ruminal phages (Hoogenraad et al., 1967; Paynter et al., 1969).

Early work using EM to study the ruminal environment, used ruminal fluid filtered through muslin (which is a type of cotton cloth) and stained for negative contrast using potassium phosphotungstate (Hoogenraad et al., 1967). The results of this study showed a large number of viral particles, either free or attached to different types of cells, especially icosahedral particles and tailed phages (Hoogenraad et al., 1967), although it was observed a large number of phages in the rumen, a quantitative estimation of phages was not made.

Following this pioneering study, a few other studies were published using similar methodologies to investigate ruminal phages from different species of ruminants, such as cattle (Paynter et al., 1969; Klieve and Bauchop, 1988), reindeer (Tarakanov, 1972), and sheep (Klieve and Bauchop, 1988). The morphology of the phages was studied in all of these studies, which reported up to 26 different types of phages and an estimation of viral particle counts ranging from 5 × 107 to 1.4 × 108 viral particles per mL of ruminal content of sheep and cattle (Table 1).

Isolation of phages from the ruminal environment was also carried out. Adams et al. (1966) successfully isolated phages from ruminal fluid and were able to demonstrate the concept of phage specificity. They reported that phages that were able to infect Serratia host strains from the rumen were unable to infect Serratia strains from other environments, such as soil, water, and sewage (Adams et al., 1966). Also, Hoogenraad et al. (1967) demonstrated with EM that phages in the rumen were different from phages from other environments. The isolation technique commonly used was culture-based, in which double-layer agar plates were used for detection of clearing zones within bacterial monolayers (Klieve, 2005). However, those culture-based methods tend to favor the isolation of phages undergoing lytic cycle (Gilbert et al., 2020), which were the most studies forms of phages.

This technology has been used to this date; however, morphological study of phages occasionally create issues such as misclassification due to similar morphological types (Ackermann, 2013) or even identify a false viral particle, such as in cases where cytoplasmic structures were identified as viral particles (Bullock et al., 2021). Also, compared to modern DNA techniques, EM underestimates the richness of viral species (Ross et al., 2013). Nevertheless, EM is still being used as a powerful tool to study the morphology of new isolated phages (Lima et al., 2019; Qin et al., 2019; Park et al., 2020).

The fast development of molecular biology methodologies has allowed rumen microbiologists to use those techniques in the study of ruminal phages (Orpin et al., 1988; Flint, 1997). Techniques based on genome length (such as electrophoresis and blotting techniques) and restriction enzyme mapping have been more commonly utilized (Gilbert et al., 2020). Klieve and Swain (1993), used intact genome lengths and pulsed field gel electrophoresis techniques to build a population profile and estimate phages count, which ranged from 3 × 109 to 1.6 × 1010 viral particle per mL of ruminal content. The pattern observed was mainly of DNA length ranging from 30 to 200 kilo bases, which comprises many types of phages, including temperate ones.

With the advance of molecular biology techniques, total DNA sequencing (commonly known as shotgun metagenomics) (Ross et al., 2013; Anderson et al., 2017; Namonyo et al., 2018) has been used and reported as a good tool for the study of ruminal virome; however, metaproteomics (Solden et al., 2018) and metatranscriptomics (Hitch et al., 2019) have also been used. In shotgun sequencing reports, high throughput sequencing tool is used to sequence the total DNA of a sample, providing millions of reads which are assembled by bioinformatics tools allowing the researchers to identify DNA viruses and annotate the genome. However, the shotgun metagenomic does not include population of RNA viruses and metatranscriptomic is needed to capture this population.

Also, sequencing of DNA from isolated viruses is a powerful strategy to obtain the genomic information, functional prediction, and a better understanding of phages and its interaction with bacteria. Together, Gilbert et al. (2017) and Friedersdorff et al. (2020), reported the entire genome of 10 ruminal phages. According to Friedersdorff et al. (2020), sequenced phages were in a lytic life cycle; however, the functional genomic analysis enabled to infer that some of the phages had lysogeny-associated genes, which suggest that some of these phages could have a temperate life cycle as well. Gilbert et al. (2017), provided insights on how lytic phages interact with the host bacteria in the rumen environment.

The use of “omics” approaches, enable researchers to identify a large number species, Ross et al. (2013) reported an estimation of diversity of up to 27,000 species in the cow’s ruminal virome; however, the majority of these species still unknown. Namonyo et al. (2018) reported that more than 90% of the viral reads could not be identified, due to the limited availability of viral genomes in current databases, suggesting that a great amount of genomes are still unknown, creating opportunities to more identification studies. Also, in silico analysis of the viral genome, suggested that ruminal phages have glycosidic hydrolases, which could potentially increase the degradation of carbohydrates and consequently increase dietary energy efficiency (Anderson et al., 2017). Indeed “omic” approaches can help in the development of the understanding of the virome and its interactions; however, a great amount of variability of the estimated richness and small number of samples were observed (Table 2).


TABLE 2. Summary of published studies characterizing the ruminal virome using high throughput sequencing tools.
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CONCLUSION

Viruses are an important component of the ruminal environment and likely play roles in the ecology of the rumen; however, their activation mechanisms in the rumen remain unclear and their interactions with other components of the microbiome, diet, and physicochemical properties of the ruminal environment and subsequent effects on the health and production of livestock animals. The limited number of viral studies, lack of rumen-representative data, limited number of rumen isolates of phages, and very little information on mycophages and protozoal viruses creates a variety of opportunities for future studies. Also, very little is known about the effects of transient viruses in the gastrointestinal tract. An international effort to investigate phages should be developed, similar to the global effort employed to understand the bacterial population and their interactions with health of humans and animals.

Moreover, phages can be used as a powerful biotechnological tool in livestock production, they may have applications in areas such as pathogen control, gastrointestinal tract homeostasis regulators, methane emission reducers, and thus improve energy efficiency in the rumen. However, phages’ current applications in livestock production systems are still below their potential due to the lack of knowledge and research in the basic and applied ruminal virome.
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The development of the functional rumen in calves involves a complex interplay between the host and host-related microbiome. Attempts to modulate rumen microbial community establishment may therefore have an impact on weaning success, calf health, and animal performance later in life. In this experiment, we aimed to elucidate how rumen liquid inoculum from an adult cow, provided to calves during the pre-weaning period, influences the establishment of rumen bacterial, archaeal, fungal, and ciliate protozoan communities in monozygotic twin calves (n = 6 pairs). The calves were divided into treatment (T-group) and control (C-group) groups, where the T-group received fresh rumen liquid as an oral inoculum during a 2–8-week period. The C-group was not inoculated. The rumen microbial community composition was determined using bacterial and archaeal 16S ribosomal RNA (rRNA) gene, protozoal 18S rRNA gene, and fungal ITS1 region amplicon sequencing. Animal weight gain and feed intake were monitored throughout the experiment. The T-group tended to have a higher concentrate intake (Treatment: p < 0.08) and had a significantly higher weekly weight gain (Treatment: p < 0.05), but no significant difference in volatile fatty acid concentrations between the groups was observed. In the T-group, the inoculum stimulated the earlier establishment of mature rumen-related bacterial taxa, affecting significant differences between the groups until 6 weeks of age. The inoculum also increased the archaeal operational taxonomic unit (OTU) diversity (Treatment: p < 0.05) but did not affect the archaeal quantity. Archaeal communities differed significantly between groups until week 4 (p = 0.02). Due to the inoculum, ciliate protozoa were detected in the T-group in week 2, while the C-group remained defaunated until 6 weeks of age. In week 8, Eremoplastron dilobum was the dominant ciliate protozoa in the C-group and Isotricha sp. in the T-group, respectively. The Shannon diversity of rumen anaerobic fungi reduced with age (Week: p < 0.01), and community establishment was influenced by a change of diet and potential interaction with other rumen microorganisms. Our results indicate that an adult cow rumen liquid inoculum enhanced the maturation of bacterial and archaeal communities in pre-weaning calves’ rumen, whereas its effect on eukaryotic communities was less clear and requires further investigation.

Keywords: microbiome manipulation, microbiome establishment, dairy calf, ciliate protozoa, anaerobic fungi, bacteria, archaea, rumen function


INTRODUCTION

The microbial ecosystem inhabiting the rumen enables ruminants to utilize plant materials as feed. However, immediately after birth, ruminant feed digestion more resembles that of monogastrics (Comline and Titchen, 1951; Baldwin et al., 2004; Meale et al., 2017). It takes several weeks of morphological, physiological, and metabolical changes, induced by the ontogenic regulation, nutrition, and establishment of rumen microorganisms, for the rumen to become fully functional to provide for most of the animal’s energy needs (Baldwin et al., 2004; Khan et al., 2016; Meale et al., 2017; Malmuthuge et al., 2019). The successful development of functional rumen during the pre-weaning period may affect animal performance later in life (Yáñez-Ruiz et al., 2015). Understanding how this system can be influenced is therefore one of the current research focal points worldwide.

Active gut colonization of newborns starts at birth through exposure to the microbiomes of the dam’s vagina and skin, feces, mouth, colostrum, and milk (Yeoman et al., 2018; Klein-Jöbstl et al., 2019), as well as through the housing environment, with other conspecifics (Bird et al., 2010). During the pre-ruminant phase (0–14 days), when calves are sustained on a liquid diet, the rumen function is still very low, as most of the liquid is digested by the enzymes in the abomasum and small intestine (Comline and Titchen, 1951; Ørskov et al., 1970; Baldwin et al., 2004). Nevertheless, during this period, the rumen starts being populated by the aerobic and facultative anaerobic bacteria, gradually changing to obligate anaerobes (Jami et al., 2013; Rey et al., 2014). Cellulolytic and proteolytic bacteria, necessary for a functional rumen, have been detected in the rumen as early as 20 min to 3 days after birth (Li et al., 2012; Rey et al., 2012, 2014; Jami et al., 2013; Guzman et al., 2015). Methanogenic archaea also start populating the rumen during the first days of life (Guzman et al., 2015; Friedman et al., 2017), while anaerobic fungi have been observed in the rumen at around 1 week after birth (Fonty et al., 1987).

In the transition phase (from 2 weeks to weaning), solid feed particles and liquid start entering the rumen, fueling the fermentation process and causing physical stress that promotes the expansion of the volume and muscular development of the rumen and rumen motility (Khan et al., 2016). During this period, the papillae’s growth increases the rumen epithelium surface area needed for more efficient volatile fatty acid (VFA) absorption and metabolism (Baldwin et al., 2004; Khan et al., 2016; Meale et al., 2017). Rumination starts at around 2 weeks of age, and after 6 weeks, it gradually reaches a level similar to that of adult cows (Swanson and Harris, 1958). The transition phase is related to further rearrangements of microbial community composition (Dias et al., 2017), with ciliate protozoa being the last microorganisms to colonize the rumen. They have been detected in animals after 2 weeks of age, once stable bacterial community and rumen conditions have been established (Eadie, 1962b; Fonty et al., 1988).

Attempts to affect early life rumen microbial colonization and development have explored various strategies. Natural rearing with the mother affects the microbiota development (Abecia et al., 2017; Belanche et al., 2019b) and can have a positive impact on young ruminants’ performance (Belanche et al., 2019a). Dietary intervention studies have demonstrated that supplementing the liquid diet with concentrate (Malmuthuge et al., 2013; Jiao et al., 2015; Dias et al., 2017) or forage (Jiao et al., 2015; Carballo et al., 2019; Dill-McFarland et al., 2019) can promote rumen maturation and alter the rumen microbial community. The use of antimicrobials has been found to alter microbial communities and reduce methane emissions (Abecia et al., 2013; Meale et al., 2021). Similarly, the inoculation of calves with rumen liquid influences their rumen bacterial community composition by developing into more adult-like, improved papillae growth and increases dry matter intake (Cox et al., 2019). In lambs and goats, a rumen inoculum has improved growth performance (Zhong et al., 2014; Belanche et al., 2020), dry matter intake (De Barbieri et al., 2015; Belanche et al., 2020), and microbial colonization during the pre-weaning period (Belanche et al., 2020; Palma-Hidalgo et al., 2021), while no effect on calf growth and microbial composition was observed when bacteria- or protozoa-enriched inoculum was administered (Cersosimo et al., 2019).

Despite research efforts, the mechanisms of how rumen microbial community development can be modulated remain elusive. The genetics of an individual plays a role, as monozygotic or dizygotic twins have more similar microbiota than non-related individuals in humans (Turnbaugh et al., 2009; Goodrich et al., 2014, 2016; Koo et al., 2019) and calves (Mayer et al., 2012). In this study, we therefore used monozygotic twin calves to reduce the potential variation in microbial community establishment caused by the differences in animals’ genetic background. Our goal was to modulate rumen microbial community colonization in calves during the pre-weaning period by inoculating them with fresh rumen liquid obtained from a cow with a low residual energy intake value (Mäntysaari et al., 2012). We assessed the effect of inoculation on the establishment of rumen general and core microbiome and rumen fermentation characteristics. We hypothesized that the microbial community structure of treated calves would more closely resemble that of the adult cow and that the inoculum might promote fermentation processes in the rumen and potentially stimulate the growth of calves.



MATERIALS AND METHODS


Animals and Experimental Design

Fifteen Nordic Red dairy cows were impregnated with twin embryos produced by embryo splitting (Herr and Reed, 1991) at the Natural Resources Institute Finland (Luke). Six pregnancies resulted in the calving of twins (July 23–October 28, 2017). After birth, the calves were left with their dam for an hour and then separated into individual pens (147 cm × 172 cm) that prevented physical contact and microbial exchange between the calves or contact with other animals throughout the experiment. Pens were furnished with straw bedding, a heat lamp, a basket for hay, and buckets for water and concentrate. The calves were weighed at birth and within each pair were randomly assigned to either an inoculation treatment (T-group) or a control group (C-group).

The calves from both groups were managed and fed in the same way. Within 2 h of birth, all the calves received 2 L of the same high-quality (Brix value 24) colostrum mix as the first meal to ensure uniformity in the passive transfer of immunity via the colostrum. Colostrum from 3 cows was collected in advance, aliquoted into 0.5-L portions, and stored at −20°C until use. Before use, portions were warmed to 40°C, pooled, and bottle-fed to the calves. As the second meal, the twins received their own dam’s colostrum from the first milking and thereafter were fed bulk colostrum. From day (d)4 onward, they received 2 L of milk four times a day. From d8, the milk was gradually replaced with the milk replacer (Startti Maito Instant, Valio, Finland). Weaning was carried out gradually, starting on d29. The calves were completely weaned from the milk replacer after the experiment by d57. The detailed schedule of the weaning process is presented in Supplementary Table 1. Hay and calf concentrate (Pikku-mullin-herkku, Raisio Agro, Finland) were offered from d1 and topped up according to consumption. Starting from week 7, grass silage was offered up to a maximum of 2 kg/day. The dietary ingredients and chemical composition of feeds are presented in Supplementary Tables 2, 3.

Starting from week 2, the calves in the T-group received rumen liquid obtained from a fistulated multiparous cow (176–269 days in milk) fed a concentrate:forage diet (ratio 48:52) and previously identified as a feed-efficient animal based on a low residual energy intake (Mäntysaari et al., 2012). Freshly collected rumen liquid was given to the calves orally through a silicone tube attached to a syringe. During weeks 2 and 3, the oral dose was 5 ml/day, given 3 times a week (Monday, Wednesday, and Friday). Later, in week 4, the dose was increased to 10 ml/day. The inoculation treatment ended when the calves were 8 weeks old.

The calves’ health was monitored and recorded daily by the farm veterinarian. During the treatment period, two calves from both groups were offered electrolyte (Benfital Plus nutrient supplement, Boehringer Ingelheim Danmark A/S) for diarrhea, and two calves in the T-group and one in the C-group received a dose of activated carbon paste (Lehmän HIILI-pasta, FinnCow, Finland). Animal weight was measured at birth and once a week thereafter. The weekly weight gain was calculated by subtracting the previous week’s weight from the current weight.

Feed refusals were recorded after each meal to measure the intake of liquid diet, concentrate, and grass silage. Daily feed intake was calculated by subtracting the weight of leftovers from that of the offered feed. Hay was only monitored by recording the offered amount of hay per day. Real consumption was impossible to measure due to the hay falling onto the straw bedding. The solid feed intake was reported as g of dry matter based on the feed analysis.



Sample Collection

Blood samples were collected from the jugular vein in K2E EDTA tubes (Greiner Bio-one, Austria) once a week during the 8-week period. Analysis of blood immunoglobulin G (IgG) was performed at Movet oy (Kuopio, Finland) to confirm the proper transfer of passive immunity.

Rumen fluid was collected via the esophageal 1-m polyvinyl chloride (PVC) tube (9/13 mm inner/outer diameter) into a glass jar attached to a manual vacuum pump (Ruminator1, Germany). The samples were collected 3 h after morning feeding in weeks 2, 4, 6, and 8 at least 24 h after the previous inoculation. Immediately after collection, 500-μl aliquots were snap-frozen in dry ice and stored at −80°C until DNA extraction.

The rumen sample collection for VFA and ammonia-N determination was carried out as described by Ahvenjärvi and Huhtanen (2018). Briefly, fresh rumen liquid was filtered through two layers of cheesecloth, a 5-ml aliquot was mixed with 0.5 ml of saturated mercuric (II) chloride solution and 2 ml of 1 M sodium hydroxide solution, and stored at −20°C for later VFA analysis with gas chromatography (Huhtanen et al., 1998). To determine the ammonia-N concentrations, 15 ml of rumen liquid was mixed with 0.3 ml of 50% sulfuric acid and stored at −20°C for later analysis based on the direct colorimetric method (McCullough, 1967).

To assess the rumen inoculum microbial community composition, 500-μl samples from each inoculum batch were collected, snap-frozen in dry ice, and stored at −80°C until DNA extraction. Before DNA extraction, samples from each week were pooled into 16 samples, so that they represented the different weeks throughout the treatment period.



DNA Extraction, Library Preparation, and Sequencing

The total DNA was extracted from 500 μl of rumen liquid samples, as described by Rius et al. (2012), and stored at −20°C for further analysis. Libraries of the bacterial and archaeal 16S ribosomal RNA (rRNA) V4 region were prepared following the “16S metagenomics sequencing library preparation” protocol (Illumina) using 515F and 806R primers (Caporaso et al., 2011) with Illumina adapters. The same protocol was adapted for the library preparation of the ciliate protozoa 18S rRNA V3 region using 316F and 539R primers (Sylvester et al., 2004) and for the internal transcribed spacer 1 (ITS1) region of rumen anaerobic fungi using Neo18SF and Neo5.8SR primers (Edwards et al., 2008). A detailed description of primers is provided in Supplementary Table 4, and protocols for library preparation are in Supplementary Material 1. Libraries were sequenced on Illumina MiSeq (Finnish Functional Genomics Centre, Turku) using the Paired-End approach and 2 × 250 bp chemistry for the 16S rRNA gene library and 2 × 300 bp for the ciliate protozoa 18S rRNA and fungal ITS1 libraries. The number of samples for each animal group and week that successfully amplified are presented in Table 1.


TABLE 1. Alpha-diversity estimates for bacterial, archaeal, ciliate protozoan, and fungal communities in treatment (T-group) and control (C-group) calves during the 8-week experimental period.
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Sequence Data Processing

Sequence data demultiplexing, adaptor removal, and sorting of sequences by barcode were performed by the sequencing provider (Finnish Functional Genomics Centre, Turku). Sequencing data were further processed using Qiime v 1.9.1 (Caporaso et al., 2010). Briefly, the forward and reverse reads were joined using SeqPrep and filtered by quality (>Q20) and length (279–300 bp). Filtered sequences were clustered into operational taxonomic units (OTUs) at 97% similarity using UCLUST (Edgar, 2010). Chimeric reads from bacteria data were removed using ChimeraSlayer (Haas et al., 2011) and from fungal and ciliate protozoa data using usearch61 (Edgar, 2010). The taxonomy of the bacterial OTUs was assigned using Greengenes (gg 13 8 otus) (DeSantis et al., 2006), the archaeal using RIM-DB (Seedorf et al., 2014), ciliate protozoan using ciliate protozoa (Kittelmann et al., 2015), and fungal OTUs using ITS (Koetschan et al., 2014), reference databases. Singleton OTUs were removed. The prokaryote data were evenly subsampled to 17,000, ciliate protozoa to 18,000, and fungal data to 25,000 reads/sample before further analysis to reduce the depth heterogeneity. The sufficient sequencing depth was confirmed by the rarefaction plots (Supplementary Material 1 and Supplementary Figure 1). The sequence reads are available in the Sequence Read Archive (SRA) BioProject PRJNA713003.



Quantification of Microbial Communities

The quantities of bacteria, archaea, ciliate protozoa, and anaerobic fungi were estimated with qPCR by quantifying rRNA gene copy numbers of each taxonomic group in 1 ng of extracted DNA. The bacteria were quantified by amplifying the 16S rRNA gene V4 area (279 bp) using primers 520F and 799r2cor (Supplementary Table 4). Amplification reaction (20 μl) contained 0.75 × TB Green Premix Ex Taq II (TaKaRa Bio Inc., China), 0.5 μM of each primer, and 20 ng of DNA. The amplification was done in a StepOnePlus thermocycler (Applied Biosystems, Villebon-sur-Yvette, France) with denaturation at 95°C for 30 s, 40 cycles of denaturation at 95°C for 15 s, and annealing at 60°C for 30 s. For archaea quantification, the 16S rRNA gene (510 bp) was amplified using 896F and 1406R primers (Supplementary Table 4). The reaction was carried out at a volume of 10 μl, with a 1 × Power SYBR green PCR master mix (Applied Biosystems by Thermo Fisher Scientific, Life Technologies Ltd., United Kingdom), 0.15 μM of each primer, and 10 ng of template DNA. The quantification of archaea was done in a Viia7 thermocycler (Applied Biosystems) with initial denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15 s, and annealing at 60°C for 1 min. Ciliate protozoa were quantified by amplifying the 18S rRNA gene region (223 bp) using 316F and 539R primers (Supplementary Table 4). Amplification was carried out at a volume of 10 μl, with a 1 × Power SYBR green PCR master mix (Applied Biosystems by Thermo Fisher Scientific, Life Technologies Ltd., United Kingdom), 0.25 μM of each primer, and 10 ng of template DNA. The quantification was done in a Viia 7 thermocycler (Applied Biosystems) with initial denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s. Anaerobic fungi were quantified by amplifying the ITS1 region (120 bp) with FungiF and FungiR primers (Supplementary Table 4). The reaction was carried out at a volume of 15 μl, with a 1 × Power SYBR green PCR master mix (Applied Biosystems by Thermo Fisher Scientific, Life Technologies Ltd., United Kingdom), 2 mM of MgCl2, 1 μM of each primer, and 10 ng of template DNA. The quantification of anaerobic fungi was done in a Viia7 thermocycler (Applied Biosystems) with initial denaturation at 95°C for 10 min, 45 cycles of denaturation at 95°C for 15 s, and annealing at 60°C for 1 min. For bacteria and archaea, the melt curve was performed with denaturation at 95°C for 15 s, annealing at 65°C for 15 s, and final denaturation at 95°C for 15 s, with a ramp increment of 0.4°C. For ciliate protozoa and fungi, the melt curve annealing temperature was set to 60°C for 1 min, followed by final denaturation at 95°C for 15 s, with a ramp increment of 0.4°C. All standards and samples were analyzed with three replicates. The absolute quantities of experimental samples were estimated against serial dilutions of DNA standards ranging from 102 to 109 copies per reaction. A description of the standard preparation is provided in Supplementary Material 1. The results were regressed against the logarithmic scale concentration to achieve the standard curve and sample quantities.



Statistical Analyses

The rumen VFA and ammonia-N concentrations, bacterial and archaeal 16S rRNA gene copies, average weekly feed intake, weight gain, and blood IgG levels were analyzed using the mixed procedure, with a repeated approach in SAS version 9.4 (SAS Institute Inc., Cary, NC, United States). Normality was confirmed with the Shapiro–Wilk test. Weight, concentrate, and silage intake data were log-transformed to achieve normal distribution and later reverse transformed for data interpretation. The calf was treated as the experimental unit. Treatment, Week, and Treatment × Week interaction were treated as fixed effects. Pair and Pair × Week interaction were treated as random effects. The fact that samplings were repeated over time and were therefore correlated was taken into account by modeling the correlations between weeks and week variances using appropriate covariance structures selected based on model fit statistics. The effects were estimated using the Residual Maximum Likelihood (REML) method and were declared significant at p ≤ 0.05. Pairwise comparisons between Week, Treatment, and Treatment × Week interaction were performed using Tukey’s test. The copy numbers of ciliate protozoa 18S rRNA gene and fungal ITS1 regions were analyzed with the non-parametric Kruskal–Wallis rank sum test and pairwise comparisons with the Wilcoxon rank sum test.

Microbial community alpha diversity changes in the T- and C-groups over the 8-week period were estimated using the Shannon index, the Simpson index, and the number of observed OTUs, as implemented in Qiime. The statistical analysis was performed using the Kruskal–Wallis rank sum test and pairwise comparisons with the Wilcoxon rank sum test.

To explore the treatment and time effect on the changes in the microbial community structure, between-sample diversity was evaluated as Bray–Curtis dissimilarities following the Hellinger transformation and visualized using principal coordinate analysis (PCoA), as implemented in R packages Microbiome (Lahti et al., 2017) and Phyloseq (McMurdie and Holmes, 2013). The significance for the Week, Treatment, and Treatment × Week interaction was estimated using distance-based permutational multivariate analysis (Adonis) as implemented in the R package vegan (Oksanen et al., 2019) and the pairwise comparisons between the Treatment × Week interaction with permutational multivariate analysis of variance with the false discovery rate adjustment with the R package RVAideMemoire (Herve, 2020). Treatment and week effects on individual microbial taxa in the T- and C-groups were evaluated using the ANOVA and mixed procedure as described above. OTUs with relative abundance below 0.1% and detected in less than 6 samples were filtered out from the bacterial and fungal datasets. To achieve normal distribution and deal with 0-values, data were [log2(1 + x)] transformed prior to further analysis. Treatment, Week, and the Treatment × Week interaction were treated as fixed effects, and pairwise comparisons were made using Tukey’s test.

To explore core microbiome establishment in the T- and C-groups during different stages of development, the core microbiome was defined as a set of OTUs that was present in all calves within a group at a particular week tested. The impact of inoculation on the core microbiome establishment in calves was evaluated by the proportion of OTUs shared between the donor and calves. A more detailed description of statistics is given in Supplementary Material 1.




RESULTS


Passive Immunity and General Health

At the beginning of the experiment, blood IgG levels indicated a sufficient passive transfer of IgG after birth, and the concentration was similar in both groups (Figure 1A). No significant changes related to the initiation of inoculation were observed in the IgG levels in the T-group at the age of 2 weeks (Treatment: p > 0.05, Treatment × Week: p > 0.05). The mean IgG levels dropped from a “high” (>24 g/l) in the T-group and “medium” (16–24 g/l) in the C-group to a “low” level (16–8 g/l) in week 3 (Week: p = 0.0001) and further declined until week 5, after which they stabilized.
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FIGURE 1. The average weekly (A) blood immunoglobulin G levels, (B) average daily concentrate DM intake, (C) weekly weight (kg), and (D) average weight gain in treatment (T-group, dark gray) and control group (C-group, light gray) calves during the 8-week treatment period.


The calves in both groups remained in good general health throughout the experiment. Four calves in the T-group and six calves in the C-group had an incidence of diarrhea that occurred between 2 and 4 weeks of age. One calf from the C-group and two calves from the T-group also had an elevated body temperature associated with diarrhea.



Feed Intake and Growth

The consumption of colostrum, milk, and milk replacer was similar in both groups throughout the experiment (Supplementary Table 5). The preferences for different solid feeds varied individually. The T-group tended to eat more concentrates [32.6 ± 1.6, least square means (LSM) ± standard error (SE) g dry matter (DM)/day] than the C-group (17.6 ± 1.6 g DM/day) across the entire treatment period (Treatment: p = 0.08) (Figure 1B), but the difference was not significant when weekly consumption by group was compared (Treatment × Week: p > 0.05).

There were no significant differences in mean weight between the groups at birth (T-group: 34.8 ± 1.5; C-group: 33.4 ± 1.5, LSM ± SE kg). During the following weeks, the mean body weight in the T-group was numerically higher than that in the C-group (Treatment: p > 0.05, Week: p < 0.01, Treatment × Week: p > 0.05) (Figure 1C). The T-group gained an average of 350 g more weight per week across the treatment period (Treatment: p < 0.05) (Figure 1D).



Volatile Fatty Acids

The total ruminal VFA concentration increased with age in both groups but was unaffected by the treatment (Figure 2). Week had an effect on most of the individual VFAs. In both groups, the molar proportion of acetate decreased (Week: p < 0.01), while propionate, butyrate, and valerate increased (Week: p < 0.05) during the 2–8-week period. A significant Treatment × Week interaction indicated a greater decline of acetate molar proportions in the C-group. The molar proportions of isobutyrate, isovalerate, or caproate were unaffected by the week (Week: p > 0.05). Although significant Treatment × Week interactions were observed for isobutyrate and isovalerate, there were no significant differences between the groups. The proportion of ammonia reduced toward the end of the pre-weaning period (Week: p < 0.01) but was not significantly affected by the treatment.
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FIGURE 2. Rumen fermentation characteristics of treatment (T-group, black solid line) and control group (C-group, gray dashed line) calves during the 8-week treatment period. Data for individual volatile fatty acids (VFAs) are presented as molar proportions of total VFA. The significance of Treatment (Trt), Week (Wk), and interaction (Trt × Wk) effects is presented in the figure. The different letters indicate significant differences in the pairwise comparisons of sampling weeks.




Microbial Community Quantities

The treatment had no significant effect on the 16S rRNA gene copy numbers for total bacteria or archaea (Treatment: p > 0.05). Nevertheless, the number of bacterial 16S rRNA gene copies was highest in both groups at 2 weeks of age and decreased toward the end of the pre-weaning period, being at its lowest in week 6 (Figure 3A). The number of copies in archaea was lowest in week 2 (Week: p < 0.05), doubled in concentration in week 4, and remained stable thereafter (Figure 3B). The treatment significantly increased the ciliate protozoa 18S rRNA gene copy numbers (Treatment: p < 0.05), but due to high variance, no significant differences between the groups were observed (Figure 3C). The number of samples no longer observed to have anaerobic fungi increased toward week 8 (Table 1), but the copy numbers of the ITS1 region within samples that amplified remained at a similar level throughout the experiment and were unaffected by the treatment (Figure 3D).
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FIGURE 3. The (A) bacteria 16S ribosomal RNA (rRNA), (B) archaea 16S rRNA, (C) ciliate protozoa 18S, and (D) anaerobic fungi internal transcribed spacer 1 (ITS1) region copy numbers per ng of rumen DNA in treatment (T-group) and control (C-group) calves during the 8-week treatment period. The significance of Treatment (Trt), Week (Wk), and interaction (Trt × Wk) effects is presented in the figure. Letters indicate significant differences in the pairwise comparisons of sampling weeks. The C-group remained defaunated until week 6: the statistical tests for rumen ciliate protozoa were therefore performed only for week 6 and week 8 data.




Sequencing

After quality filtering, the data from 48 calf samples contained 1,329,850 (mean 27,705 ± 5,183) prokaryote reads, and the data from 16 donor pooled inoculum samples contained 807,724 (50,483 ± 9,060) prokaryote reads. From them, 19,891 (414 ± 239) reads in the calves and 42,585 (2,662 ± 631) in the donor cow were identified as archaeal. The ciliate protozoan data from the calves contained 2,499,249 (83,308 ± 189,856) reads and from the donor contained 1,267,635 (79,227 ± 6,967) reads. The fungal data from the calves contained 2,266,229 (68,674 ± 16,942) reads and the donor contained 1,359,617 (84,976 ± 13,091) reads in total.


Bacteria

The treatment had no significant effect on bacterial alpha diversity. The observed number of OTUs, Shannon diversity, and Simpson’s evenness were lowest in both groups in week 2 and increased over the pre-weaning period (in all p < 0.05; Table 1).

Beta diversity calculated as Bray–Curtis dissimilarities significantly differentiated samples by Week (p = 0.001), Treatment (p = 0.001), and Treatment × Week interaction (p = 0.009) (Figure 4A and Supplementary Table 6). Week 2 samples in both groups were significantly separated from the later weeks, and the bacterial community structure remained significantly different between the T- and C-groups until week 6. Within the T-group, no significant differences were observed after week 4; in the C-group, after week 6.
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FIGURE 4. The principal coordinate analysis of Bray–Curtis dissimilarities for (A) bacterial, (B) archaeal, (C) ciliate protozoan, and (D) anaerobic fungal communities in treatment (T-group, ▲) and control (C-group, •) calves at 2 weeks (light blue), 4 weeks (yellow), 6 weeks (dark blue), and 8 weeks (red) of age.


The number of bacterial phyla increased from 12 to 17 over the pre-weaning period, but only Firmicutes, Spirochaetes, and Fibrobacteres were significantly affected by the treatment (Supplementary Table 7). To better understand bacterial colonization, we grouped bacterial taxa based on their timewise abundance trend in the C-group. We examined the taxa associated with liquid feed digestion, which naturally diminished toward weaning, and taxa associated with solid feed fermentation, which increased in abundance with age and saw differences in colonization dynamics between the groups (Figure 5 and Supplementary Table 8). As a result of inoculation, in week 2, Fibrobacter, Treponema, CF231, Selenomonas, Sphaerochaeta, Pseudobutyrivibrio, Anaerovibrio, Veillonellaceae spp., and RFN20 were only observed or were significantly more abundant in the T-group calves. These taxa were also among the most abundant (>0.1%) taxa in the donor samples (Supplementary Table 8). At the same time, Bacteroides, Wautersiella, Butyricimonas, genus [Ruminococcus] in the family Lachnospiraceae, and Neisseriaceae spp., which were low abundant in the donor, decreased in abundance earlier in the T-group than the C-group calves (Figure 5 and Supplementary Table 8). Several taxa such as Campylobacter and a [Paraprevotellaceae] genus in the order Bacteroidales increased in abundance toward the end of the pre-weaning period in the C-group, whereas in the T-group, their abundances diminished after week 2. A set of bacterial taxa showed no clear age-dependent variation, but its abundance was affected by the treatment. Bifidobacterium, Megasphaera, and Mogibacterium were significantly more abundant in the T-group, whereas the C-group was significantly enriched in Oscillospira, Ruminococcaceae spp., Christensenellaceae spp., and RF39. Where the other aforementioned taxa were also abundant in the donor, Megasphaera and Campylobacter were low. Nevertheless, in week 8, most of the significant differences between the groups disappeared (Figure 5 and Supplementary Table 8).
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FIGURE 5. The relative abundance of significantly affected bacterial genera and archaeal species in treatment (T-group) and control group (C-group) calves during the 8-week treatment period. Data are presented as averages of treatment by week, averages of treatment across the dataset, and averages of week across the dataset. The annotation on the right indicates the significance level of Treatment (Trt) and Week (Wk) and their interaction (Trt × Wk). The letter in front of the taxon name indicates the closest identified taxonomic level: species (s); genus (g); family (f); order (o); and phylum (p).




Archaea

The number of observed archaeal OTUs was lowest in both groups in week 2 and increased significantly over time (p < 0.05), but the T-group had numerically or significantly (week 4; p < 0.05) more OTUs. The Shannon diversity was significantly higher in the T-group in week 2 (p < 0.01), with no differences observed between the groups in later weeks (Table 1).

The Bray–Curtis dissimilarities indicated that the archaeal community structure differed between the T- and C-groups until week 4 (p < 0.05), but no longer thereafter. Within the T-group, the archaeal community showed no significant differences between weeks (all p > 0.05), whereas in the C-group, the community in week 2 differed significantly from week 8 (p < 0.05), suggesting a gradual development (Figure 4B and Supplementary Table 6).

Twenty archaeal species were identified in the entire dataset (Supplementary Table 9). In week 2, calves in the T-group had a taxonomically more diverse archaeal community dominated by Methanobrevibacter gottschalkii, Methanobrevibacter ruminantium, and Methanosphaera ISO3-F5, which were also dominant in the donor samples (Figure 5 and Supplementary Table 9). Methanomicrobium mobile, Methanocorpusculum parvum, and several Methanomassiliicoccales species were also present in lower abundances in the T-group. In contrast, in the C-group in week 2, not all the calves were colonized with archaea. The dominant Mbb. gottschalkii was detected in five calves; two had Mbb. ruminantium and Methanosphaera ISO3-F5, while M. mobile was detected in one animal. Methanomassiliicoccales and Methanocorpusculum colonized the rumen of the C-group calves after week 4 or later. The abundance of Mbb. gottschalkii and Methanosphaera sp. ISO3-F5 increased toward the end of the pre-weaning period (Week: p < 0.01), while Mbb. ruminantium reached its highest values in week 4 in both groups (Week: p < 0.05). Inoculation in the T-group increased the relative abundance of Mmc. Group12 sp. ISO4-H5 and Mbb. ruminantium (Treatment: p < 0.05) (Figure 5 and Supplementary Table 9).



Ciliate Protozoa

The ciliate protozoa alpha diversity, calculated for weeks 6 and 8, was unaffected by the treatment, and the number of observed OTUs, the Shannon index, and Simpson evenness remained at a similar level in both groups (Week: p > 0.05, Table 1).

The beta diversity analysis significantly differentiated the T-group ciliate protozoan community in week 2 from the succeeding weeks (p = 0.001), but after week 4, the communities no longer differed (Figure 4C and Supplementary Table 6). In the C-group, ciliate protozoa were detected in three animals in week 6 and in four animals in week 8, and the community compositions did not differ significantly (p > 0.05). However, significant differences were observed between the C- and T-groups in week 8 (Treatment: p = 0.001) (Figure 6 and Supplementary Table 10).
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FIGURE 6. The relative abundance of significantly affected ciliate protozoan and fungal species in treatment (T-group) and control group (C-group) calves during the 8-week treatment period. Data are presented as averages of treatment by week and averages of treatment and week across the dataset. The annotation on the right indicates the significance level of the Treatment (Trt) and Week (Wk) and their interaction (Trt × Wk).


In total, 25 genera- and 40 species-level ciliate protozoan taxonomic groups were identified in the entire dataset (Supplementary Table 10). Donor samples were largely dominated by Epidinium caudatum, and apart from few very rare observations, all species observed in both calf groups were also observed in donor samples. In week 2, the T-group was dominated by E. caudatum, followed by Eremoplastron dilobum, and Entodinium sp., which together accounted for 90% of the abundance data (Figure 6 and Supplementary Table 10). In week 4, Isotricha prostoma also colonized the rumen and continued to increase in abundance during the following 4 weeks, becoming the dominant species in the T-group in week 8. In contrast, the ciliate protozoan community in the C-group in weeks 6 and 8 was dominated by E. dilobum. I. prostoma was the second most abundant species in week 6, but in week 8, it was replaced by Entodinium furca monolobum (Figure 6 and Supplementary Table 10).



Anaerobic Fungi

The fungal alpha diversity decreased over time, and no significant differences between the groups were observed (Treatment: p > 0.05) (Table 1). During the later sampling weeks, several samples from both groups failed to produce fungal amplicons.

Beta diversity analysis showed that the fungal communities in week 2 differed from those of later weeks (p < 0.05), but there were no significant differences between the T- and C-groups in any sampling week (all: p > 0.05) (Figure 4D and Supplementary Table 6).

In total, 18 species-level fungal groups were observed in the dataset (Supplementary Table 11). All taxa observed in both calf groups were also observed in the donor community, which was dominated by Neocallimastix 1, SK3, and Piromyces 2. In week 2, both the C- and T-groups were dominated by Caecomyces 1, SK3, and Neocallimastix 1. Over the following weeks, Caecomyces 1, Neocallimastix 1, and SK3 declined in abundance, while Piromyces 2 and Buwchfawromyces/SK2 became dominant in both groups in week 8. Inoculation significantly increased the abundance of BlackRhino (Treatment: p < 0.05) in week 4 and KF1 (Treatment: p < 0.01) in week 6 in the T-group (Figure 6 and Supplementary Table 11). In week 8, the T- and C-groups differed numerically in the abundance of Piromyces 1, which was 16.2% in the C-group and 0.03% in the T-group, but was nearly absent (0.002%) in the donor. However, the fungal abundances were affected by large inter-animal variation (Supplementary Table 11).




Core Microbiome

To better understand if there was a limited set of taxa that was important for rumen microbial maturation, and if this set could be influenced by the inoculum, we investigated the core microbiome differences between the groups. Due to continuous changes in rumen microbial colonization over the pre-weaning period, a core microbiome was defined for each week and group separately. Only OTUs present in 100% of animals in a particular group in a particular week were included in the core.


Core Bacterial and Archaeal Community Development

Each sampling week had a distinct bacterial core, but we evaluated the speed of maturation by the extent of core OTUs that remained in the core over the subsequent weeks. An earlier establishment of mature microbiome-related taxa was already observed in week 2 in the T-group calves, as 27% of core OTUs in the T-group, compared to 5% in the C-group, were shared with the core in week 8 (Supplementary Table 12).

The core bacterial community was composed of 26–78 OTUs, which increased with age and represented an average of 30% of the total bacterial abundance. To a substantial extent, the core OTUs belonged to Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and Euryarchaeota phyla, but the number of OTUs per phylum and the OTUs’ affiliation at family and genus levels differed between the groups (Figure 7A and Supplementary Table 12). As a result of inoculation, the number of core OTUs in the T-group tripled between weeks 2 and 4 and remained at an elevated level throughout the rest of the experiment. The increase in core OTUs was caused by the considerable number of Prevotella OTUs entering the core, and the dominance of Prevotella within Bacteroidetes remained over the following weeks. On the other hand, throughout the whole pre-weaning period, the C-group retained a larger share of Firmicutes core OTUs than the T-group, but the taxonomic composition at family level was age- and group-specific (Supplementary Table 12). In the C-group, Ruminococcaceae and Lachnospiraceae families were dominant in the core in all weeks, while the Lachnospiraceae and Veillonellaceae families dominated the core in the T-group. The core archaeal OTUs belonged to the Methanobrevibacter, Methanosphaera, and Methanomassiliicoccaceae genera, and their presence in the core was group- and week-specific. The T-group core had Methanobrevibacter from week 2, while the C-group had Methanobrevibacter only from week 4. The donor cow inoculum had an impact on the establishment of the bacterial core because 16 core OTUs in week 2, 76 OTUs in week 4, and all core OTUs in week 8 were common between the T-group calves and the donor (Supplementary Table 12). Proteobacteria-affiliated core OTUs alone were mostly not obtained from the donor, but the genera detected were age-specific. Succinivibrionaceae OTUs were observed in the core of the T-group from week 4, while in the C-group, they were observed only in week 8 (Figure 7A).


[image: image]

FIGURE 7. The number of operational taxonomic units (OTUs) and taxonomic composition of (A) the core prokaryote community (archaea and bacteria), (B) the core ciliate protozoan community, and (C) the core anaerobic fungal community in treatment (T) group and control (C) group calves at 2 (WK2), 4 (WK4), 6 (WK6), and 8 (WK8) weeks of age.




Core Ciliate Protozoan Community Development

The ciliate protozoan core community was more uniform across sampling weeks and represented an average of 94% of the total protozoan abundance. The number of shared OTUs with week 8 in the T-group increased from 42% in week 2 to 75% in week 6. In the C-group, 46% of OTUs were shared between weeks 6 and 8. However, in both groups, the total number of core OTUs decreased with age (Figure 7B). Core OTUs affiliated with the Entodinium, Epidinium, Diploplastron/Eremoplastron, Eudiplodinium/Eremoplastron, and Ostracodinium genera populated the T-group in week 2, while Isotricha joined the core community after week 4 (Supplementary Table 13). In the C-group, the taxonomic composition of the core in week 6 was similar to the T-group, with the exception of Polyplastron multivesiculatum and Dasytricha ruminantium. In week 8, the core ciliate protozoa were shared between both calf groups and the donor (Supplementary Table 13).



Core Fungal Community Development

There were substantial differences in the anaerobic fungal core community development between the groups (Figure 7C). The core in the T-group comprised an average of 83% of the total fungal abundance, while the core in the C-group represented an average of only 38%, suggesting larger inter-animal variation in the C-group calves and a more stable core community composition in the T-group. The effect of inoculation was already observed in week 2, when the T-group calves had 3 times more core OTUs than similar-aged C-group animals, and 59% of these OTUs were shared with the core in week 8 (Supplementary Table 14). The effect of inoculation was also observed in the taxonomic diversity. In week 2, both groups’ fungal core was dominated by Caecomyces 1, SK3, and Neocallimastix 1. While the fungal taxonomical core in the C-group remained similar over the pre-weaning period, the T-group core in week 4 had OTUs affiliated with 11 genera, with KF1, Buwchfawromyces/SK2, Cyllamyces 2, and Piromyces 1, 3, and 7 joining the core (Figure 7C and Supplementary Table 14). The taxonomic composition of the T-group core after week 4 remained similar. Nearly all OTUs observed in the T- and C-groups were present in the donor, although some were of low counts.





DISCUSSION

In this study, we used monozygotic twin calves and tested the effect of fresh mature rumen liquid inoculum on rumen microbial community development during the pre-weaning period. Several studies have demonstrated positive effects on phenotypic characteristics and gut development in pre-weaned ruminants (Muscato et al., 2002; Zhong et al., 2014; Cox et al., 2019; Belanche et al., 2020; Palma-Hidalgo et al., 2021) caused by rumen liquid inoculation, but in bovines, the results are inconclusive (Cersosimo et al., 2019; Bu et al., 2020; Yu et al., 2020). The differences in research outcomes may be related to high between-host variation (Mayer et al., 2012). While the host effect can be controlled in twin or triplet experiments in small ruminants (e.g., Belanche et al., 2020; Palma-Hidalgo et al., 2021), twin calving in dairy livestock is rare. In the present study, monozygotic twin calves were therefore created to reduce the genetic host variation. Our results indicate that inoculation enhanced the bacterial and archaeal community establishment and induced differences in ciliate protozoan community composition, but despite continuous inoculation, it was unable to promote the establishment of a rumen anaerobic fungi community.


Animal Growth and Rumen Fermentation

The inoculum promoted better weight gain in the T-group animals, which was probably associated with an increase in concentrate intake after 6 weeks of age. Our results are in line with those of other studies, which have reported a positive effect of fresh or autoclaved rumen liquid on animals’ weight gain (Zhong et al., 2014; Belanche et al., 2020). It is known that butyrate, but also propionate and acetate, even in small doses, stimulates rumen papillae development and rumen epithelia metabolism and absorption (Sander et al., 1959; Sakata and Tamate, 1978; Suárez et al., 2006; Guilloteau et al., 2009; Connor et al., 2014). We therefore hypothesized that the inoculum could stimulate rumen fermentation processes in T-group calves and increase VFA production. However, the better weight gain in the T-group animals in this study could not be explained by the rumen fermentation differences because the VFA profiles between the groups were very similar. The lack of significant differences in VFA proportions was probably a reflection of the lack of a significant difference in the total microbial quantities between the groups. As many microbes can produce the same VFA end products, the VFA proportions were unaffected by the differences between the groups in the rumen microbial community composition.

In contrast with the observations by Rey et al. (2012), in which VFA concentration stabilized around 1 month of age, we observed an increase in VFA concentration in both groups until the end of the experiment. The discrepancies between the studies may be explained by the differences in dietary composition. In the present study, silage was added to the diet in week 7 and may have stimulated fermentation processes in the calves’ rumen. The steeper trend in the reduction of acetate in the C-group between weeks 4 and 6 may be a result of increasing concentrate intake, but it also coincides with the first observations of the ciliate protozoa in the C-group calves. The absence of ciliate protozoa has previously been associated with a slight increase in acetate concentration (Newbold et al., 2015). However, due to the small sample size and high interindividual variation, pairwise comparisons failed to show any significant differences between the groups.



Effect of Inoculum on Bacteria Community Development

Immediately after birth, the rumen bacterial community gradually changes from facultative anaerobic bacteria to obligate anaerobes (Jami et al., 2013; Rey et al., 2014). Similarly, in the present study, at 2 weeks of age, the bacterial communities in both calf groups differed from the succeeding weeks. Week 2 bacteria were represented by a broad range of sugar utilizers such as Bacteroides (Wexler, 2014), aerobes, or facultative anaerobes, e.g., Neisseriaceae spp. (Adeolu and Gupta, 2013) and Streptococcus (Stewart et al., 1997), which later reduced in abundance. Moreover, there were also bacteria with special niches among them, such as Akkermansia and Ruminococcus, capable of utilizing oligosaccharides from milk, mucosa, and saliva (Derrien, 2007; Huang et al., 2011; Bell et al., 2019; Kostopoulos et al., 2020) or being associated with the epimural community (Stewart et al., 1997; Derrien, 2007; Jami et al., 2013; Malmuthuge et al., 2014; Jiao et al., 2015). As the microenvironments during the early life within the rumen change rapidly, many of these taxa reduced in abundance or disappeared earlier from the T-group animals, suggesting that the environment within the T-group rumen was changing more quickly. Our observations are in line with a previous finding in which a faster reduction of several early life-related taxa and the promotion of rumen function and development could be induced with dietary measures (Dias et al., 2017).

In the T-group animals, inoculation stimulated the earlier establishment of taxa related to mature rumen function and fiber degradation, e.g., Treponema or the fibrolytic genus Fibrobacter (Shinkai et al., 2010; Jewell et al., 2015). The abundance of these taxa increased especially noticeably during the first 4 weeks of life. The positive impact of inoculation was also already visible in the composition of the T-group core community in week 4. The presence of a large number of OTUs in the core, which pertained throughout the rest of the experiment, suggests that the conditions within the T-group calf rumen were sufficient for these mature rumen-related bacterial OTUs to become established and remain functional. Our results support the recent findings of Palma-Hidalgo et al. (2021), who reported that a similar rumen liquid inoculum induced positive effects on rumen bacteria establishment in goats.

We also hypothesized that rumen microbial maturation was related to the reduced Bacteroidetes taxonomic diversity and increased taxonomic diversity of Firmicutes within the rumen. Indeed, in the core communities of both groups, the number of OTUs assigned to the Prevotella (Avguštin et al., 1997) genus increased substantially with age, and it became the dominant taxon, replacing nearly all other OTUs assigned to Bacteroidetes. This increase in Prevotella occurred earlier (week 4) in the T-group than the C-group (week 8). It has previously been suggested that the relative abundance of Prevotella increases with age as a result of increasing fiber content in the diet (Jami et al., 2013; Rey et al., 2014). However, other observations are inconclusive (Li et al., 2012; Dias et al., 2018; Cersosimo et al., 2019). Members of the genus Prevotella are broad-range carbohydrate utilizers, and a considerable fluctuation in metabolic capabilities can be expected between species or even between strains within the same species. It is therefore best to evaluate the role of Prevotella at the OTU level. It is possible that, as versatile fermenters, Prevotella spp. work as hubs in the network of microbial interactions and help maintain the community’s interactions. On the other hand, the inoculum treatment resulted in differences in the dominant taxa within the Firmicutes core community. Although the major fiber-degrading taxa were present in the core of both groups in week 8, the T-group had more OTUs assigned to Veillonellaceae, whereas the C-group had more OTUs assigned to the Ruminococcaceae and Lachnospiraceae families. These differences may be related to the competitive advantages provided by the continuous inoculation and availability of feed substrates.



Effect of Inoculum on Archaea Community Development

We hypothesized that by receiving archaea with the inoculum from an adult cow, and with ciliate protozoa and fungi present in the community, hydrogen sources for methanogenesis would be present in T-group animals, creating suitable conditions for hydrogenotrophic archaea growth. However, the treatment did not significantly increase the 16S rRNA gene copy numbers of total archaea. It is possible that factors other than the availability of hydrogen limited the archaea’s growth in the developing rumen because the methanogenic community of young calves is known to utilize, e.g., methylamines and methanol for methanogenesis more efficiently than an adult methanogenic community (Friedman et al., 2017). Nevertheless, the inoculum treatment preponed the archaea establishment and increased archaea richness and differences in community composition during the first 4 weeks. Our results are in line with the previous observations by Dias et al. (2017) showing that Mbb. gottschalkii is present in milkfed calves, while the abundance of Methanosphaera increases with the provision of concentrate. Methanobrevibacter is the dominant clade of methanogens in the rumen and uses the hydrogenotrophic pathway to produce methane, whereas methylotrophic Methanosphaera can use other substrates such as methanol and methylamines (Morgavi et al., 2010), and may require a more diverse microbial community to produce them. Similarly, in line with the previous results of Friedman et al. (2017), the establishment of Methanomassiliicoccales appeared later, suggesting that this archaea might benefit from the more mature microbial community, providing a substrate for energy metabolism. The differences in the archaea richness and community composition between the T- and C-groups during the experiment’s first weeks suggest that the archaea from the donor could remain in the rumen possibly due to the more mature microbial community in the T-group, which was able to provide the conditions for a more diverse archaeal community. However, despite the later establishment of archaeal communities in the C-group, by the end of the liquid feeding period, the archaeal composition in both groups was very similar.



Effect of Inoculum on Ciliate Protozoan Community Development

Protozoa are naturally established in the rumen at around 15–30 days of age (Eadie, 1962b; Naga et al., 1969; Cersosimo et al., 2019) and require contact between conspecifics for transmission (Bird et al., 2010). Given that all the calves in the present experiment were kept in individual pens to prevent physical contact, our results suggest that the first adult rumen inoculum was already successful in providing viable ciliate protozoa to the T-group’s calves. However, half of the C-group calves also had ciliate protozoa by week 6. Despite no close proximity, the pens were located in a barn where other cows were also housed, so microbial transmission through aerosol droplets in the farm air or manual transmission through unrecorded mistakes in management practices cannot be excluded. Moreover, the calves remained with the dam for a short period after birth, and the dam may have transferred some ciliate protozoa through saliva (Tapio et al., 2016), which was established later, when conditions in the rumen became favorable. With real-time quantitative PCR methods, protozoa have been detected as early as in 1-day-old goats (Abecia et al., 2014), making this hypothesis plausible.

The treatment significantly increased the ciliate protozoan quantity in the T-group animals, estimated with 18S rRNA gene copy numbers. The establishment of a ciliate protozoan community requires a well-functioning bacterial population to be in place (Fonty et al., 1988), and it can further be affected by the inoculum’s cell density (Williams and Dinusson, 1972), the type and amount of feed (Kudo et al., 1990; Franzolin and Dehority, 1996; Santra and Pathak, 2001), the pH, and other conditions of the rumen (Eadie, 1962b; Dehority, 2005; Franzolin and Dehority, 2010). The increase in the quantity of rumen ciliates in the T-group may therefore have been affected by several of these factors. Although the ciliate protozoa in the T-group underwent taxonomic changes within the 2–4-week period, these changes did not follow the sequential establishment previously observed in young ruminants, in which Entodinium spp. were among the first species to establish, followed by Diplodinium and Holotrichs (Bryant et al., 1958; Eadie, 1962b; Naga et al., 1969; Minato et al., 1992; Dias et al., 2017). In the T-group in week 2, Epidinium was the dominant protozoan, accounting for 70% of total abundances. Interestingly, it was also the dominant genus in the donor. However, the Epidinium decreased in T-group over time due to an increase in the abundance of Isotricha, while the Entodinium level remained constant. It can be hypothesized that the inoculum provided a significant number of protozoan colonizers, which had well-established community interactions and required less time for reestablishment. The increase in concentrate intake and presence of silage in the diet at the end of the pre-weaning period may also have promoted the rumen microbiome’s overall function, thus improving the ciliate community’s growth.

Due to different exposures to external microbiome sources, the C-group calves in week 8 were dominated by the Diploplastron/Eremoplastron genus. Previous studies have shown that the A-type and B-type members in a stable ciliate community rarely coexist due to predation and competition for resources (Eadie, 1962a,1967). While the T-group community included B-type genera like Eudiplodinium, Epidinium, and Eremoplastron obtained from the donor cow, the A-type P. multivesiculatum was detected in the C-group core community, suggesting a different seeding source. We hypothesize that the C-group acquired the ciliate protozoan community in a more random manner, requiring several selection steps, which finally led to a community dominated by different taxa than those of the donor cow and the T-group calves.



Effect of Inoculum on Anaerobic Fungi Community Development

The frequent provision of the inoculum did not directly improve the establishment of rumen anaerobic fungi. Although nearly all the calves had fungi at the beginning of the experiment, only two T-group calves and four C-group calves were observed to have fungi at 8 weeks. The decreasing observations of fungi after the beginning of a solid feed diet have previously been described (Fonty et al., 1987; Dias et al., 2017; Dill-McFarland et al., 2019). The authors speculated that during weaning, as the solid feed intake increased and the competition of carbohydrate sources intensified, the fungal community had to reestablish itself by occupying a different niche in plant structural carbohydrate breakdown. Due to a slower life cycle, the fungi may not have been able to compete for substrate and may have started to diminish. In our study, both groups received the same diet; therefore, other factors may have played a role in the fungal community being more present in the C-group than the T-group. For example, inhibition or predation by other microbial groups may have promoted the vanishment of fungi. Bacteria have been observed to inhibit fungal growth and cellulase activity (Dehority and Tirabasso, 2000), and protozoa are known to be able to ingest and digest fungal zoospores (Morgavi et al., 1994; Miltko et al., 2014). Lower predation pressure would explain why the fungi only started to disappear in the C-group at 6 weeks of age, when the ciliate communities started emerging. Furthermore, fermentation products and changes in pH can influence fungal community development (Joblin and Naylor, 1993; Srinivasan et al., 2001).

Inoculation influenced the taxonomic composition of rumen anaerobic fungi. In line with Dias et al. (2017), Caecomyces 1 and SK3 dominated the fungal communities of milkfed calves, but fungal taxa underwent changes during the 4–8-week period, when the solid feed intake started to increase. Although the major fungal taxa were similar between the groups, BlackRhino and KF1 were more specific to the T-group, while Piromyces 1 was more abundant in the C-group, possibly indicating different seeding sources, as BlackRhino and KF1 were observed in the donor, but Piromyces 1 only in negligible abundance. Gordon and Phillips (1998) suggested that fungi are probably transferred to the calf through direct contact with the mother or contaminated feeds. This is supported by evidence that fungi have been isolated from the saliva and feces of ruminants (Tapio et al., 2016), and they can be cultivated after prolonged exposure to oxygen, drought, or freezing temperatures (Milne et al., 1989; Davies et al., 1993; McGranaghan et al., 1999) probably due to the production of resistant spores (Brookman et al., 2000).

The positive influence of the inoculum in the T-group animals was observed in the richness of the fungal core community. While the core of the C-group in week 8 was reduced to only 4 OTUs, the core community of the T-group contained 92 OTUs, indicating wide fungal taxonomic diversity in the rumen. It is tempting to speculate that a less diverse fungal community could survive better through the pre-weaning period. As shown previously, a less diverse microbiome may be more efficient because it reduces the various metabolic pathways and interactions between taxa (Kruger Ben Shabat et al., 2016). However, high interindividual variation and the decreasing number of study subjects observed to have fungi may have affected our observations. More research is needed to assess the effects of weaning on the development of the anaerobic fungal community in pre-weaning calves.




CONCLUSION

Our results show that the orally administered microbial inoculum successfully reached the rumen and induced changes in the microbial community structure during the pre-weaning period. However, the inoculum affected the different microbial groups differently: the bacteria and archaea communities matured more quickly than the control calves, and the inoculum improved the establishment of ciliate protozoa, whereas fungal colonization was poor and probably occurred later. Inoculation with adult rumen liquid stimulated weight gain and tended to improve solid feed intake in the T-group during the pre-weaning period. However, these differences between the groups could not be explained by the rumen fermentation parameters.
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Herbal tea residue (HTR) contains various medicinal and nutritional components and is a potential high-quality unconventional source of roughage. In this study, a total of 30 healthy Simmental crossbred finishing steers were equally divided into two groups: CN (fed with a basic diet) and RE (HTR partly replaced Pennisetum purpureum). HTR did not alter the growth performance of steers but increased the net meat rate, tenderness, and water-holding capacity and increased the moisture content and oleic acid and linoleic acid concentrations in longissimus dorsi. It altered muscle metabolic pathways and improved rumen fermentation by increasing the propionic acid concentration and propionic acid-to-acetic acid ratio. We studied the steers’ rumen microbial community composition and determined their correlation with the tested parameters. Certain rumen microorganisms were closely associated with muscle glucolipid metabolites and rumen NH3-N and volatile fatty acid levels. Our findings suggest that, as a functional roughage source, HTR improved to a certain extent the meat quality of steers by altering the rumen microbial composition and affecting the rumen fatty acid composition and muscle glucolipid metabolism.

Keywords: feed resources, herbal tea residue, muscle metabolism, microbial diversity, beef


INTRODUCTION

Herbal tea, one of the most unique beverages, is a specialty drink developed according to the climatic characteristics of Lingnan in south China (Li et al., 2017). Herbal tea is mainly prepared by decocting Chinese herbal medicines such as herbal jelly, honeysuckle, chrysanthemum, prunella vulgaris, buzha leaf, and licorice (Zhao et al., 2013) and contains various bioactive substances such as flavonoids, organic acids, polysaccharides, alkaloids, and volatile oils (Liu et al., 2011). These substances usually have antibacterial, anti-inflammatory, antioxidant, antiviral, and immune-enhancing medicinal effects (Cao et al., 2014), because of which herbal teas are favored by people in the subtropical region of China.

Herbal tea residue (HTR) is the natural byproduct of preparing herbal tea. With the continuously increasing annual consumption of herbal tea, a large quantity of HTR is produced (Yang and Cui, 2013). To date, the main treatment methods for HTR are landfill, incineration, and stacking (Suthar and Singh, 2011), which not only waste resources but also pollute the environment (Malkoc and Nuhoglu, 2006). It has been reported that HTR can be used as an adsorbent for heavy metal ions to reduce water pollution (Ahsan et al., 2018). HTR is also a high-quality compost material, which significantly improves the ecological characteristics of soil (Iqbal Khan et al., 2015). Moreover, HTR is essentially a type of Chinese herbal residue (CHR), which still contains a variety of nutrients and functional active substances similar to the raw materials and can be used as animal feed (Abdallah et al., 2019). A previous study suggested that adding 0.5% CHRs to duck diets improved the crude protein content and water-holding capacity of duck meat (Jin-Woo et al., 2017). Supplementation of poultry diets with 3% CHRs improved the nutritional value, sensory quality, and tenderness of meat while reducing the antioxidant status (Kim et al., 2014). Moreover, Chinese herbal feed improves the immune function of dairy cows under heat stress (Shan et al., 2018) and contributes to rumen fermentation and energy metabolism of sheep (Liang et al., 2013).

Many recent reports recommend using a small quantity of CHRs as a functional feed additive. As a type of CHR, HTR is not only rich in protein but also contains crude fiber and trace elements that ruminant require (Xie et al., 2020). Ruminants require approximately 17% dietary crude fiber content (Ding et al., 2020). We therefore hypothesized that HTR could be used as an unconventional feed material to improve growth performance and meat quality in ruminant. In this paper, the HTR was added to the diet of steers to investigate its effects on growth performance, meat quality, muscle metabolome, rumen fermentation and rumen microbial diversity.



MATERIALS AND METHODS


Animals, Experimental Design, and Treatments

This study was conducted at a large-scale steer farm in Guangxi, China. According to the principle of completely random allocation, 30 healthy Simmental crossbred steers (18 months old and approximately 480 kg per animal) were divided into two groups, namely CN group (fed with basic diet) and RE group (HTR partly replaced Pennisetum purpureum). Each experimental group included three replicates, and each replicate contained five animals. All steers were housed individually in an open cowshed at the same time. The basic composition and nutritional level of steer feed are shown in Table 1. The chemical composition of HTR was showed in Supplementary Table 1. In details, the HTR contained a high water content (75.10%) and the dry matter content was 24.90%. As a proportion of the dry matter content, the crude protein, crude fat, and ash contents were 13.10, 2.60, 6.69%, respectively. The acid detergent fiber and neutral detergent fiber were 39.8 and 54.3% (Zhuang et al., 2021). The experiment lasted for 67 days, including a 7-day pre-feeding period and a 60-day formal study period. During the experiment, the steers were fed regularly at 8 am and 5 pm, and water was available ad libitum throughout the experimental period. All animal procedures were approved by the Animal Care Committee at South China Agricultural University.


TABLE 1. Basic diet composition and nutrient level of finishing steers.
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Measurements and Sampling

The average daily feed intake (ADFI) was recorded once a week, and individual steers were weighed at the beginning and end of the experiment to determine initial weight and average daily gain (ADG). On the last day of the experiment, 200 mL of rumen fluid per individual was obtained from 15 steers in each group before the morning feeding. Whole ruminal samples were collected from steers with a suction strainer (19 mm diameter; 1.5 mm mesh for its filter) and strained through four layers of cheesecloth (Gilbreath et al., 2020). One aliquot (100 mL) was used to determine volatile fatty acids (VFAs) using high-performance liquid chromatography (Actlabs, Ancaster, ON, Canada). Another aliquot (100 mL) was used to extract total genomic DNA for sequencing of rumen microorganisms.

At the end of the experiment, the feed was detained for 12 hours and weighed, and all animals were slaughtered at the same time. Then the carcass weight, eye muscle area (EMA), net meat weight (the weight of muscle and fat in the carcass after bone has been removed), dressing percentage, and net meat percentage were recorded for each animal post slaughter. Dressing percentage is the ratio of carcass weight to live weight at slaughter. Net meat percentage refers to net meat weight as a percentage of carcass weight. After the carcasses were chilled for 45 min at 4°C, the meat color were measured. Following aging for 24 h at 4°C, longissimus dorsi (LD) samples were collected between the 9th and 13th ribs from the right side of the carcasses, of which one was stored at 4°C for subsequent physical analysis, and the other one was frozen for nutrient value analysis.



Meat Quality and Nutritional Composition

The meat color [lightness (L*), redness (a*), and yellowness (b*m)], water-holding capacity (drip loss and cooking loss) and tenderness (shear force) were analyzed. In detail, meat color (average of three randomly selected areas on the sample) was assessed using a Minolta Chroma Meter (CR-300, Dietikon, Switzerland), applying the L*, a*, and b* system (Razminowicz et al., 2006). Drip loss was determined as the weight loss after suspending meat samples (5 × 2 × 3 cm) at 4°C for 24 h. Meat samples in dry polyethylene bags were weighed and heated in a water bath at 85°C for 20 min and then cooled to room temperature (25°C) in running water. The cooked samples were dried and weighed again to calculate cooking loss, expressed as the percentage of uncooked sample weight (%). After measuring the cooking loss, the samples were stored for 24 h at 4°C. Subsequently, shear force was tested with a digital tenderness meter (C-LM3B, Tenovo, Beijing, China), and the average of nine replicates per sample was regarded as the final value (Sales et al., 2020). LD samples were also analyzed for moisture, dry matter, crude protein, crude fat, and ash according to Association of Official Analytical Chemists [AOAC] (2000). The fatty acid composition of frozen samples was measured by fatty acid methyl ester synthesis (O’Fallon et al., 2007). Amino acid levels were determined employing an automatic amino acid analyzer (L-8800; Hitachi, Tokyo, Japan) based on the method described by Yan et al. (2018).



Muscle Metabolome

Non-targeted muscle metabolomics analysis was performed by Novogene Biotechnology (Beijing, China) using LC-MS platform. Specifically, approximately 100 mg of frozen samples were ground and homogenized in 500 μL of 80% methanol containing 0.1% formic acid. The mixtures were kept in an ice bath for 5 min, and then centrifuged at 15,000 × g for 10 min at 4°C. After the content of methanol in the supernatant was diluted to 53%, the mixture was centrifuged again (15,000 × g for 10 min at 4°C). Then, the supernatant (200 μL) was transferred to an LC-MS sampling vial for LC-MS analysis. Raw data were filtered and aligned by parameter (retention time, mass-to-charge ratio, and peak intensity) selection of Compound Discoverer 3.1 software (Thermo Scientific). The processed data were used to annotate the metabolites using the KEGG, HMDB and LIPID MAPS databases. Moreover, the dataset of two groups was separated with partial least squares discriminant analysis (PLS-DA). The differentially expressed metabolites between two groups are illustrated with a volcano plot.



16S rRNA Gene Sequencing and Annotation Analysis of Rumen Microorganisms

Total genomic DNA was extracted from rumen fluid samples using the SDS method, and the integrity of the extracted DNA was assessed by 1% agarose gel electrophoresis (Black and Foarde, 2007). DNA concentration was determined using Qubit Fluorometer (Invitrogen, Carlsbad, CA). 16S rRNA genes were subsequently amplified using specific primers with barcode (Forward: 5′-GTGCCAGCMGCCGCGG-3′ and Reverse: 5′-GGACTACHVGGGTWTCTAAT-3′) targeting the variable regions V3–V4. The sequencing library was prepared using the gDNA samples using the Illumina TruSeq® DNA PCR-Free Sample Preparation Kit. Qubit and Real-Time PCR System were used to assess the quantity and quality of the sample library. Then, the library constructed was sequenced using NovaSeq6000 platform. Clean reads were obtained from the raw data by strict quality filtering and chimeric sequence removal (Haas et al., 2011). The effective tags of all samples were clustered, and the tags with over 97% similarity were regarded as one operational taxonomic unit (OTU) (Edgar, 2013). According to the Silva 132 database, a representative sequence for each OTU was screened for taxonomic identification based on the Mothur algorithm (Quast et al., 2013). To explore the phylogenetic relationship among different OTUs, multiple sequence alignment was performed using MUSCLE software (Version 3.8.31) (Yuan et al., 2018). All the data were normalized, and the least amount of data were considered as the standard. The subsequent alpha-diversity and beta-diversity analysis were based on the normalized data. Alpha-diversity analysis reflected the complexity and diversity of species for the samples, including the observed species, Simpson, Shannon, Chao1 and ACE indices. For beta-diversity analysis, principal coordinate analysis (PCoA) was performed to obtain the principal coordinates and visualize complex, multidimensional data. Non-metric multi-dimensional scaling (NMDS) was employed to visualize and compare the relationship of the rumen microbial community structure between the two groups. Unweighted pair group method with arithmetic means (UPGMA) clustering was conducted as a type of hierarchical clustering method to interpret the distance matrix using average linkage. Linear discriminant analysis effect size (LEfSe) method was employed to identify statistically significant biomarkers between groups.



Statistical Analysis

Growth performance, carcass characteristics, meat quality, meat nutrition level, and rumen VFA content were analyzed by the independent sample t-test using SPSS software 17.0 (IBM Corp., Armonk, NY, United States). The correlation analyses of rumen microbiota with the tested traits were performed using the function cor (x, y, use = “p”) and illustrated with function labeledHeatmap (Matrix, xLabels, yLabels) in the R package WGCNA (Langfelder and Horvath, 2008). The data were expressed as mean ± standard error of the mean (SEM), and statistical significance was established at P < 0.05.




RESULTS


Growth Performance and Carcass Characteristics

The growth performance and carcass characteristics between the two groups during the finishing phase are listed in Table 2. The growth performance parameters initial weight, live weight at slaughter, ADFI, and ADG did not differ between treatments (P > 0.05). The carcass weight, dressing percentage, net meat weight, and EMA were not significantly different between groups (P > 0.05), but the net meat rate was higher in the RE group than in the CN group (41.72 and 40.28%, respectively; P < 0.05).


TABLE 2. Effects of herbal tea residue feed on the growth performance and carcass characteristics of finishing steers.
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Meat Quality and Nutritional Composition

The LD quality traits are presented in Table 3. Compared with the CN group, the RE group showed a significantly lower drip loss (5.85% vs. 4.45%, P < 0.01), cooking loss (29.96% vs. 27.58%, P < 0.01) and shear force (65.26 N vs. 48.13 N, P < 0.01). For meat color-related parameters (L*, a*, and b*), the values of a* and b* were not significantly different between treatments, but the L* value of the RE group was higher than that of CN group (34.96 and 36.91, respectively). The crude protein and crude fat contents were significantly different between groups. However, the moisture content in the CN and RE groups was 3.30 and 4.69%, respectively, indicating a significant increase (P < 0.01) when Simmental steers were fed with diets containing HTR. The content of crude ash was lower in the RE group than in the CN group (0.038% vs. 0.044%, P < 0.05; Table 4). The amino acid composition in LD was not significantly different between groups (Supplementary Table 2). Regarding fatty acid composition (Table 5), the content of oleic acid (C18:1n9c) and linoleic acid (C18:2n6t) content accounted for 37.35% and 0.11% of fatty acids in the CN group and 39.74% and 0.18% of fatty acids in the RE group, respectively; their content in the RE group was significantly higher than that in the CN group (P < 0.05). Moreover, the ratio of ω-6/ω-3 fatty acids in the RE group was lower than that in the CN group (P = 0.06).


TABLE 3. Effects of herbal tea residue feed on the meat quality of finishing steers.

[image: Table 3]

TABLE 4. Effects of herbal tea residue feed on the basic nutritional composition of beef.
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TABLE 5. Effects of herbal tea residue feed on the fatty acid content of beef (g/100 g).
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Muscle Metabolome

A total of 774 metabolites were detected in the steer muscles, including 519 in the positive ionization mode and 255 in the negative ionization mode (Supplementary Tables 3A,B). The annotation results obtained using biological databases (KEGG, HMDB, LIPID MAPS) suggest that these metabolites were mainly involved in the metabolic pathways of lipid metabolism, carbohydrate metabolism, and amino acid metabolism (Figure 1 and Supplementary Figure 1). A total of 21, 6, and 38 metabolites in the positive ion mode were mainly involved in lipid, carbohydrate, and amino acid metabolism pathways, whereas 18, 11, and 19 metabolites in the negative ion mode were associated with lipid, carbohydrate, and amino acid metabolism (Supplementary Tables 3C,D). As shown in Supplementary Figure 2A (R2Y = 0.84, Q2Y = 0.56) and 2B (R2Y = 0.78, Q2Y = 0.39), the PLS-DA model revealed a clear separation between muscle metabolomes of steers fed with different diets. Supplementary Tables 3E,F summarize all the differential metabolites of the two groups in the positive and negative ion mode, as well as their query IDs, P-value, and fold change (FC). Based on FC threshold ≥ 2 (or ≤ 0.5) and a P-value < 0.05; 90 metabolites, including 30 upregulated and 32 downregulated metabolites in the positive ion mode and 19 upregulated and 9 downregulated metabolites in the negative ion mode, were significantly altered between the two groups (Figure 2). Moreover, we found that many differential metabolites were associated with glucose and lipid metabolism pathways. Phosphocholine, linolenic acid, and D-glucose 6-phosphate (G6p) showed significantly lower levels in the muscle in RE animals than in CN animals, whereas adenosine 5′-monophosphate (AMP), androstenedione, arachidonic acid (ARA), caprylic acid, cortisol, cortisone, docosahexaenoic acid (DHA), docosapentaenoic acid (DPA), D-glucarate, histamine, lauric acid, and progesterone showed significantly higher levels in RE animals (P < 0.05).
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FIGURE 1. Differential metabolite annotation statistics in the KEGG database in the positive ion mode (A) and the negative ion mode (B). The X-axis represents the number of metabolites, and the y-axis represents the KEGG term.
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FIGURE 2. Volcanic map of differential metabolites (positive ion mode on the left and negative ion mode on the right). The X-axis represents the expression multiple change (log2FoldChange) of metabolites in different groups; and the Y-axis represents the significance level of difference (–log10p-value). Each point in the volcanic map represents a metabolite; the significantly upregulated metabolites are represented by red dots, whereas the significantly downregulated metabolites are represented by green dots.




NH3-N and Volatile Fatty Acid Concentrations in Rumen Fluid

The rumen NH3-N and VFA concentrations are listed in Table 6. The concentration of propionic acid in the CN and RE groups was 8.40 and 10.38 mmol/L, respectively, with the RE group showing significantly higher levels than the CN group (P < 0.05). The ratio of propionic acid to acetic acid levels in the RE group was also significantly higher than that in the CN group (0.22 and 0.24, respectively; P < 0.05). However, there were no significant differences between the CN and RE groups in the concentrations of acetic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid (P > 0.05).


TABLE 6. Effects of herbal tea residue feed on the rumen fermentation parameters of finishing steers.
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16S rRNA Gene Sequencing and Annotation Analysis

The high-throughput sequencing analysis generated a total of 2,442,873 raw reads. On average, each sample yielded approximately 81,429 joined tags, and more than 61.09% of the total joined tags in each sample were processed for subsequent analysis after data filtering, quality control, and chimera removal (Supplementary Table 4A). A total of 3,184 OTUs were identified on the basis of 97% nucleotide sequence similarity; of these, 2,611 OTUs were found across all groups and defined as core OTUs. The number of unique OTUs in the CN and RE groups was 251 and 322, respectively (Figure 3A and Supplementary Table 4B). We annotated all these OTU tags to the Silva132 database and found that 92.09% of the sequences were assigned at the phylum level, whereas 89.42, 81.88, 71.39, 30.59, and 10.27% of the annotated OTUs were assigned at the class, order, family, genus, and species levels, respectively (Supplementary Table 4C). Phylogenetic analysis identified the top 10 phyla from the rumen of steers using the QIIME pipeline on the basis of the OTU annotation (Figures 3B,C). The dominant phyla in the rumen of steers were Bacteroidetes, Firmicutes, and Euryarchaeota, accounting for 43.95, 31.45, and 7.76%, respectively. And the Firmicutes to Bacteroidetes ratio increased from 0.72 in the CN group to 1.02 in the RE group (Supplementary Table 5A). At the genus level, a total of 301 classifiable genera were detected, and nine genera had a relative abundance greater than 1.0%, including Methanobrevibacter, Anaeroplasma, Bacteroidales, Mycoplasma, Candidatus Saccharimonas, Lachnospiraceae, Ruminococcaceae, Prevotellaceae, and Saccharofermentans. The most abundant genus in the rumen of Simmental steers was Methanobrevibacter (4.59%) (Supplementary Table 5B).
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FIGURE 3. Venn diagram representing the shared and exclusive OTUs at the 97% similarity level between rumen microbiota in the two groups (A). Bar plot shows the relative abundance of rumen microbiota at the phylum level in each group (B) and in each sample (C). OTUs, operational taxonomic units; CN, no herbal tea residue (control); RE, 50% HTR replaced Pennisetum purpureum.




Changes in Rumen Microorganisms

For the alpha-diversity analysis, we calculated the observed species index, Shannon, Simpson, Chao1, ACE, Good’s coverage, PD whole tree indices for each group. Although alpha diversity in RE groups tended to decrease compared with the control, these differences did not significantly affect species level microbial diversity (P > 0.05; Table 7). The results of the PCoA and NMDS analysis between the groups are shown in Figure 4A. The CN and RE samples were separated from each other, which reflects the effect of HTR on the rumen microbial community. The UPGMA clustering tree (Figure 4B) measured the similarity in microbial communities between groups according to the degree of their overlap and confirmed the significant structural separation of the rumen microflora between the two groups. The LEfSe analysis was used to identify the biomarkers between the two groups, and 18 differentially abundant taxonomic clades were found, with a Linear Discriminant Analysis (LDA) score higher than 4. The number of biomarkers at the kingdom, phylum, class, order, family, genus and species levels were 2, 4, 5, 3, 2, 1, and 1 respectively (Figure 5, left). A total of 11 taxa can be used as biomarkers for CN samples, including Archaea at the kingdom level, Bacteroidetes and Euryarchaeota at the phylum level, Bacteroidia and Methanobacteriales at the class level, Bacteroidales and Methanobacteriales at the order level, Methanobacteriaceae and Rikenellaceae at the family level, Methanobrevibacter at the genus level, and Bacteroidales-bacterium-Bact-22 at the species level. A total of seven taxa can be used as biomarkers for RE samples, including Bacteria at the kingdom level; Proteobacteria and Tenericutes at the phylum level; Mollicutes, Alphaproteobacteria, and Gammaproteobacteria at the class level, and Rickettsiales at the order level (Figure 5, right). A total of 23 genera displayed a significant difference in abundance between the CN and RE groups, including 3 upregulated and 20 downregulated genera (FDR < 0.05). Specifically, the abundance of Riemerella in the CN group and the abundance of Rikenellaceae, Anaerovorax, Desulfovibrio, Papillibacter, Succiniclasticum, Veillonellaceae, Acetitomaculum, Christensenellaceae, and Schwartzia in the RE group was significantly decreased (FDR < 0.01; Supplementary Table 5C).


TABLE 7. Effects of herbal tea residue feed on the alpha diversity indices for bacteria in the ruminal samples of finishing steers.
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FIGURE 4. (A) Principal coordinate analysis (PCoA) and non-metric multi-dimensional scaling (NMDS). (B) Unweighted pair group method with arithmetic means (UPGMA) cluster tree based on binary Jaccard distance. (A) The PCoA was based on the unweighted UniFrac distance, and the NMDS analysis was based on the Bray–Curtis distance. Each point in the figure represents a sample, and the samples in the same group are represented by the same color. (B) On the left is the UPGMA cluster tree structure of each sample at the OUT level, and on the right is the relative abundance distribution map of each sample at the phylum level. CN, no herbal tea residues; RE, 50% HTR replaced Pennisetum purpureum.
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FIGURE 5. Comparison of the classification of rumen microbiota between two groups by linear discriminant analysis effect size (LefSe) method. The LDA value distribution histogram (left) shows the species with significant differences in abundance in the two groups, and the length of the histogram represents the impact of different species. In the taxonomic cladogram (right), the circles radiating from the inside to the outside represent the classification level from phylum to species. Taxa with enriched levels in CN are shown in red, whereas those with enriched levels in RE are shown in green. The species names indicated by the letters in the picture are shown in the legend on the right.




Correlation of Rumen Microbiota Abundance With Volatile Fatty Acid and NH3-N Concentration

Pearson correlation analysis was performed to further identify the relationship between the relative abundance of differential bacterial genera identified by 16S rRNA sequencing with rumen VFA and NH3-N concentration (Supplementary Figure 3). The concentration of acetic acid, propionic acid, and butyric acid correlated negatively with the relative abundance of Riemerella (P = 0.01, P = 0.03, and P = 0.03, respectively) and Moraxella (P = 0.01, P = 0.03, and P = 0.04, respectively). The concentration of propionic acid was negatively correlated with the relative abundance of Marvinbryantia (P = 0.03). The concentration of isovaleric acid, valeric acid, and NH3-N showed a significant positive correlation with the relative abundance of Veillonellaceae (P = 0.03, P = 0.05, and P = 0.02, respectively), Olsenella (P = 0.008, P = 0.01, and P = 0.009, respectively) and Schwartzia (P = 0.01, P = 0.002, and P = 0.02, respectively). Additionally, the concentration of isobutyric acid was most highly correlated with the relative abundance of Olsenella (P = 0.002).



Correlation Between Rumen Microbiota and Muscle Glycolipid Metabolites

We also performed a correlation analysis between differential rumen microorganisms with muscle differential glucolipid metabolites (Figure 6). The concentration of caprylic acid, DHA, DPA, glucarate, and lauric acid displayed a strong and positive correlation with relative abundance of Moraxella and Riemerella, respectively (P < 0.01). The concentration of linolenic acid showed a positive correlation with the relative abundance of Acetitomaculum, Anaerovibrio, Anaerovorax, Blautia, Desulfovibrio, Howardella, Papillibacter, Schwartzia, Veillonellaceae (P < 0.01) and a negative correlation with the relative abundance of Riemerella (P = 0.01). The concentration of phosphocholine was positively related to the bacterial abundance of Anaerovibrio, Desulfovibrio, Olsenella, Papillibacter, Rikenellaceae, Schwartzia, and Veillonellaceae (P < 0.01). In addition, the concentration of G6P correlated strongly and positively with the relative abundance of Schwartzia and Succiniclasticum (P < 0.01).
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FIGURE 6. Correlation analysis of rumen microorganisms with beef glycolipid metabolite concentrations. Each cell contains the corresponding correlation and P-value. The table is color-coded by correlation according to the color legend. AMP, adenosine monophosphate; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; G6P, glucose-6-phosphate.





DISCUSSION

HTR still retain a considerable proportion of the nutrients and bioactive compounds, which has the potential to be used as an unconventional feed resource for ruminant (Xie et al., 2020). The results of the study showed that the HTR as a part of the diet has no adverse effects on the growth performance of finishing steers, and this is in accordance with our early reports of Zhuang et al. (2021). In this study, HTR had no significant effect on carcass weight, dressing percentage and EMA of finishing steers, but significantly improved the net meat percentage. This could be the ample nutrients and active ingredients in HTR to improve the fattening degree of finishing steers (Brscic et al., 2014). Meat quality is an important economic trait of bovine husbandry. Tenderness, water-holding capacity, and color are the vital but highly variable attributes of beef quality (Modzelewska-Kapituła et al., 2018). In the present study, the meat drip loss, cooking loss, and shear force were significantly lower in the RE group than in the CN group. This finding is consistent with the findings reported by Ding et al. (2020), who showed that tea residues increased moisture content and tenderness in pork. The increase in the L * value in RE group was associated with the high moisture content of beef (Barahona et al., 2016). According to our findings, HTR could improve the meat quality of finishing steers to a certain extent.

Regarding the muscle nutrient composition, the content of C18:1n9c and C18:2n6t was higher, and the ω-6/ω-3 ratio was slightly lower when the steers were fed with HTR. C18:1n9c, a monounsaturated fatty acid, can regulate blood lipids and lowers cholesterol (Sales-Campos et al., 2013). C18:2n6t, a type of trans-fatty acid produced by ruminants, has a potential protective effect against the development of coronary heart diseases (Salter, 2013). Moreover, a low ω-6/ω-3 ratio in beef is more beneficial for human health as it decreases the risk of heart disease and cancer (Kang, 2004). Ahmed et al. (2016) reported that Chinese herbal medicine feed additive improved the nutritional value of pork by decreasing the ω-6/ω-3 value. Thus, the findings suggest that the beef of the experimental group is more appropriate for human diet.

In this study, HTR did not affect within-sample diversity (species richness and evenness), however, the composition and structure of the rumen microbial community were influenced by HTR. In steers fed with HTR, the abundance of Bacteroidetes markedly decreased, whereas the abundance of Firmicutes markedly increased, and it became the most abundant phylum. In humans and mice, an increase in the Firmicutes-to-Bacteroidetes ratio has been correlated with fat deposition in tissues (Ley et al., 2006; Turnbaugh et al., 2006). In our study, the crude fat content of muscle did show an upward trend with an increasing Firmicutes-to-Bacteroidetes ratio. The abundance of the genera Veillonellaceae, Schwartzia, and Olsenella decreased in the rumen of Simmental steers fed with HTR. Notably, these genera showed a strong positive correlation with isobutyric acid, valeric acid, and isovaleric acid concentrations. Compared with CN group, isobutyric acid, valeric acid, and isovaleric acid concentrations presented a decreasing trend in the RE group. This finding is consistent with previous findings that these bacteria were positively correlated with rumen VFAs (Kong et al., 2019; Li et al., 2019; Wang et al., 2021). Genus Marvinbryantia was also downregulated in the RE group compared with the CN group. The relative abundance of Marvinbryantia correlated negatively with the concentrations of propionic acid. Wang et al. (2018) reported that Marvinbryantia was an inflammatory bacterium and was negatively correlated with VFA concentration. These findings suggest that HTR reduces the proliferation of inflammatory bacteria. An increase in propionic acid and propionic acid-to-acetic acid ratio was observed in this study, which is often observed as a result of enhanced digestion of fiber and the proliferation of microorganisms in the rumen and may induce changes in metabolic pathways and better rumen fermentation (Christensen et al., 2015). This finding is in agreement with the findings reported by Zhu et al. (2018) and Liang et al. (2019), who suggested that Chinese herbal mixture feed additives improved rumen fermentation, mainly by increasing the concentration of propionic acid and the ratio of propionic acid to acetic acid. Notably, propionate is the main source of glucose for ruminants (den Besten et al., 2013), which may explain the improved carcass characteristics, especially net meat percentage, observed in the RE group in the present study.

Metabolomics analysis showed that the levels of D-glucarate, caprylic acid, lauric acid, DHA, and DPA were higher in the RE group. D-glucarate is oxidized to D-glycerate by glucose oxidase. D-glycerate is a crucial component of pentose phosphate pathway (PPP), which is involved in the first step of glucose metabolism in the glycolysis branch (Stincone et al., 2015). Medium-chain fatty acids (e.g., caprylic acid and lauric acid) are known to contribute to better beef flavor and odor and improve cholesterol levels (Wilson et al., 2006). DHA and DPA are the most bioactive of ω-3 polyunsaturated fatty acids (PUFAs) and play vital roles in decreasing the hepatic triglyceride content (Pirillo and Catapano, 2013), and PUFAs are known to be beneficial for human health (Russo, 2009). This is consistent with our results of the fatty acid analysis, which showed a reduction in the ω-6: ω-3 ratio. Remarkably, the abundance of Moraxella and Riemerella increased in the rumen of Simmental steers fed HTR, and the abundance of these bacteria was positively correlated with the levels of D-glucarate, caprylic acid, lauric acid, DHA, and DPA. Currently, there is no information on specific associations between these bacteria and the above muscle metabolites. In addition, the concentration of G6P correlated strongly and positively with the relative abundance of Succiniclasticum, which includes starch-degrading bacteria that degrade dietary starch (Fernando et al., 2010; Huws et al., 2016). The abundance of Anaerovibrio and Papillibacter correlated positively with the concentration of linolenic acid. Anaerovibrio participates in the breakdown of fats and sugars (Ouattara et al., 1992; Mannelli et al., 2018). Papillibacter belongs to the Ruminococcaceae family; members of the Ruminococcaceae family are essential for cellulose degradation (Krause et al., 2003). The specific association of Anaerovibrio and Papillibacter with linolenic acid remains unclear and requires an in-depth investigation in the future. The present findings suggest that HTR improves muscle glucolipid metabolism and rumen fermentation by altering the microbial community composition. However, more systematic studies should be included to reveal the biological associations.



CONCLUSION

The present study showed that HTR improved meat quality to a certain extent, influenced the muscle metabolic pathways, and altered the rumen VFA concentration and rumen microbial community composition in Simmental crossbred finishing steers. Moreover, the bacteria were closely associated with muscle glucolipid metabolites and rumen VFA levels of the steers. Our findings suggest that, as a functional roughage, HTR improves the meat quality of steers mainly by altering rumen microbial populations and then affecting rumen fatty acid composition and muscle glucolipid metabolism.
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Performance, Rumen Microbial Community and Immune Status of Goat Kids Fed Leucaena leucocephala Post-weaning as Affected by Prenatal and Early Life Nutritional Interventions
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Leucaena leucocephala represents a local protein source in tropical ruminant diets. However, its full exploitation is impaired by mimosine, unless it is degraded by the rumen microbial community. Recently, the ruminal bacterial communities of newborns were persistently modified through prenatal or postnatal dietary interventions. Such early-life interventions might enhance adaptation of ruminants to Leucaena leucocephala, which was investigated using a 2 × 2 factorial design trial that tested both supplementation of L. leucocephala in the late pregnancy diet of goat does, and supplementation of live yeast to their newborns. The composition of ruminal bacteria, immune status, as well as organic matter digestibility (OMD) and performance of kids were studied during and after the intervention. Ten pregnant goats were divided into two groups: the D+ and D– groups, which either received or did not receive 30 g of L. leucocephala forage meal during the last 7 ± 0.5 weeks of gestation. Twins from each goat were divided into the K+ and K– group (supplemented with or without 0.2 g/d of live yeast from day 3 until weaning at 8 weeks). Rumen samples were collected from 4-, 8-, 14-, and 20-weeks old kids to assess the bacterial community, while immune parameters (white blood cells, immunoglobulin M and G, and chitotriosidase activity) were measured in blood and saliva sampled at 4-, 8-, and 20-weeks. We found a stimulatory effect of the prenatal exposure on the post-weaning dry matter intake of the L. leucocephala supplemented diet, resulting in a higher daily gain and final body weight at 20 weeks in the D+ vs. D– group (406 vs. 370 g DM/d, 85.4 vs. 78.6 g/d, and 15.2 vs. 13.8 kg, respectively). Moreover, Ruminococcus represented a greater proportion of the rumen bacterial community of the D+ vs. D– kids (5.1 vs. 1.6%). Differences in the immune status were relatively small and not thought to be a driving factor of differences in animal performance. Furthermore, postnatal supplementation of live yeast favored maturation of the rumen bacterial community (i.e., greater abundance of Bacteroidetes, in particular Prevotella, and reduced abundance of Firmicutes) and protozoa colonization. Concomitantly, OMD was enhanced post-weaning, suggesting effects of the early-life intervention persisted and could have affected animal performance.

Keywords: goat kids, early life intervention, bacterial community, immune status, performance, digestibility


INTRODUCTION

Due to the increasing demand for animal-derived food and the restricted availability of good quality forage and concentrates, there is a need to find cheap and readily available alternative feed sources to support livestock production in tropical countries (Kim et al., 2019). Protein-rich leaves from legume trees are such feed resources (Aye and Adegun, 2013) with Leucaena leucocephala as one of the highly productive, palatable, and most widely used legumes in tropical agropastoral systems (Vega et al., 2016; Ahmed et al., 2018). Nevertheless, L. leucocephala contains toxic secondary metabolites, i.e., L-mimosine [(S)-α-Amino-β-[1-(3-hydroxy-4-oxopyridine)] propionic acid] and its digestive intermediates (isomers of hydroxypyridone; 2,3 and 3,4-DHP). The toxicity of these plant secondary metabolites could be alleviated through degradation by rumen microbes (Akingbade et al., 2001; Angarita et al., 2015). Indeed, in several studies, performed in tropical countries, the rumen microbial community of ruminants fed L. leucocephala contained some DHP degrading bacteria such as Synergistes jonesii (Allison et al., 1990), Streptococcus lutetiensis, Clostridium butyricum, and Lactobacillus vitulinus (Dominguez-Bello and Stewart, 1991; Derakhshani et al., 2016). Recently, own research (unpublished data) also showed that in vitro degradation of L. leucocephala forage meal as well as L-mimosine itself was highly influenced by the origin of the inoculum and was more extensive with inoculum from Cuban goats compared to Belgian sheep.

The transinoculation of a DHP-degrading rumen inoculum from Leucaena-adapted animals to non-adapted animals contributed to the detoxification of L-mimosine and its intermediates in non-adapted animals (Jones and Megarrity, 1986; Akingbade et al., 2001). However, in other research transinoculation did not show any effect on the detoxification of L-mimosine (Vaithiyanathan et al., 2005) or the detoxification effect was lost after a relatively short period with L. leucocephala-free diets (Graham et al., 2013). This may be due to the fact that the rumen microbiome of adult ruminants is difficult to manipulate due to the resistance of the indigenous microflora against the colonization of foreign bacterial strains (Weimer et al., 2010). In contrast, the proliferating microbial community in the rumen of young ruminants seems more moldable and several studies showed short and medium-term persistency of early life microbial manipulation (Yanez-Ruiz et al., 2010; Belanche et al., 2020). In this respect, active yeasts, used as feed additives in young ruminants, improved rumen microbial activity and particularly stimulated the growth and activity of fiber-degrading bacteria (Chaucheyras-Durand et al., 2008). Indeed, yeast supplementation as probiotic was shown to create favorable conditions allowing the earlier establishment of cellulolytic bacteria and ciliate protozoa in the rumen of newborn lambs (Chaucheyras-Durand and Fonty, 2002).

Moreover, the early-life interest has been extended to prenatal modulation of the microbial community through maternal feeding during the gestation period (Faubladier et al., 2013; Codagnone et al., 2019; Xiong et al., 2019). In ruminants, only a few studies investigated the effect of a prenatal treatment on the developing microbiome of the offspring (De Barbieri et al., 2015a,b). Nevertheless in these studies the offspring was raised with their mother during the lactation period, which compromised the separation of the prenatal effects from the mother’s influence during lactation. In addition, enhanced post-weaning intake of Chromolaena odorata by goat kids has been related to an in utero exposure period with maternal ingestion of C. odorata (Hai et al., 2013).

In the current study, we hypothesized that the use of L. leucocephala, fed after weaning, would be optimized by either or both a prenatal and postnatal treatment. The prenatal treatment included the dietary supply of L. leucocephala to mother goats during late pregnancy whereas live yeast supplementation until weaning was tested as postnatal treatment. The objective of this study was to assess their effects on feed intake and growth of the kids as well as on the composition of the ruminal bacterial community and their immune status during their development from 4 to 20 weeks. We also determined apparent digestibility at the age of 20 weeks.



MATERIALS AND METHODS

The experiment was in accordance with the recommendations of the Ethical Committee of the Faculty of Veterinary Medicine, Ghent University, Belgium (approval number EC2015/12) for a similar experiment conducted at the Laboratory of Animal Nutrition and Animal Product Quality of Ghent University. The current experiment was conducted in the Laboratory of Animal Nutrition and the Veterinary Clinic, Facultad de Ciencias Agropecuarias at Universidad Central “Marta Abreu” de Las Villas (UCLV), Cuba.


Animals, Treatments and Experimental Design


Prenatal Treatment

Ten pregnant goats (35 ± 5 kg BW) with twin pregnancies were selected from a commercial farm (total of 60 goats), where does conceived by natural mating. Twin pregnancies were identified ultrasonically 2 months after mating. The ten goats were randomly allocated to two experimental groups (D+: L. leucocephala [LL] supplemented group, and D–: Control group) during the last 7 ± 0.5 weeks of gestation (Figure 1). Each group was housed in separate stables with individual pens (1.0 × 1.5 m; width × length with ad libitum access to water). Despite their individual housing, goats had visual contact. Feed was offered twice a day, with diets consisting of 2.0 kg DM/head/day of star grass (Cynodon nlemfuensis) hay, and 0.369 ± 0.03 kg DM/head/day of concentrate (Supplementary Table S1). The forage meal of L. leucocephala was offered only to the D+ group.
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FIGURE 1. Experimental design and sampling and data collection schedule of goat kids. D+, L. leucocephala [LL] supplemented group of does; D–, control group of does; K+, kids treated with yeast; K–, untreated kids. Four experimental groups; D+K+, yeast supplemented kids from LL supplemented group of does; D–K+, yeast supplemented kids from Control group of does; D+K–, non-supplemented kids from LL supplemented group of does; and D–K–, non supplemented kids from Control group of does.


The L. leucocephala cv. Cunningham used to prepare the forage meal was grown on the dairy farm “Tres Caminos” (22°25′22.9″ N, 80°03′13″ W) at the “Desembarco del Granma” cooperative, located in the Santa Clara municipality, central region of Cuba. The average precipitation, temperature and relative humidity during the cropping period were 47.5 ± 42.13 mm, 26.3 ± 2.02°C and 82.5 ± 4.19%, respectively. The legume forage was harvested freshly from young branches around noon, at the end of the rainy season (between the 3rd and 27th October 2018). The material selected for this research (a pool of leaves without branches) was dried in a furnace at 65°C for three days, then chopped to a particle size of 0.1 cm and stored in a dry area until use.



Postnatal Treatment

After birth, kids (twins) were separated from their mother immediately after the first intake of colostrum (first day), and were divided into two groups which were provided with milk replacer (125 g/L, Kalvowin, Polmass S.A., Poland [Supplementary Table S2]) twice a day until weaning (8 weeks of age). All kids had ad libitum access to water. One group of kids received 0.2 g of yeast (Yea Sac® I-1026 [2 × 109 CFU/g live Saccharomyces cerevisiae], Alltech, Deinze, Belgium) per head from day 3 until weaning [K+] and the other group did not receive yeast [K–]. This resulted in four experimental groups: D+K+, D+K–, D–K+ and D–K– (n = 5) as illustrated in Figure 1. The determination of the number of goat kids required for this experiment was based on former experiments studying persistency of early life treatments and a sample size per treatment of 4 (e.g., Wang et al., 2017), 5 (e.g., Hai et al., 2013; Wang X. et al., 2019), 8 (e.g., Abecia et al., 2018; Zhang et al., 2019), up to 10 animals (e.g., Debruyne et al., 2018). To determine the minimum sample size, a power analysis was performed using GPower version 3.1.9.7 (Supplementary Table S3). Finally, a sample size of 4–7 per treatment group was calculated to be required for a power of 80% and a type I error α of 0.05. The yeast product (small dry pellets exclusively containing yeast cells) was suspended in 10 mL of saline solution (LABIOFAM SA, Cuba) and was introduced to the rumen of the K+ kids daily before milk feeding using an esophageal tube connected to a syringe (Chaucheyras-Durand and Fonty, 2002). One kid from each of the D–K+ and D–K– groups died during the first 4 weeks of life (esophageal groove dysfunction and ruminal bloat). These deaths were not related to the experimental conditions or treatments. Furthermore, data from one kid of the D–K– group at 4-weeks of age were removed due to clinical signs of digestive disorders around the time of sampling. These problems lasted shortly and the kid recovered well afterward. Accordingly, data of the later time points were maintained in the dataset.

From day 22 until weaning (8 weeks), kids were offered star grass hay ad libitum and a Lacto pre-starter (50–200 g/kid; RALTEC TC-01, Serveram S.L., Barcelona, Spain [Supplementary Table S2]). After weaning, all kids received star grass hay [2/3 of the offered dietary DM] and forage meal of L. leucocephala [supplying 30% of the CP requirements] mixed with commercial concentrate. Feed was provided twice a day (at 8:00 and 17:00) according to the kids’ nutritive requirements (Kearl, 1982). Adjustments were made biweekly, after determining body weight before the morning feeding. Feed refusals was collected just prior to the distribution of the next feeding. The refused feed were collected and dried in an oven at 65°C for 72 h, pooled by animal/day, ground and sieved through a 1 mm screen, and stored until analysis. Average daily gain was calculated by the difference between the final and initial body weight divided by the number of days in the corresponding period. Dry matter intake (DMI) was measured daily by weighing the feed offered and refused, and the feed conversion efficiency (FCE) was calculated by the feed intake divided by the body weight gain in the same period.



Sampling of Ruminal Content, Saliva, Blood, and Colostrum

Ruminal contents were sampled at 4, 8, 14, and 20 weeks of age before the morning feeding, using an esophageal tube. The collected rumen fluid (2 mL) was immediately snap frozen in liquid nitrogen and stored at −80°C for microbial analysis. Saliva and blood were sampled before the morning feeding at 4, 8, and 20 weeks of age (Figure 1). Saliva was collected immediately before blood sampling by using a forcep and a small piece of absorbing sponge. The sponge was held into the kids’ mouth for 1 min to stimulate saliva production. Saliva was removed from the sponge by squeezing into a 10 mL pipet tip placed into the collection tube, and aliquots of approximately 100 μL were stored at −20°C. Blood samples of does (at kidding) and their kids (at 4, 8, and 20 weeks of age) were taken from jugular vein puncture in 20 mL assay tubes with and without anticoagulant (10% EDTA; 100 μL/mL of blood; Sigma-Aldrich, Diegem, Belgium). White blood cells (WBC) were counted using the Neubauer chamber under a binocular microscope (NOVEL, NOV-XSZ-107T, Beijing, China). Afterward, the leftover blood was centrifuged at 1500 × g for 5 min at room temperature to obtain plasma. Blood samples without anticoagulant (10 mL) were stored overnight at 4°C and centrifuged at 1500 × g for 10 min at room temperature to obtain serum. Serum aliquots of 2 mL were stored at −20°C. Colostrum (20 mL) was collected during the first hour after delivery and stored at −20°C. Due to the high viscosity of colostrum, removal of casein was required prior to the immunoglobulin determination by ELISA (Alves et al., 2015). For this, frozen samples of colostrum were thawed slowly in an ice bath and centrifuged at 490 × g for 1 h at 4°C to precipitate casein. The supernatant was diluted in a 0.15 M NaCl solution (pH 4.6) up to its original volume and kept overnight at 4°C. Then, the samples were centrifuged at 11,000 × g for 15 min at 4°C, and the supernatant (containing antibodies) was aliquoted and stored at −20°C in 2 mL polyethylene tubes.




Bacterial Community Analyses


DNA Extraction

Total genomic DNA was extracted by repeated bead beating (Mini-Bead-beater 8, BioSpec Inc., Bartlesville, United Kingdom) plus column purification method (Yu and Morrison, 2004). The yield and quality of extracted DNA was determined using a NanoDrop spectrophotometer (VWR International BVBA, Leuven, Belgium). Extracted DNA was used for bacterial 16S rRNA gene amplicon sequencing and quantitative real time PCR (qPCR).

For amplicon sequencing, extracted gDNA was submitted to Macrogen Sequencing Service (Macrogen, Seoul, South Korea) for library preparation and bacterial 16S rRNA gene amplicon sequencing (V3–V4 region, primers: 344F and 806R; Klindworth et al., 2013). Preparation of the amplicons barcoded library was based on the Illumina 16S metagenomic sequencing library preparation protocol1 and the sequencing was performed using Illumina MiSeq V3-technology (2 × 300 bp).



Bacterial 16S rRNA Gene Amplicon Sequencing: Pipeline and Data Treatment

The amplicon sequencing dataset was demultiplexed and barcodes were clipped off by the sequence provider. Reads were processed and analyzed using the Quantitative Insights into Microbial Ecology (QIIME1) bioinformatics pipeline version 1.9.1 (Caporaso et al., 2010b). Forward and reverse reads were merged using the fastq-join method (Aronesty, 2011), after which primer removal and quality filtering was performed using QIIME1. The subsequent analysis, picking Operational Taxonomic Units (OTU), assigning taxonomy, inferring phylogeny and creating OTU tables, were also performed by QIIME1. The sequences were clustered into OTU using the open-reference OTU picking workflow with a 97% similarity threshold using UCLUST, and chimeras were removed using UCHIME (Edgar, 2010). Representative OTU sequences were aligned to the Greengenes 97% core OTU set (v13_8; DeSantis et al., 2006), with a minimum percent identity of 97% using the PyNast algorithm (Caporaso et al., 2010a) with QIIME1 default parameters. Quality filtering resulted in an average 66 699 ± 11 067 reads per sample. Rarefaction analyses were performed using QIIME1, which indicated that the sequencing depth is enough to analyze the bacterial communities in all samples (data not shown). Both alpha diversity (Chao 1, PD whole tree, observed OTU, Shannon index, and dominance) and beta diversity (based on Bray–Curtis dissimilarity; Bray and Curtis, 1957) indices were determined using QIIME1. The principal coordinate (PCoA) plots were generated from Bray Curtis dissimilarity matrices, and the non-parametric permutational MANOVA-based statistical test ANOSIM and ADONIS were used to determine differences in overall microbial community between treatments. To analyze the differences in taxa abundance between treatments, a first screening was performed using Kruskal–Wallis test in QIIME1 (Caporaso et al., 2010b). Taxa that showed differences between treatment were further analyzed using a non-parametric factorial ANOVA approach using art function in ARTool R package version 0.10.7 (Wobbrock et al., 2011). Core successional microbes were generated using the QIIME software package with a script core_diversity_analyses.py. Sequence data have been deposited in the National Center for Biotechnology Information (NCBI) database under accession number PRJNA757729.



Quantification of Major Microbial Groups (Quantitative Real Time PCR)

The abundance of the 16S rRNA gene of total bacteria, Ruminococcus flavefaciens, Ruminococcus albus, Fibrobacter succinogenes, Selenomonas ruminantium, and Synergistes jonesii, 5.8S rRNA gene of anaerobic fungi (Neocallimastigales), and 18S rRNA gene of protozoa were quantified by qPCR. The primers used for the qPCR are given in Supplementary Table S4.

The qPCR reactions were assayed in a 12.5 μL reaction mixture containing 6.25 μL of Maxima® SYBR Green/ROX qPCR Master Mix (2X) (ThermoFischer Scientific, Waltham, MA, United States), 1 μL of primer mixture containing 0.5 μM of each primer, DNA (20 ng) and molecular water. Amplification of each target group was carried out in a two-step cycling protocol (StepOne™ Real Time PCR System, Applied Biosystems, CA, United States) with the following program: initial denaturation at 95°C for 10 min, 35 cycles at 95°C for 15 s (denaturation), 60°C for 1 min (annealing/extension). The melting curve was built by measuring the fluorescence emissions with increased temperature from 60 to 95°C with ramps of 0.5°C every 15 s. Duplicate qPCR quantification was performed on 20 ng of extracted DNA. A plasmid containing a single copy of the targeted gene of each microorganism was used as qPCR standards for each target. The copy numbers in the standards were calculated based on the DNA concentrations determined by the NanoDrop. External standards were prepared and used in every qPCR run to enumerate the gene copies in the samples. The absolute quantity of each group of microorganisms was calculated using the respective standards and expressed as corresponding gene copies/mL of sample (Staroscik, 2004).



Colostrum, and Plasma Chitotriosidase Activity

Colostrum and plasma chitotriosidase (ChT) activity was measured as described by Arguello et al. (2008). Briefly, 1 μL of sample (either colostrum or plasma) was incubated with 100 μL of 22 mM artificial ChT substrate (4-methylumbelliferyl-D-N, N′, N″ triacetylchitotriose, Sigma-Aldrich) in 0.5 M citrate phosphate buffer (pH 5.2) for 15 min at 37°C. The reaction was stopped by 5 mL of 0.5 M Na2CO3-NaHCO3 buffer (pH 10.7). Fluorescence was measured at 365 nm excitation and 450 nm emission (Fluorimeter Infinite 200, Tecan, Switzerland). The ChT activity was quantified as nanomoles of substrate hydrolyzed per milliliter (U/mL) (Moreno-Indias et al., 2012). Each sample was tested in triplicate and a valid result was considered when the standard deviation was less than 10% of the average.



Immunoglobulin M and Immunoglobulin G Concentrations in Saliva and Serum of Kids, and in Colostrum

Immunoglobulin M (IgM) and immunoglobulin G (IgG) were quantified as mg/mL of sample using commercial ELISA kits (Life Diagnostic Inc., West Chester, PA, United States). Pilot tests were performed with samples of each experimental condition to determine a suitable sample dilution fitting within the kit’s quantitation interval. For IgM quantitation, serum, saliva and colostrum were diluted at 1:25000, 1:500, and 1:25000, respectively. For IgG quantitation the dilutions were 1:150000, 1:2000, and 1:450000 for serum, saliva, and colostrum, respectively. Samples were individually tested in triplicate by measuring the optical density at 450 nm in microplate reader Infinite 200 (Tecan, Switzerland). A valid result was considered when the standard deviation was less than 10% of the average.



In vivo Assays to Assess the Feed Digestibility

The apparent dry matter (DM) and organic matter (OM) digestibility was assessed in vivo according to the recommendations of Azevedo et al. (2014). Briefly, three kids from each group were allocated in metabolic cages for 8 days at 20 weeks of age (3 days of adaptation). Animals were fed as described in the post-natal treatment section. All animals had free access to water. Feed refusals were collected just prior to the distribution of the next feeding. Feces were collected daily at 08:00 h from the fecal bags attached to the cage and weighed. Prior to the feces collection, kids were removed from the metabolic cages, which were cleaned completely. Urine and feces were separated and contact was avoided through a urine device collector (Lima et al., 2011). The refused feed and feces were collected and dried in an oven at 65°C for 72 h, pooled by animal/day, ground and sieved through a 1 mm screen, and stored until analysis.

Intake was calculated by difference between feed offered and feed refusal. Dry Matter Digestibility (DMD) and Digestible Organic Matter in DM (DOMD) were calculated based on Briceño-Poot et al. (2012).




Statistical Analysis

A non-parametric factorial ANOVA approach using the art function in the ARTool R package version 0.10.7 (Wobbrock et al., 2011) in the R statistical computing environment (version 3.6.1) was used for the analysis of the data obtained. Prenatal treatment, postnatal treatment and their interaction were used as fixed effects, and mother’s identity (kids delivered by the same doe) was used as random factor. The BH procedure (Benjamini and Hochberg, 1995) was used for multiple comparisons and treatment effects were declared significant at P < 0.05 and a trend toward significance at 0.05 ≤ P < 0.10. In addition, Spearman Rank non-parametric correlation was performed to check the correlation between different taxa (at genus level) and the average daily gain [ADG], and FCE using SPSS 21.0 (SPSS, 2012).




RESULTS


Age Is the Major Determinant of Variation in Rumen Bacterial Community Composition, Animal Performance and Immune Status

Diversity in the ruminal bacterial community structure of goat kids generally increased until 14 weeks of age, while dominance decreased (Supplementary Table S5). When all samples were visualized using a PCoA plot at bacterial OTU level, samples clustered based on the age of the kids (Supplementary Figure S1). Samples of 14-week and 20-week-old goat kids clustered together, and this cluster was away from the samples of the younger kids along PC1, which explained 35% of the variation. Bacterial OTU of 4- and 8-weeks-old kids clustered separately from each other along the PC2 axis, which only explained 8% of the variation. Particularly, samples from 8-weeks-old kids were very diverse, with some clustering separately from samples of 4-weeks-old kids while others were not separated.

In total, 12 bacterial phyla were identified across the four age groups, with Bacteroidetes and Firmicutes being the dominant phyla, irrespective of age (Figure 2). The relative abundance of the phylum Firmicutes was higher (P < 0.05) at the age of 4 and 8 weeks compared with 14 and 20 weeks, mainly due to the increased relative abundance of the genera Solibacillus, Bacillus, Uncul_Bacillaceae and Uncul_Ruminococcaceae at younger age, while Uncul_Lachnospiraceae were relatively more abundant in older kids. The relative abundance of the phylum Bacteroidetes remained similar at 4 and 8 weeks of age, but became more important (P < 0.05) at 14 and 20 weeks of age, mainly due to the increased relative abundance of the genus Prevotella and uncultured Bacteroidales.
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FIGURE 2. Relative abundance of rumen bacteria (%) in goat kids at phyla (A) and genus (B) level (relative abundance >1%) of goat kids at 4, 8, 14, and 20 weeks of age. Genera presented in the legend in blue or red font, indicate higher abundance at older or younger ages, respectively. Although the genera Solibacillus, Bacillus, Uncul_Bacillaceae were significantly higher in weeks 4 and 8 compared to weeks 14 and 20, this could not be visualized in weeks 14 and 20 due to too limited abundance.


The gene copy numbers of total bacteria, Neocallimastigales (fungi), protozoa, and specific bacteria were significantly influenced by age (Supplementary Table S6). Virtually, no protozoa were present in the rumen fluid of kids at 4 and 8 weeks of age, irrespective of the experimental treatment. The 16S rRNA gene copy number of total bacteria increased (P < 0.05) after weaning (14 and 20 weeks) compared with 4 and 8 weeks. The copy numbers of Neocallimastigales remained similar at 4 and 8 weeks, decreased (P < 0.05) at 14 weeks, but increased to the level of 4 weeks at the age of 20 weeks. Additionally, R. flavefaciens and S. ruminantium were higher (P < 0.05) after weaning compared with preweaning. The 16S rRNA gene copy numbers of S. ruminantium and F. succinogenes were highest (P < 0.05) at 14 weeks. The abundance of 16S rRNA genes of R. albus was higher (P < 0.05) after weaning compared with 4 weeks. The copy numbers of S. jonesii increased (P < 0.05) till 14 weeks, but decreased to the level of 8 weeks at the age of 20 weeks.

Additionally, some of the studied animal performance parameters (BW, DMI, and FCE) increased with age as expected (P < 0.05, Supplementary Table S7). The immune status of kids (Total WBC, eosinophils, monocytes, ChT activity, and the concentration of IgG and IgM in serum and saliva) was also influenced by age (P < 0.05), except for the lymphocyte and neutrophil proportions.



Effects of Early Life Nutritional Intervention on Bacterial Community Composition Were More Evident After Weaning

The postnatal treatment continued until weaning. After weaning, all kids received L. leucocephala forage meal (30% of the requirements of CP) mixed with a commercial concentrate twice a day. The effects of prenatal and postnatal treatments on bacterial community composition were more evident after weaning (14 and 20 weeks), once the postnatal treatment was ceased.

Generally, prenatal treatment did not influence any of the alpha diversity indices measured (Table 1). However, at the age of 8 weeks, dominance tended to be lower in D+ kids as compared with D– kids (P = 0.08). A postnatal effect was observed in alpha diversity indices only at 20 weeks, 12 weeks after the treatment ceased: the Shannon index was higher and the dominance was lower in K+ kids as compared with K– kids (P < 0.05). Furthermore, interaction effects were observed on alpha diversity indices at the age of 4 weeks: diversity (PD_Whole tree) and richness (Chao1 index) were (P < 0.05) or tended to be (P = 0.09) higher in D+K+ and D–K– kids compared with D+K– kids, while dominance was higher in D+K+ kids compared with D–K+ kids.


TABLE 1. Mean (standard deviation) of α-diversity indices (Chao1, PD_Whole_tree, Observed OTU, Shannon index and dominance) characterizing the rumen bacterial community structure of goat kids at 4, 8, 14, and 20 weeks of age.
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There were no prenatal, postnatal nor interaction effects on the bacterial community structure at 4 and 8 weeks (Figures 3A–F), which was confirmed by the ANOSIM and ADONIS analysis (P > 0.05). However, at 4 weeks of age, the K+ kids showed lower PC2 values (close to 0 or negative), except for one observation. In contrast, K– kids showed positive PC2 values, except for 2 observations. Inter-animal variation within each treatment seemed to be higher in younger animals as compared with animals at post-weaning ages (Figures 3G–L). Indeed, treatment effects were more evident at 14 weeks (Figures 3G–I) and 20 weeks (Figures 3J–L), which was confirmed by ANOSIM and ADONIS analysis (P < 0.05), except for the prenatal effect at 14 weeks (P = 0.116). At 14 weeks of age, K+ kids clustered away from K– kids along the PC1 axis, which explained 16% of the variation (Figure 3I). Furthermore, K+ kids showed lower individual variability as compared with the K– group at this age (Figure 3I). A clear clustering was also observed between D+K– and D–K– kids along the PC2 axis (13.9% of variation explained) in which D–K– kids were more diverse compared with D+K– kids (Figure 3G). At 20 weeks, clustering according to the prenatal treatment (D+ vs. D–) was obvious along the PC1 axis (Figure 3K), in which the majority of the D+ kids showed a positive PC1 value and high individual variation, whereas all D– kids showed lower PC1 values (negative or closer to 0) and less individual variation. Notably, at the age of 20 weeks, D+K+ kids clustered away from the other treatment groups along the PC1 axis, which explained 18% of the variation (Figure 3J). The other three groups clustered separately from each other along the PC2 axis, which explained 12% of the variation.
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FIGURE 3. Principal coordinate analysis (PCoA), based on Bray-Curtis dissimilarity indices at OTU level, of the rumen bacterial community structure of goat kids pre weaning (4 weeks), at weaning (8 weeks) and post weaning (14 and 20 weeks). Kids were treated prenatally through supplementation of L. leucocephala forage meal in their mothers’ diet during the last 7 weeks of pregnancy (D+), postnatally until weaning with yeast (K+), or not (D− and K−). Left Figures (A,D,G,J) present all four treatments separately while middle (B,E,H,K) and right (C,F,I,L) figures visualize prenatal and postnatal treatments, respectively.


Differences in the relative abundance of bacteria were analyzed at phylum and genus levels (Figure 2). Statistics are presented separately by age group in Supplementary Table S8, where only taxa representing more than 1% of the total bacterial community in at least one treatment group are shown. No effects of treatments were observed at phylum level and only few genera showed differences at 4 and 8 weeks of age. At 4 weeks, the relative abundance of Uncul_Lachnospiraceae was higher (P < 0.05), and the relative abundance of Uncul_Bacteroidales tended to be lower (P = 0.07) in K+ kids compared with K– kids. Additionally, the relative abundance of Uncul_Lachnospiraceae tended to be higher (P = 0.07) in D– kids compared with the D+ kids. At 8 weeks, the relative abundance of the genus Clostridium was higher in D+ kids (P < 0.05) compared with D– kids. The relative abundance of Butyrivibrio was lower (P = 0.05), while BS11 tended to be higher (P = 0.07) in K+ kids compared with K– kids.

After weaning, treatment differences were observed at phylum and genus levels, although all animals were given the same diet (Figure 2 and Supplementary Table S8). No prenatal effects were observed at 14 weeks. Firmicutes were affected by the postnatal treatment and tended to be lower in K+ kids compared with K– kids (P = 0.07) at 14 weeks of age. At genus level, K+ kids showed higher (P < 0.05) relative abundance of BS11 and lower abundance of Uncul_Ruminococcaceae as compared with K– kids. Additionally, the abundance of the genus Desemzia tended to be higher (P = 0.07) and of Uncul_Christensenellaceae tended to be lower (P = 0.10) in K+ kids compared with K- kids. Moreover, some interactions were observed: Prevotella and Uncul_Lachnospiraceae showed the highest and lowest abundance, respectively, in untreated kids (D–K–), while single treated kids (D+K– and D–K+) showed the lowest and highest abundances. Inversely, D+K+ kids showed the lowest abundance of Uncul_Clostridiales, while single treated kids showed the highest abundances.

At 20 weeks, the relative abundance of the phylum Chloroflexi was higher (P > 0.05) in D+ kids and tended to be higher (P = 0.06) in K+ kids compared with D– and K– kids, respectively, particularly due to the higher (Pinteraction < 0.05) relative abundance of this phylum in D+K+ kids compared with D+K– kids. The relative abundance of the phylum TM7 was higher in K+ kids (P < 0.05) compared with K– kids, particularly in prenatally untreated kids (Pinteraction = 0.06). In the current microbial dataset, only one genus has been identified within the phylum TM7 and Chloroflexi (i.e., F16 and SHD-231, respectively). As such these genera determined the effect of their respective phyla. The relative abundance of the phylum Proteobacteria tended to be higher (P = 0.08) in K– kids compared to K+ kids. At the age of 20 weeks, the genus Ruminococcus showed a higher (P < 0.05) relative abundance in D+ kids compared with D– kids and also tended to be higher (P = 0.05) in D+K+ kids compared with D–K+ and D–K– kids. The genera Prevotella tended to be higher (P = 0.07) and Uncul_Christensenellaceae tended to be lower (P = 0.05) in K+ compared with K– kids at the age of 20 weeks. The latter was in line with the observation at 14 weeks, while other postnatal differences at 14 and 20 weeks varied.

The qPCR data suggested neither the bacterial nor fungal (Neocallimastigales) numbers were affected by the treatments at younger ages (Table 2). Protozoa were observed only after weaning and were higher in K+ kids compared with K– kids at 14 and 20 weeks. Protozoa numbers were also higher in D+K+ kids compared with K– kids (D+K– and D–K–) at 14 weeks. 16S rRNA gene copies of F. succinogenes and R. albus tended to be higher (P = 0.10 and P = 0.09, respectively) in K+ kids compared with K– kids at 4 weeks of age. At the age of 8 weeks, 16S rRNA gene copies of R. albus tended to be higher in D+ kids compared with D– kids (P = 0.10). From 14 weeks of age onward, some differences were observed in the quantitative abundance of S. jonesii, but the prenatal L. leucocephala supplementation to mother goats did not enhance the abundance of this genus. Also at 20 weeks of age, the abundance of S. ruminantium was higher (P < 0.05) in K+ kids compared with K– kids and tended to be higher in D+ kids (P = 0.09) compared with D– kids. Additionally, the quantity of S. ruminantium was highest in D+K+ kids.


TABLE 2. Mean (standard deviation) of absolute abundance of target rumen microbes determined by real-time PCR (log10/mL rumen fluid) of goat kids at 4, 8, 14, and 20 weeks of age.
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Core Successional Microbiome

The core microbiome (present in 80% of all animals) was characterized at the age of 4, 8, 14, and 20 weeks irrespective of the treatment (Supplementary Figure S2). In total, eight core phyla were identified across the four age groups. Similar to the overall microbiome, core Firmicutes and Bacteroidetes were the dominant phyla irrespective of age. Other predominant core bacteria (relative abundance > 1% in at least one of the age groups) belonged to the phyla Planctomycetes and TM7. Contrary to the overall observations, the relative abundance of core Bacteroidetes decreased with age (P < 0.01) mainly as a result of the decreasing relative abundance of core OTU within the genera Uncul_Bacteroidales and Prevotella, except at 14 weeks of age where an increase was observed of the relative abundance of the core BS11 genus (phylum Bacteroidetes). In contrast, the relative abundance of core Firmicutes increased with age (P < 0.01), except at 14 weeks of age mainly due to the decreased relative abundance of the core OTU within the genus Uncul_Clostridiales.

Only 49 OTU, observed at the age of 4 weeks, persisted until 20 weeks. These core OTU belonged to three phyla: Actinobacteria, Bacteroidetes, and Firmicutes (Table 3). The relative distribution of the core-persistent microbiome mainly depended on the age (Supplementary Table S9), but some bacterial phyla and genera showed prenatal and/or postnatal treatment effects. In contrast to the overall bacteriome, at phylum level, there was a lower relative abundance (P < 0.05) of core Bacteroidetes (solely represented by OTU of the genus Uncul_Bacteroidales) in K+ kids as compared with K– kids at 4 weeks of age. Core Firmicutes showed an interaction effect at the age of 4 weeks and were relatively least abundant in D+K+ kids (P < 0.05). This was mainly due to a tendency for lower relative abundance of the core OTU in the family Uncul_Clostridiales (P = 0.08). Additionally, the relative abundance of the core Uncul_Ruminococcaceae at 4 weeks of age was lowest in D–K– (P < 0.05). The relative abundance of core-bacteria belonging to the genera Ruminococcus, Oscillospira, and Uncul_Lachnospiraceae, Ruminococcaceae, Mogibacteriaceae, Christenellaceae, Clostridiaceae, showed some treatment differences at 8, 14, or 20 weeks of age (Table 3). The relative abundance of the core OTU belonging to the genera Uncul_Lachnospiraceae and Uncul_Ruminococcaceae was increased by the postnatal treatment at week 20, 12 weeks after the treatment was ceased. Core OTU of the genus Uncul_Coriobacteriaceae (phylum Actinobacteria) colonized the rumen at 4 weeks but their abundance decreased with age (Supplementary Table S9) while no treatment effect was observed.


TABLE 3. Mean (standard deviation) of the relative abundance (%) of the core-persistent microbiome (phyla [in bold] and genus level) which were observed in 80% of the goat kids irrespective of treatment at 4 weeks of age and that persisted through 8 and 14 weeks of age till 20 weeks of age.
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Animal Performance and Immune Status

Animal performance data over the complete trial are presented in Table 4, while detailed data at intermediate ages are shown in Supplementary Table S10. Birth weight of kids was not affected by feeding L. leucocephala to mother goats in the last seven weeks of gestation. Both prenatal and postnatal treatments influenced the body weight in this trial. Throughout the whole experiment, D+ kids were heavier (P < 0.05) or tended to be heavier (at 4 weeks) compared with D– kids. Body weight was higher in K+ kids at 20 weeks (P < 0.05) and tended to be higher at 4 (P = 0.06) and 14 weeks (P = 0.07) compared with K– kids. Growth was higher in D+K+ kids (P = 0.05) compared with the other treatment groups in the first 4 weeks of life. Moreover, ADG was higher in K+ as compared with K– kids (P < 0.05) in the first 4 weeks and over the 20 weeks of life, and tended to be higher over the 14 weeks of life (P = 0.10) in K+ kids compared with K– kids. The DMI tended to be lower in D–K+ group of kids as compared with the other groups at this age. After weaning, the DMI were higher (P < 0.05) and tended to be higher (P = 0.07) in D+ compared with D– kids at 20 and 14 weeks, respectively. The FCE was higher (P < 0.05) in K– kids compared with K+ kids throughout the experimental period, except at the age of 8 weeks.


TABLE 4. Mean (standard deviation) of body weight (BW) of goat kids at 20 weeks of age and average daily gain (ADG), dry matter intake (DMI) and feed conversion efficiency (FCE) over the first 20 weeks of life (all kids) as well as mean (standard deviation) of DM, OM and digestible OM intake and apparent digestibility of DM and OM obtained during the digestibility trial of 5 days at 20 weeks of age (n = 3 per treatment).
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The total WBC and their components, mainly monocytes and eosinophils, were also influenced by prenatal and postnatal treatments. Notably, the total WBC count was higher in 8- and 20-weeks old K+ kids, as well as in D+ kids at 20 weeks as compared with K– kids and D– kids, respectively (P < 0.05). The concentration of serum IgG (sIgG) and IgM [in serum (sIgM) and saliva (mIgM)] and chitotriosidase activity were influenced by prenatal and postnatal treatments (Supplementary Table S10). In particular, the concentration of sIgG was higher in D– and K+ kids at 8 and 20 weeks compared with D+ and K– kids. At 4 weeks, D+K+ and D–K– kids had higher concentrations of sIgG compared with the other two groups (Supplementary Table S10). In general, an opposite effect was observed in the concentration of mIgG (salivary IgG). The K+ kids showed higher concentrations of sIgM at 4 and 8 weeks and lower concentrations of sIgM at 20 weeks compared with K– kids. The concentrations of sIgM were higher in D+ kids at 4 weeks mainly due to the higher concentration of sIgM in D+K+ kids compared with the other groups. The concentrations of mIgM were higher in K+ and D+ kids at 8 weeks compared with K– and D– kids. An opposite effect was observed at 20 weeks: the concentration of mIgM was higher in K– and D– kids compared with K+ and D+ kids. There were also some interaction effects in the concentrations of sIgM and mIgM. The ChT activity was higher in D+K+ and D–K– kids compared with the other two groups at 4 weeks. At 8 weeks of age, the ChT activity was lower in D–K+ kids compared with D+K+ and D–K– kids (P < 0.05), while the ChT activity was higher in D+K+ compared with D+K– kids (P < 0.05) at 20 weeks. The ChT activity was higher in D– kids at 4 weeks and K+ kids at 20 weeks compared with D+ and K– kids, respectively.

Correlation analysis between the relative abundances of core bacterial genera (present in 80% of the animals) with ADG and FCE are given in Supplementary Table S11. At the age of 4 and 8 weeks, there were some positive and negative correlations between the relative abundance of some of the minor core genera with ADG and FCE. Among the major genera, some correlations were observed at 14 and 20 weeks of age, but none of the correlations were consistent at different time points: BS11 negatively correlated with FCE and Uncul_Ruminococcaceae correlated positively with FCE at 14 weeks of age. At 20 weeks, Uncul_Clostridiales and Uncul_Ruminococcaceae correlated positively with ADG, while Uncul_Bacteroidales, Coprococcus and Pseudobutyrivibrio correlated negatively. Additionally, Uncul_Clostridiales correlated negatively while Uncul_Bacteroidales correlated positively with FCE.



In vivo Digestibility Trial

The in vivo digestibility assay was performed at the age of 20 weeks to assess the effects of the early-life intervention on the digestibility of diets with 30% of the dietary protein provided by L. leucocephala forage meal (Table 4). The DM intake and the digestible OM intake were higher in D+ kids compared with D– kids (P < 0.01), while the apparent digestibility of DM and the apparent digestibility of OM tended to be higher in D+ kids (P = 0.08). Postnatally treated kids (K+) showed higher digestible OM intake, and higher apparent digestibility of DM and OM compared with K– kids (P < 0.01). Furthermore, no interaction effects on the intake nor digestibility of DM or OM were observed.




DISCUSSION

Because of the resistance of the indigenous rumen microbiome of adult ruminants against the colonization by foreign bacterial strains (Weimer et al., 2010), prenatal or early in life modification of microbial communities of the gastrointestinal tract through nutritional interventions has been proposed to improve animal production (Abecia et al., 2013; Jami et al., 2014). Furthermore, early life microbial modulation may persist over a longer period and/or increase the resilience of the microbial community against similar perturbations later in life (Abecia et al., 2014, 2018; Debruyne et al., 2018). In this trial, we assessed whether the animal performance, immune status and microbial community of goat kids were influenced by a prenatal treatment (does fed with L. leucocephala forage meal) and/or postnatal intervention (supplementation of active yeast to kids). Additionally, we checked whether these effects would extend beyond the duration of the treatments, when the kids were fed L. leucocephala forage meal post-weaning.

At the end of the experimental period (20 weeks), both the pre- as well as the postnatal treatments resulted in an increased body weight and average daily gain. For the prenatal treatment, this could be linked to an enhanced feed intake post-weaning, presumably related to an in utero exposure through the maternal ingestion of the same feedstuff. This is in line with previous observations in goats where stimulatory effects of prenatal exposure were demonstrated on the feed intake of diets containing C. odorata. This plant has nutritionally valuable leaves (e.g., CP exceeding 200 g/kg DM) but a strong and repellent smell (Hai et al., 2012, 2013). Later work of the same group (Hai et al., 2016) confirmed the concept of in utero learning as feeding behavior of the offspring did not change when C. odorata was supplied to the mother goats during the lactation period only. In contrast to C. odorata, L. leucocephala supplemented in the current study does not contain odorous compounds. Nevertheless, the presence in L. leucocephala of the toxic compound mimosine, could impair digestibility, DMI and animal performance.

As mimosine is a plant secondary metabolite, we hypothesized that systemic responses (e.g., immune response) could occur in non-adapted animals, which could impact DMI and growth. As such, prenatal treatment was expected to alleviate this systemic response. However, at week 20, white blood cell concentrations tended to be lowest in non-treated kids (D–K–) and from weaning onward, serum IgG-levels were lower when kids had been treated prenatally. Nevertheless, differences were relatively small and were not thought to be a driving factor of differences in body weight, ADG and DMI. Additionally, the colostrum of L. leucocephala-treated mother goats showed a higher IgM concentration than untreated goats and had a considerably higher amount of IgG (Supplementary Table S12). Ruminant newborns receive immunoglobulin through passive transfer from colostrum (Tizard, 2013) and may show retarded growth when colostrum quantity or quality (e.g., immunoglobulin concentration) is too low (Robison et al., 1988; Elsohaby et al., 2019). In the current study, kids did not differ in BW at birth and 4 weeks of age, but D+ kids were heavier throughout the rest of the experimental period, although at 20 weeks of age an additive effect of yeast supplementation was observed.

Furthermore, the enhanced DMI and/or ADG observed in the D+ animals after weaning, could have been related to the trend of enhanced digestibility of the feed, which was assessed at the end of the experiment. As mimosine impairs rumen degradability (Artiles-Ortega et al., 2021), inclusion of L. leucocephala in the does’ diet was hypothesized to enhance the inoculation of mimosine-degrading bacteria in goat kids. S. jonesii, the first species that had been identified to possess mimosine-degrading properties, belonging to the phylum Synergistetes, was present in all goat kids in low quantities (less than 1% of relative abundance), which is in line with previous reports (Jami et al., 2013; Wang et al., 2016; Wang L. et al., 2019). Strikingly, at 20 weeks of age, the highest absolute abundance of S. jonesii (based on qPCR) was obtained in D– kids, which is hard to explain biologically. However, this treatment effect has not been consistently observed throughout the former samplings, while also the biological relevance of the difference (0.1 log units) seems minor. Meanwhile, other mimosine-degrading species have been identified [Streptococcus lutetiensis, Clostridium butyricum, and Lactobacillus vitulinus (Dominguez-Bello and Stewart, 1991; Derakhshani et al., 2016)]. No qPCR data have been generated for these species. The metataxonomic analysis indicated the genera Streptococcus and Lactobacillus to be present in low quantities in all goat kids (less than 1% of relative abundance) without differences between treatment groups. In addition, the genus Clostridium decreased with age irrespective of the prenatal treatment. Nevertheless, during the second month, the highest relative abundance was observed in D+K+ kids. Hence, it seems unlikely that feeding of L. leucocephala during pregnancy has enhanced the inoculation and proliferation of mimosine-degrading bacteria in the offspring. As such, changes in these bacteria could not be linked to variation in DMI and ADG, or digestibility of the diets. Other authors have suggested dietary supplementation of L. leucocephala to increase cellulolytic and proteolytic bacteria while reducing the protozoa population (Galindo et al., 2005, 2007, 2009). qPCR data of the current study did not suggest consistent changes in protozoal numbers in D+ kids, nor in representative key cellulolytic bacteria (Fibrobacter succinogenes, R. albus, and R. flavefaciens), while, at the age of 20 weeks the relative abundance of Ruminococcus increased in treated kids. The genus Ruminococcus includes important fiber degrading species, which are one of the early colonizers in the rumen (Koike and Kobayashi, 2001; Denman and McSweeney, 2006). As such, it is not surprising to observe a prenatal effect in this bacterial genus.

The rumen bacterial richness and diversity increased with age irrespective of pre- or postnatal treatments. Furthermore, there were changes in bacterial composition which linked to the animal’s age. This is in line with Furman et al. (2020), who demonstrated that age globally affects bacterial composition independent of diet. As age is the major determinant of the microbial composition particularly during the pre-weaning period, early life treatment effects can be masked by age-related changes. In our study, the postnatal effects on bacterial composition were more obvious after weaning (14 and 20 weeks), once the rumen fully developed and the bacterial composition was more stable. At phylum level, the importance of Bacteroidetes is known to increase with age, while Firmicutes are decreasing (Jami et al., 2013; Abecia et al., 2017). This development could be accelerated by yeast supplementation immediately after birth. Recent work showed that yeast fed to cattle early in life enhanced bacterial diversity in the rumen, which persisted throughout the trial (Newbold and Ramos-Morales, 2020). In our study, Firmicutes (14 weeks) and Proteobacteria (20 weeks) tended to be less abundant while the relative abundance of the genus Prevotella (phylum Bacteroidetes) tended to be higher at 20 weeks in K+ kids, which is in line with the observations reported by Newbold and Ramos-Morales (2020) and Peng et al. (2020). According to AlZahal et al. (2017), yeast supplementation did not affect the family Ruminococcaceae. However, in the current study, the relative abundance of Uncul_Ruminococcaceae (the most abundant genus in the Ruminococcaceae family) decreased in K+ kids at 14 weeks, with a concomitant increase of the genus BS11. A similar observation was reported by Welty et al. (2019), who suggested that both families possibly occupy the same niche. Additionally, the core Uncul_Lachnospiraceae and Uncul_Ruminococcaceae (the most abundant genus in the Lachnospiraceae and Ruminococcaceae families, respectively) were higher in K+ kids 12 weeks after the yeast supplementation ceased, while there were no differences in these genera in the overall microbiome at this age.

Furthermore, the qPCR analysis showed protozoa remained absent in the rumen at 4 and 8 weeks of age in this trial, which may be linked to the removal of the kids from their mother after colostrum ingestion. Similar observations were reported previously in goats raised with milk replacers (Abecia et al., 2017; Debruyne et al., 2018; Belanche et al., 2019). However, S. cerevisiae supplementation to K+ kids enhanced the protozoal abundance, similar to the observations by Miranda et al. (1996), while earlier colonization of protozoa took place in the rumen of yeast supplemented lambs (Chaucheyras-Durand and Fonty, 2002). This suggests that yeast supplementation favored the maturation of the rumen microbial ecosystem, which is in line with Chaucheyras-Durand et al. (2019). Furthermore, yeast supplementation favors fibrolytic bacteria (Pinloche et al., 2013; Chaucheyras-Durand et al., 2019; Peng et al., 2020). In this sense, it was observed that F. succinogenes and R. albus tended to be higher in K+ kids compared to K– kids at 4 weeks, which suggests that colonization of these species was favored by yeast supplementation. We also observed an increased abundance of S. ruminantium in K+ kids at 20 weeks, in line with earlier reports in adult ruminants (Pinloche et al., 2013). Fibrobacter succinogenes, R. albus, and R. flavefaciens were quantified to assess the effect on cellulolytic bacteria, since these species are presently recognized as the major cellulolytic bacterial species found in the rumen (Koike and Kobayashi, 2001), whereas S. ruminantium was quantified as a representative rumen amylolytic bacterial species (Mackie et al., 1978) and S. jonesii was quantified as a major L-mimosine and DHP degrading species found in the rumen (McSweeney et al., 2019).

Yeast supplementation concomitantly enhanced animal performance: ADG and FCE were improved in K+ kids at 4 weeks of age, which persisted (or tended to persist) after weaning. As a result, the BW was higher in these kids. Such persistent effects of yeast supplementation had been observed before by Chaucheyras-Durand and Fonty (2001). Chaucheyras-Durand et al. (2019) suggested a link between the enhanced performance and the improvement of the microbial colonization in the maturing rumen through the use of yeast as a feed additive. They suggested the development of a microbial ecosystem toward a more efficient fiber degradation. In line with these suggestions, enhanced dry matter and organic matter digestibility by K+ kids compared to K– kids has been observed in our study.



CONCLUSION

Overall, our findings show predominant age-related changes during the bacterial colonization, which could have masked prenatal and early life treatment effects on the ruminal bacterial composition. Nevertheless, such effects became more evident after weaning. The current study supports the stimulatory effects of prenatal exposure and post-natal supplementation of yeast on the intake of a L. leucocephala supplemented diet, reflected in an improved ADG and BW. Postnatal supplementation of yeast favored maturation of the rumen bacterial ecosystem (i.e., greater importance of Bacteroidetes, in particular Prevotella, and reduced abundance of Firmicutes) and protozoa colonization. Concomitantly, animal performance parameters and DM and OM digestibility were enhanced even post-weaning, when the supplementation was ceased, suggesting effects of the early-life intervention persisted later in life.
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Supplementation with lipids and oils is one of the most efficient strategies for reducing enteric methane emission. However, high costs and adverse impacts on fiber degradation restrict the use of conventional oils. Silkworm pupae, a non-conventional oil source rarely used for human consumption in India, could be one of the cheaper alternatives for methane mitigation. The objective of this study was to investigate the effect on sheep of long-term supplementation (180 days) of silkworm pupae oil (SWPO) with two distinct supplementation regimes (daily and biweekly) on daily enteric methane emission, methane yield, nutrient digestibility, rumen fermentation, ruminal archaea community composition, and protozoal population. The effect of the discontinuation of oil supplementation on enteric methane emission was also investigated. Eighteen adult male sheep, randomly divided into three groups (n = 6), were provisioned with a mixed diet consisting of 10.1% crude protein (CP) and 11.7 MJ/kg metabolizable energy formulated using finger millet straw and concentrate in a 55:45 ratio. SWPO was supplemented at 2% of dry matter intake (DMI) in test groups either daily (CON) or biweekly (INT), while no oil was supplemented in the control group (CTR). DMI (p = 0.15) and CP (p = 0.16) in the CON and INT groups were similar to that of the CTR group; however, the energy intake (MJ/kg) in the supplemented groups (CON and INT) was higher (p < 0.001) than in CTR. In the CON group, body weight gain (kg, p = 0.02) and average daily gain (g, p = 0.02) were both higher than in the CTR. The daily methane emission in the CON (17.5 g/day) and INT (18.0 g/day) groups was lower (p = 0.01) than the CTR group (23.6 g/day), indicating a reduction of 23–25% due to SWPO supplementation. Similarly, compared with the CTR group, methane yields (g/kg DMI) in test groups were also significantly lower (p < 0.01). The transient nature of the anti-methanogenic effect of SWPO was demonstrated in the oil discontinuation study, where daily methane emission reverted to pre-supplementation levels after a short period. The recorded methanogens were affiliated to the families Methanobacteriaceae, Methanomassilliicoccaceae, and Methanosarcinaceae. The long-term supplementation of oil did not induce any significant change in the rumen archaeal community, whereas minor species such as Group3b exhibited differing abundance among the groups. Methanobrevibacter, irrespective of treatment, was the largest genus, while Methanobrevibacter gottschalkii was the dominant species. Oil supplementation in CON and INT compared with CTR decreased (p < 0.01) the numbers of total protozoa (× 107 cells/ml), Entodiniomorphs (× 107 cells/ml), and Holotrichs (× 106 cells/ml). SWPO continuous supplementation (CON group) resulted in the largest reduction in enteric methane emission and relatively higher body weight gain (p = 0.02) in sheep.

Keywords: archaea, long-term feeding, methane yield, sheep, silkworm pupae oil


INTRODUCTION

The global livestock sector accounts for 14.5% of anthropogenic greenhouse gas emissions (Gerber et al., 2013). Enteric fermentation alone is accountable for 87–97 Tg of methane produced on an annual basis (Chang et al., 2019). Apart from contributing to global warming, the enteric methane emissions from livestock are also responsible for 2–12% of dietary energy loss (Johnson and Johnson, 1995), where every liter of methane carries 39.5 kJ of energy from the host animal (Guan et al., 2006).

The rumen is an ideal habitat for protozoa, where they live in close association with prokaryotic microbes (Newbold et al., 2015). After bacteria, protozoa are the second most abundant microbes, constituting up to 50% of the rumen biomass (Newbold et al., 2015) with the overall dominance of ciliated protozoa (Morgavi et al., 2010). Rumen protozoa are not essential for animal survival, yet they perform important functions such as protein breakdown, bacterial predation (Williams and Coleman, 1992), reduction of the shedding of potential pathogens (Newbold et al., 2015), lipid metabolism, and shifts in volatile fatty acids production (Eugène et al., 2004). However, their presence in the rumen negatively impacts the energy efficiency of the rumen ecosystem (Newbold et al., 2015). One of the major functions of rumen protozoa is to transfer hydrogen to other microbes, particularly to the methanogens (Li et al., 2018). Methanogens belong to the phylum Euryarchaeota (Balch et al., 1979), constituting 3–4% of the rumen microbiota (Yanagita et al., 2000). Rumen protozoa associated methanogens are responsible for 37% of enteric methane emissions (Machmüller et al., 2003). It has been reported that the counts of rumen protozoa are linearly related to methane emissions; however, methanogenesis is also regulated by other mechanisms independent of protozoa (Guyader et al., 2014).

Oil supplementation is a promising method for increasing diet density. In addition, supplementation with lipids effectively reduces enteric methane production (Morgavi et al., 2010). Oil supplementation is considered a promising approach for enteric methane mitigation in ruminants through a shift in rumen fermentation or microbiota composition (Vargas et al., 2020). Commonly used edible oils such as linseed, rapeseed, palm, and canola are expensive (Government of India, 2021). Silkworm pupae oil (SWPO) is non-conventional, inexpensive, and adequately available in India (Srinivas et al., 2019). The oil contains reasonably good combinations of both unsaturated and saturated fatty acids (Thirumalaisamy et al., 2020). Polyunsaturated fatty acids reduce the abundance of protozoa and, therefore, can be one of the potential mitigation options for reducing enteric methane emissions (Guyader et al., 2017).

Recently, the supplementation of SWPO in a short-term study decreased the enteric methane emission of sheep (Thirumalaisamy et al., 2020). Recently, Jayanegara et al. (2020) evaluated oils from five different insect sources for their impact on in vitro methane and concluded that mealworm and cricket oil supplementation at 5% effectively decreased methane production by 26–33%.

Due to adaptability of the rumen ecosystem, the methane inhibition is usually short-lived (Mathison et al., 1998), and animals return to normal methane emissions after withdrawal of ameliorating supplement from the diet (Hristov et al., 2013). Although this is a known issue, nevertheless, very few studies were undertaken to evaluate the impact of long-term supplementation on methane emission. Therefore, studies are needed to establish the persistency of methane mitigation in the long term (Beauchemin et al., 2020). Previous research (Thirumalaisamy et al., 2020) has shown that the short-term supplementation of SWPO significantly reduces enteric methane emission, which encouraged us to evaluate the effect over the long term. We hypothesized that long-term supplementation of SWPO may decrease methane emissions and methane yield by altering the archaeal community composition and reducing ruminal protozoa. Therefore, the current study was designed to investigate (1) the effects of long-term supplementation of SWPO in two distinct supplementation regimes (daily and biweekly) on daily enteric methane emission, methane yield (g/kg dry matter intake), nutrient digestibility, rumen fermentation, ruminal archaea diversity, and protozoal numbers in sheep, and (2) whether discontinuation of oil supplementation affects methane emission.



MATERIALS AND METHODS


Animals and Feeding

The animal study was approved by the Committee for Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Fisheries, Animal Husbandry, and Dairying, Government of India (approval no. 25/14/2017-CPCSEA). All procedures were carried out as per the guidelines of the Institute Animal Ethics Committee.

A 180-day-long animal study was carried out in (n = 18) 18-month-old male Mandya sheep (BW 24.1 ± 0.27 kg), randomly divided into three groups of six. The animals were housed in a well-ventilated shed constructed with half cemented walls and half iron mesh. The iron mesh was fixed into the cemented walls at 1.8 m above the ground on the east and west sides. The sheep were housed in individual pens having free access to clean drinking water and feed throughout the day. Initially, all the animals were dewormed with anthelminthic fenbendazole at 5 mg/kg BW. The animals were offered a total mixed ration (TMR) formulated with 55% finger millet straw (Eleusine coracana) and 45% concentrate mixture. The TMR was formulated to meet nutrient requirement as per ICAR (2013) feeding standards. The concentrate mixture was prepared using maize grain (320 g/kg), wheat bran (400 g/kg), soybean meal (130 g/kg), groundnut cake (120 g/kg), mineral mixture (20 g/kg), and salt (10 g/kg). The TMR offered to the animals in different groups was similar in all nutritional aspects and contained 10.1% crude protein (CP) and 11.7 MJ/kg metabolizable energy (ME). The TMR was offered ad libitum twice a day at 09:00 and 14:00, and clean drinking water was accessible throughout the day.

The oil extracted from dried silkworm pupae using the solvent extraction method (n-hexane) was purchased from a local vendor in the suburb of Bangalore and stored in an airtight container. The SWPO was filled in a plastic container (2 L; NJ Phillips, Australia) connected to an automatic oral drenching gun (NJ Phillips, part no SH46) for administering the required volume. The oil was supplemented at 2% of dry matter intake either daily (CON) or biweekly (INT), whereas animals in the control group (CTR) were offered TMR without oil. Thus, the animals in the INT group received oil daily for 1 week and then this was discontinued for the subsequent week.

Dry matter intake (DMI, g/day) was recorded at monthly interval for three consecutive days throughout the experiment to adjust SWPO volume (w/v) in the CON and INT groups.



Chemical Analysis

The chemical composition of the feed ingredients, TMR, refusals, and feces were analyzed in triplicate. The dry matter content in the samples was determined as per AOAC (2012) in a hot air oven at 100°C for 12 h, and dried samples were ground using a Cyclotec mill. For determining total ash, the samples were initially burnt in crucibles on a hot plate and later transferred to a muffle furnace at 550°C for 4 h (AOAC, 2012). Organic matter (OM) was determined by subtracting the total ash from the initial dry weight of the sample and expressed as a percentage. Crude protein (CP, N × 6.25) was determined as per AOAC (2005) using an automatic nitrogen analyzer (Gerhardt, Germany). The crude fiber (CF) and fiber fractions such as neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined using an automatic fiber analyzer (Fibretherm FT12, Gerhardt, Germany) in accordance with AOAC (2005) and Van Soest et al. (1991). The ether extract (EE) was estimated using Soxtherm (Gerhardt, Germany) as per the standard method (AOAC, 2005). The gross energy content (kcal/100 g DM) of TMR and feed ingredients was calculated following the equation of Crisan and Sands (1978), and expressed as metabolizable energy (MJ/kg DM) after considering digestible and urinary losses. The chemical composition (g/kg DM) is presented in Table 1.


TABLE 1. Chemical composition (g/kg DM) of feed ingredients and TMR.

[image: Table 1]
Ammonia-N concentration in the ruminal fluid samples was determined as per Conway (1957) following the microdiffusion technique. The microdiffusion cell has two chambers—1 ml of the mixed boric acid (2%) indicator (methyl red 66 mg, methylene blue 33 mg in 100 ml alcohol) was pipetted into the inner chamber while an equal volume of saturated sodium carbonate was placed in the outer chamber of the disc. A measure of 1 ml of strained ruminal fluid was pipetted into the outer chamber directly opposite to the sodium carbonate, and then the microdiffusion cell was immediately covered with the lid. To allow the mixing of the contents of the outer chamber, the disc was gently rotated and incubated for 2 h at room temperature. After the incubation, the contents of the inner chamber were titrated against 0.01 N sulfuric acid until the color turned pink. Ammonia-N was determined using the following formula:

[image: image]

Volatile fatty acids (VFA) concentration in the ruminal fluid samples was determined according to Filípek and Dvoøák (2009) using a gas chromatograph (Agilent 7890B, Santa Clara, United States). In brief, preserved metaphosphoric acid mixed supernatant samples were thawed at room temperature, and after a short spinning at 13,000 rpm for 5 min, about 1.5 ml of the sample was transferred to GC screw vials (2 ml; Agilent Technologies). The screw vials containing fluid samples and the VFA standard and washing solvent were placed in the automatic injector port (G4513A). The injector dispensed a fixed volume (1 μl) of the sample while maintaining the 20:1 splitting ratio. The injector was equipped with a glass liner containing glass wool to separate dirt particles from the sample. Nitrogen gas (N2) at a flow rate of 2 ml per min was used as a carrier gas. The gas chromatograph was equipped with the FFAP column (CP7485, 25 m × 0.32 mm × 0.30 μm; Agilent Technologies) and flame ionization detector (FID). The following conditions were maintained during the analysis: temperature program, 59–250°C (20°C/min, 10 min); injector temperature, 230°C; detector temperature, 280°C. The analysis time was approximately 16.7 min. The concentration of individual volatile fatty acids was determined using the following formula:
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Total metabolic hydrogen produced was calculated using the concentration of volatile fatty acids as per the equation of Marty and Demeyer (1973) and hydrogen utilized (%) in methane was calculated based on daily enteric methane emission.
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Body Weight, Nutrient Digestibility, and Methane Measurement

During the entire experimental period (180 days), before morning feeding the animals were weighed at monthly intervals on a digital balance (Blue Bird, 300 kg). Their total weight gain (kg) was calculated as the difference between final and initial live-weight, and average daily gain (ADG, g/day) was calculated by dividing total weight gain by the number of experimental days.

A digestibility trial was conducted for 10 days between days 171 and 180, and apparent nutrient digestibility was determined. In brief, the quantity of daily TMR offered, feed refusals, and feces were recorded and the representative samples were collected from the individual animal. The DMI (g/day) of the individual animal was calculated by subtracting the quantity of dry refusals from the feed offered. The energy intake was calculated by considering daily DMI (g/day) and energy content of TMR (ME, MJ/kg DM), as described under chemical analysis. The digestibility coefficient of various nutrients was determined by using the following equation:
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The sulfur hexafluoride (SF6) tracer technique (Berndt et al., 2014) was employed for the quantification of daily enteric methane emission for 10 consecutive days (days 171–180). During methane measurements, animals in the INT group received SWPO from days 171 to 175, whereas the remaining 5 days (176–180) were under the supplementation break. The brass permeation tubes (8.5 mm diameter, 34 mm long, 4.8 mm wide bore, and 30 mm deep with blind hole) fitted with a Swagelok nut (7 mm diameter) were used as a source of SF6. A Teflon septum (0.24 mm PTFE) was placed below the SS frit (3/8″ OD, 2 μm pore size), and the tubes were closed. The permeation tubes were charged with 750 ± 48.18 mg SF6 (99.9%) in liquid nitrogen and retained in an incubator at 39°C for 70 days. The tubes were monitored and weighed weekly on a balance (Denver, Germany; 210 g accuracy ± 0.1 mg) and calibrated for release over 8 weeks. The release rate was calculated by linear regression considering the difference in tube weights during the calibration period. The calibrated tubes were placed in the rumen 10 days before the commencement of daily methane measurements. The mean SF6 release rate from the permeation tubes in this study was 3.47 ± 0.46 mg/day. The PVC canister for the background sample was connected to the nylon and capillary tubes (Supelco, Cat#56712-U, ID 1/16) and Quick connectors (Swagelok, Cat#B-QC4-D-200) assembled by following the standard guidelines (Williams et al., 2014). The canister for the daily background sample was hung on the iron wire mesh fixed in the cemented wall on the east side. The vacuumized PVC canisters (> 95 kPa) were tied individually to collect breath samples for 24 h. Similar timings were maintained for tying and removal of the canisters throughout the measurement period. The post-collection canister pressure was measured by a digital pressure meter (Leo 2, Keller, Switzerland). Thereafter, the breath and background samples in the canister were diluted (2.15–3.0-fold) with high-purity N2 gas, and pressure was measured to calculate the dilution factor.

The successive subsamples were collected in a gas airtight glass syringe (Hamilton, 1 ml) for analyzing the methane and SF6 concentrations using a gas chromatograph (GC 2010 plus; Shimadzu, Japan). The GC was fitted with a FID and electron capture detector for the analysis of methane and SF6 concentrations, respectively. In brief, the following chromatographic conditions were maintained for the SF6 analysis: inlet temperature of 100°C, column temperature of 40°C, detector temperature of 250°C, airflow rate of 400 ml/min, hydrogen flow rate 40 ml/min, and nitrogen flow rate of 30 ml/min. In contrast, the following conditions were applied for the methane analysis: inlet temperature of 100°C, column temperature of 60°C, detector temperature of 150°C, airflow rate of 400 ml/min, hydrogen flow rate of 40 ml/min, and nitrogen flow rate of 30 ml/min. Methane (ppm) and SF6 (ppt) concentrations were calculated using the canister pressures at different time points (Lassey et al., 2014) with a slight modification for local elevation and atmospheric pressure:
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GS represented the concentration of methane (ppm) or SF6 (ppt) at an atmospheric pressure of 90 kPa and elevation of 920 m. τf (kPa) was the final vacuum in the canister after N2 dilution, τs (kPa) is the post-sampling vacuum in the canister, τe is the vacuum in the evacuated canister, and GA is the concentration of methane (ppm) or SF6 (ppt) in the samples presented to the GC.

Daily enteric methane emissions were calculated using the equation of Moate et al. (2014).
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RCH4 is the CH4 emission (g/day), RSF6 is the SF6 release rate from the tubes (mg/day), [CH4]M–[CH4]BG is the methane concentration (ppm) in the sample and background, [SF6]M–[SF6]BG is the methane concentration (ppm) in the sample and background, and MWCH4 and MWSF6 represent the molecular mass of CH4 and SF6, respectively.

The DMI (g/day) along with daily methane emission (g/day) recorded over 10 days during methane measurement trials were used for the calculation of methane yield (MY, g/kg DMI). Daily methane emission (g/day) was divided by the mean DMI (g/day) over the measurement period. After 180 days, oil supplementation for the CON and INT groups was discontinued, and all the animals received a similar basal diet without SWPO. After 30 days of oil withdrawal, daily enteric methane emission was again quantified for 10 days along with the recording of DMI (g/day). The enteric methane emission was measured following the method described previously in this section.



Ruminal Fluid Collection

The day that the methane measurements ended (day 180), rumen fluid samples were collected 3 h post-feeding from each sheep using a nylon stomach tube (length 1 m). The stomach tube and handheld vacuum pump (Mityvac 8,000; Lincoln Industrial, St. Louis, United States) were connected to a sample collection vessel. The first 30 ml of rumen fluid was discarded to avoid saliva contamination and then 45 ml of rumen fluid was collected and strained through a muslin cloth. The tubes containing strained ruminal fluid samples for DNA isolation and fermentation parameters (two sets of 15 ml each) were placed on ice for immediate transportation to the laboratory. Another set of tubes containing 15 ml of strained fluid were transported to the laboratory without placement in an icebox for protozoal enumeration. The first subset was centrifuged at 13,600 × g for 15 min, and after adding 2–3 drops of saturated HgCl2 and metaphosphoric acid (25%) in 1:4 (v/v), the supernatant was preserved for ammonia-N and VFA estimation, respectively. The second subset of strained fluid was used for protozoal enumeration on the same day, whereas the third subset of ruminal fluid was centrifuged at low speed (1,000 rpm, 5 min) and the supernatant was preserved at −80°C until used in the process of DNA isolation.



Protozoal Enumeration

The protozoa in the rumen fluid were enumerated as per the method of Kamra and Agarwal (2003) using a Neubauer counting chamber. In brief, a 5-ml sample was pipetted into a screw cap tube containing an equal volume of 37% formaldehyde. Two drops of methyl green (70 μl) and glacial acetic acid (2 ml) diluted to 100 ml with distilled water were added to it and stored overnight at room temperature. The ruminal protozoa were enumerated in 30 microscopic fields. Ruminal protozoa enumeration and morphological identification were carried out under a phase-contrast microscope (Nikon Eclipse, Japan) at ×10 objective. The ruminal protozoa based on the morphology and cilia distribution were categorized as Entodiniomorphs and Holotrichs (Hungate, 1966). The protozoal numbers in the rumen fluid were calculated using the following formula:
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where N is the number of protozoa (cells) in 1 ml of rumen fluid, n is the average cell count per microscopic field, A is the area of the slide on which the diluted rumen fluid sample spread, D is the dilution of rumen fluid, a is the area of the microscopic field, and v is the volume of rumen fluid in the cavity. The protozoal numbers were expressed as × 107 or × 106 cells/ml.

Following the methane measurements in the oil discontinuation study, the rumen protozoa in each group were enumerated as per the method described previously.



DNA Isolation

The samples were initially centrifuged at 13,400 × g and 4°C for 10 min, and the pellet was retained by discarding the supernatant. Thereafter, 1 ml of lysis buffer as described by Yu and Morrison (2004) was added to dissolve the pellet by gentle pipetting. The contents were transferred to a 2-ml sterile screw cap tube with an O-ring (BioSpec, United States) and contained 0.5 g (0.1 mm diameter) pre-sterilized zirconia beads (BioSpec, United States). The RBB+C method of Yu and Morrison (2004) was employed for genomic DNA isolation. Genomic DNA quality was checked using 0.8% agarose gel electrophoresis, while the DNA concentration was ascertained with Qubit 4.0 (Thermo Fisher Scientific, Waltham, United States).



Library Preparation and Sequencing

Amplicon libraries were prepared using a Nextra XT kit (Illumina Inc., San Diego, United States). The archaea-specific primer sequences Arch-344F (Wemheuer et al., 2012) and Arch-806R (Takai and Horikoshi, 2000) were synthesized along with Illumina recommended adapters and error-correcting barcodes unique to each sample. The PCR amplification was performed as follows: initial denaturation at 95°C for 3 min followed by 25 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, and final extension at 72°C for 5 min. A reaction without template was used as a negative control, whereas the Methanobrevibacter smithii DNA template was used as a positive control during the PCR amplification. All 18 amplicon libraries were purified with AMPureXP beads (Beckman Coulter Life Sciences, United States) and analyzed individually on a 4,200 Tape Station (Agilent Technologies, United States). The libraries were multiplexed (10–20 pM of each) and sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, United States) using MiSeq reagent kit v3, and 2 × 300 bp paired-end reads were generated to obtain approximately 0.1 million sequences per library.



Statistical Analysis

All the data were checked for a normal (Gaussian) distribution in GraphPad Prism version 9 (GraphPad Software, San Diego, United States) using the D’Agostino–Pearson normality test at the 0.05 alpha level. The data pertaining to daily methane emissions, nutrient digestibility, fermentation, and rumen protozoa were analyzed in SPSS version 21.0 (IBM SPSS, United States) using ANOVA with the following model.
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Yij represents individual observation, μ represents the population mean, Ai represents the treatment effect, and εij represents experimental error. The difference among means was compared using Tukey’s post hoc method and considered significant at p ≤ 0.05. The impact of SWPO withdrawal and previous methane emissions were compared with paired t-tests in GraphPad Prism version 9. The correlation matrix between multiple variables was performed in GraphPad Prism version 9, and Pearson correlation coefficients (r) considering Gaussian distributions were calculated at the 95% CI.



Bioinformatics Analysis

The amplicon sequences were processed using DADA2 v1.16 (Callahan et al., 2016) in R v4.0.2. The sequencing quality was assessed using the functions plotQualityProfile, dereplication, denoising, and merging. Chimeras were removed from the filtered reads using the function removeBimeraDenovo. Fasta files compatible with DADA2 for taxonomy assignments were generated using Rumen and Intestinal Methanogen-DB (Seedorf et al., 2014). Furthermore, the archaea-specific database RIM-DB was used for taxonomy classification, and the annotated taxonomy table from DADA2 was imported into phyloseq (McMurdie and Holmes, 2013) in R. The ASVs (amplicon sequence variants) with low abundance were pruned and rarefied to the lowest numbers (31,044 sequences) to examine the archaeal diversity measures. The rarefaction curve was plotted using the vegan package V2.0-7 (Oksanen et al., 2013), and the Shannon index and post hoc comparisons were performed using Wilcoxon rank sum tests. The multivariate homogeneity of group dispersion was tested using the betadisper function of the vegan package. The ASV count data were scaled to per 10,000 sequences, taxonomically annotated at various ranks, and then the relative abundance plots were generated using ggplot2 (Wickham, 2011). Differential abundance was calculated using DESeq2 and significance analysis was performed using the Wald parametric test with Benjamini–Hochberg correction (Love et al., 2014). The diet effect on the diversity of methanogens at different taxonomic ranks was studied across groups and tested for significance using PERMANOVA with 999 permutations. The core microbiome analysis was performed in microbiome V1.4.1 (Lahti and Shetty, 2012) in R by keeping a minimum prevalence and detection threshold of 50% and 0.01, respectively.




RESULTS


Intake, Digestibility, and Average Daily Gain

The mean DMI in the CTR (884 g/day), CON (900 g/day), and INT (893 g/day) groups was similar (p = 0.15), and there was no adverse impact of the long-term (180 days) SWPO supplementation on the DMI in the sheep (Table 2). The mean DMI during withdrawal period in CTR (967 g/day), CON (1,014 g/day), and INT (988 g/day) groups was also similar (p = 0.176). The intake (g/day) of OM, CP, NDF, and ADF in the CON and INT groups did not differ from the CTR group. However, the intake of EE in the CON (36.2 g/day) and INT (36.0 g/day) groups was significantly higher (p < 0.01) than in the CTR group (18.0 g/day). Similarly, the ME intake in CON (11.0 MJ/day) and INT (10.7 MJ/day) groups was also significantly higher (p < 0.01) than in the CTR group (10.3 MJ/day). The apparent digestibility (%) of all the nutrients except EE in the CON and INT groups was comparable with the CTR group. Long-term feeding of SWPO led to a higher (p = 0.02) body weight in the CON group (33.0 kg) compared with the CTR group (29.9 kg). However, the difference in body weight between CTR and INT as well as CON and INT after 180 days of SWPO feeding was similar. A significant difference (p = 0.02) in the ADG between CON (49.3 g/day) and CTR (32.7 g/day) was recorded in this study. On the other hand, the difference in ADG (g/day) in sheep between the CTR-INT and CON-INT groups was non-significant. In the present study, a positive correlation (r = 0.53) between the ME intake (MJ/day) and ADG (g/day) was recorded. During the entire experimental period of 180 days, the animals consumed 3.24 and 1.61 L of SWPO in the CON and INT groups, respectively. The corresponding cost of the daily SWPO in the CON and INT groups was INR 0.72 and 0.36, respectively (1 US$ = 75 INR).


TABLE 2. Effect of silkworm pupae oil supplementation on intake and nutrient digestibility.
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Methane Emissions

Daily enteric methane emissions in the CON (17.5 g/day) and INT (18.0 g/day) groups were significantly lower (p < 0.01) than in the CTR group (23.6 g/day). Data on daily methane emissions (g/day) revealed a reduction of about 23–25% in the CON and INT groups due to the daily or biweekly supplementation of SWPO (Table 2). However, the daily enteric methane emission (g/day) between the CON and INT groups did not differ significantly (p = 0.008). Similarly, the difference in daily enteric methane emission (g/day) between the supplementation and non-supplementation days in the INT group was not significant (p = 0.77). A uniform comparison of methane emission (MY) among the groups also revealed a significant reduction (p < 0.01) in the MY in CON (19.3 g/kg DMI) and INT (20.3 g/kg DMI) groups compared with that of the CTR group (26.7 g/kg DMI); however, the MY (g/kg DMI) between the CON and INT groups was non-significant. There was a weak negative correlation (r = -0.05; p = 0.80) between the MY and DMI (Figure 1). MY was positively correlated with protozoa numbers (r = 0.36) and acetate (r = 0.25). The enteric methane emissions (g/day) among the sheep of different groups were similar (p = 0.208) during the withdrawal period (Table 2).
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FIGURE 1. Correlation matrix (Pearson) between MY, ruminal protozoa, DMI, and individual volatile fatty acids. The scalar colors symbolize the positivity (closer to 1, blue squares) or negativity (closer to -1, red squares) of the correlation. MY is the methane yield, and DMI is dry matter intake in the correlation matrix.




Ammonia, Volatile Fatty Acids, and Metabolic Hydrogen

The ruminal ammonia concentration in the CON and INT groups compared with the CTR group (19.7 mg/100 ml) was significantly lower (p < 0.01). Similarly, the ammonia concentration was also different (p < 0.01) between the CON and INT groups. On the other hand, total volatile fatty acid (TVFA) production was similar (p = 0.99). Despite the similar TVFA concentration, the propionate production with reference to CTR (11.3 mmol) was higher (p < 0.01) in the SWPO supplemented CON (13.0 mmol) and INT (12.3 mmol) groups (Table 3). However, variation in the concentration of other VFA between the groups was non-significant. The A/P ratio in the CON and INT groups was significantly lower (p < 0.01) than that in the CTR group.


TABLE 3. Effect of oil supplementation on the rumen fermentation and protozoan numbers.
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In the CTR, CON, and INT groups of the present study, the production of metabolic hydrogen was 130, 128.5, and 128.6 mmol; however, the utilization of produced metabolic hydrogen in methanogenesis was 73, 54, and 56% in the respective groups. Results from the study indicated that 16–18% less metabolic hydrogen was utilized in CON and INT groups on account of reduced methanogenesis.



Rumen Protozoa

Supplementation of SWPO lowered (p < 0.01) the numbers of total protozoa (×107 cells/ml) in the CON (6.51) and INT (5.30) groups compared with the CTR group (9.21). Similarly, the numbers of Entodiniomorphs (×107 cells/ml) and Holotrichs (×106 cells/ml) in the CON and INT groups relative to the CTR group were low (p < 0.01) (Table 3). Moreover, the difference in the total protozoa, Entodiniomorphs, and Holotrichs between the CON and INT groups was also significant (p < 0.01). The ammonia and ruminal protozoa (r = −0.62), and propionate and protozoa (r = −0.49) negatively correlated (Figure 1). Data from the withdrawal study indicated similar numbers of total protozoa (p = 0.11), Entodiniomorphs (p = 0.09), and Holotrichs (p = 0.74) among the groups.



Archaeal Diversity

Overall, 7,406,185 paired-end raw reads (mean 411,454) per sample were generated in this study. After quality filtering and chimeric removal, a total of 4,735,849 paired-end reads (263,103 ± 38,445) were retained for further analysis comparing ruminal archaea diversity. The filtered reads were categorized into 69 archaeal ASVs (Supplementary Figure 1). At the order level, the Methanobacteriales represented the most significant fraction of the ruminal archaea; however, no significant differences in abundance of archaea at the order level between the CON, CTR, and INT groups was observed (Figure 2 and Supplementary File 1). Similarly, methanogens in this study were affiliated to three families, namely Methanobacteriaceae, Methanomassilliicoccaceae, and Methanosarcinaceae. Methanobacteriaceae constituted 89.8% (range 88.6–91.0%) of the total rumen archaea and their distribution remains unaffected with the oil supplementation.
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FIGURE 2. Ruminal archaea diversity in sheep from three different groups at (A) order level and (B) genus and species level. The increasing intensity of the same color shows the abundance in the CTR, CON, and INT groups. For instance, light blue indicates CTR, medium blue indicates CON, and dark blue indicates the INT group. *Denotes the significance in abundance among groups. CTR, control group (no oil); CON, daily oil supplementation; INT, biweekly oil supplementation.


Similarly, at the genus level, Methanobrevibacter was the most prominent genera in the sheep rumen; however, their proportion was not significantly different (p = 0.98) between the three groups. Despite their limited proportions, the abundance of Group9 (p = 0.04) and Methanobacterium (p = 0.04) was significantly different among the groups. The group9 archaea were less abundant in the CTR group (0.12%) compared with the CON (0.26%) and INT (0.71%) groups, whereas the Methanobacterium proportion in the CON group (0.91%) was significantly lower (p = 0.04) than in the CTR (2.10%) and INT (3.24%) groups. At the species level, the proportions of Group3b (p = 0.06), Group9 (p = 0.03), and Methanobacterium (p = 0.04) were different between the groups (Figure 2). The results for the archaeal proportion in the present study indicated that ∼98% of the ruminal archaea remain unaffected by the oil supplementation, and only a minor fraction of the archaea (< 2%) showed a proportional increase or decrease (Figure 2). Moreover, the Shannon index, which estimates alpha diversity, did not reveal any significant differences in the archaeal diversity between the groups (Figure 3).
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FIGURE 3. Alpha diversity of the ruminal archaea in sheep supplemented with silkworm pupae oil. CTR, control group (no oil); CON, daily oil supplementation; INT, biweekly oil supplementation.




Core Archaeome

At a minimum prevalence of 50% and a minimum detection threshold of 0.01, each group’s core archaeome was computed at the genus (Figure 4A) and species levels (Figure 4B). Methanobrevibacter, Group12, Methanobacterium, and Methanosphaera constituted the core archaeome across the groups. However, Group9 was exclusively present in the CTR and INT groups, whereas Group10 was present only in the CTR group. Comparison of archaeome at the species level revealed the presence of the Methanobrevibacter gottschalkii clade, Group12 sp. ISO4-H5, Methanobrevibacter millerae, the Methanobrevibacter ruminantium clade, Methanobrevibacter wolinii, Methanosphaera IS03-F5, and Methanobacterium sp. across the groups. The differences were observed in the proportion of Group10 sp. and Group9 sp. These two species were exclusively absent in the CON group. This analysis revealed that the core archaeome in the CON group was distinct from the CTR and INT groups.
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FIGURE 4. Ruminal archaea representing the core microbiome at a minimum prevalence of 50%. (A) Represents the core microbiome at the genus level in the CTR, CON, and INT groups, while (B) represents the core microbiome at the species level in the respective groups. The color gradients indicate the variability in prevalence. CTR, control; CON, daily oil supplementation; INT, biweekly oil supplementation.





DISCUSSION

SWPO supplementation resulted in additional body weight gains of 3.1 and 0.9 kg in the CON and INT groups, respectively, as compared with the CTR group. Supplementation of SWPO in CON group led to an additional ADG (16.6 g/day). The lower body weight (kg) and ADG (g/day) in our study were mainly due to the maturity of the experimental animals (18 months). Body weight gain and ADG would have been higher if the animals were growing (i.e., at the age of 3–6 months).

Lipid supplementation is one of the established methods for reducing enteric methane emission (Pinares-Patińo et al., 2016). The study also established that the SWPO supplementation in daily (CON) or biweekly (INT) regimes was equally effective in reducing methane emissions. Methane yields (g/kg DMI) reported here were consistent with previous reports (Pinares-Patino et al., 2014; Charmley et al., 2016; Williams et al., 2019). The reduction in daily methane emissions (g/day) due to long-term supplementation of SWPO was 5–8% higher than a previous short-term study (Thirumalaisamy et al., 2020). The supplementation of lipids mitigate methane emission via inhibition of hydrogen-producing microbes (Tapio et al., 2017), impeding microbial colonization and increasing hydrogen sequestration (van Nevel and Demeyer, 1992) and a shift in microbiota (Vargas et al., 2020). However, the extent of methane reduction depends on the source of the lipids and the fatty acid composition. A significant reduction (23–26%) in daily enteric methane emissions due to SWPO supplementation demonstrated its anti-methanogenic effectiveness. A recent study (Jayanegara et al., 2020) reported that supplementation with 5% insect oils effectively reduced in vitro methane production. Like cricket and mealworm oil (Jayanegara et al., 2020), the SWPO also possesses a relatively higher proportion of unsaturated fatty acids (65.5%) than saturated. Oleic (C18:1) and linolenic (C18:3) are two primary unsaturated fatty acids in SWPO that aggregately represent 58.4% of the total fatty acids (Thirumalaisamy et al., 2020). One plausible explanation for the reduction in methane emission can be the high degree of fatty acid unsaturation.

The negative correlation between DMI (g/day) and MY (g/kg DMI) is consistent with previous studies (Muetzel, 2011; Hristov and Melgar, 2020). In addition, the higher energy intake (ME MJ/day) in test groups due to oil supplementation could be one of the reasons for the reduction in methane emissions. However, Bayat et al. (2018) did not observe any difference in MY due to the variable energy density.

Total VFA and acetate production were unaffected by the SWPO supplementation. However, a shift in the fermentation pattern with more propionate and a decreased acetate to propionate ratio was apparent in this study. The higher propionate production and lower acetate to propionate ratio without any apparent change in total VFA and acetate concurs with the findings of previous studies (Jalè et al., 2006; Vargas et al., 2020). The reduction in rumen methanogenesis in the CON and INT groups could be due to the additional propionate production, which utilized spared H2. Fat supplementation is believed to be toxic to the rumen protozoa (Machmüller et al., 1998); however, the negative impact is not uniform across fat/oil sources and varies with the degree of unsaturation (Jenkins, 1993). The negative impact of SWPO supplementation on protozoa was in this study can be attributed to the high degree of unsaturation in the oil (Thirumalaisamy et al., 2020). It is well established that defaunation leads to the proliferation of succinate-producing bacteria (Kurihara et al., 1978; Ungerfeld et al., 2020), resulting in more propionate production (Eugène et al., 2004; Li et al., 2018). This was also substantiated by our results demonstrating a negative correlation between rumen protozoa and propionate production.

After methanogenesis, propionate is considered another major sink for H2 removal (Janssen, 2010). The H2 spared from reduced methanogenesis was, however, not completely redirected to propionate production, indicating that a major portion of H2 remains unaccounted for. These findings are consistent with previous reports (Anderson et al., 2010; Ungerfeld, 2015), implying that caproate and formate may be two other major sinks for H2 utilization.

Rumen protozoa are not essential for animal survival, but due to their functional association with methanogens (Newbold et al., 2015), they held accountable for nearly 37% of methane emissions (Machmüller et al., 2003). Results indicated that the SWPO supplementation effectively reduced the protozoal numbers with a concurrent decrease in enteric methane emission. After the withdrawal of the oil supplementation, an increase in both the protozoal numbers and methane emission confirmed their involvement in methane emission. This is consistent with a previous report (Sutton et al., 1983) confirming that the discontinuation feeding with oils increased protozoa numbers to the pre-supplementation level. The role of rumen protozoa in bacterial predation is well known (Williams and Coleman, 1992) and Entodiniomorphs are more efficient predators than are the Holotrichs (Belanche et al., 2012). Although we have not explored the bacterial community in the present study, a shift in the bacterial community due to the reduction in predation by protozoa is expected. In a meta-analysis, Newbold et al. (2015) reported a 9% increase in the bacterial populations due to defaunation. One of the most consistent consequences of defaunation is the reduction in ammonia concentration (Newbold et al., 2015), which is also evident in the current study. This could be explained by the reduced bacterial breakdown due to the lower protozoal numbers (Williams and Coleman, 1992); however, it needs further confirmation.

There was little impact of protozoal reduction on the methanogens community. This contradicts a previous study (Tan et al., 2020) that reported a significant effect of protozoa reduction on the methanogen community. In the current study, Methanobrevibacter, despite being the prominent archaeal genus, was similarly distributed between test (CON and INT) and CTR groups. This is consistent with an earlier short-term study (Thirumalaisamy et al., 2020) that evaluated SWPO at a similar level. Similarly, the distribution of the prominent species Methanobrevibacter gottschalkii was also uniform among the groups. These findings indicate that the core methanogens in sheep remain unaffected by the daily or biweekly supplementation of SWPO. A previous study (St-Pierre et al., 2015) also confirmed the dominance of Methanobrevibacter in the sheep rumen. Only minor methanogens such as Group3b, Group9, and Methanobacterium having a distribution frequency of < 2% in the archaeal community were affected with the SWPO supplementation. Group3b methanogen was recently identified in the rumen (Jin et al., 2017) but with a limited distribution of ∼0.2%. The contribution of Group3b to rumen methanogenesis is yet to be investigated.

SWPO is readily accessible in India (Srinivas et al., 2019) and cheaper than conventional edible oil sources (Government of India, 2021). Animals in the CON and INT groups consumed 3.24 and 1.61 L of oil during the experimental period of 180 days. The daily financial cost (INR) for feeding SWPO in the CON and INT groups was only 0.72 and 0.36, respectively (1 US$ = 75 INR). Based on the prevailing price of mutton (INR 600/kg), sheep in the CON group, due to the SWPO supplementation, had an additional ADG equivalent of INR 9.96 per day. However, the supplementation in the INT group led to an additional ADG of 4.2 g—only INR 2.52 per day. Thus, it would be far more economical for the farmers to feed SWPO daily (CON) at the recommended level of 2%. Although we attempted the SWPO supplementation through automatic oral drenching in the present study, it may not be practicable in a farm setting. Adding SWPO to concentrate mixture would be the most practical option on a farm, which requires further investigation.



CONCLUSION

From the present study, it can be concluded that the supplementation of SWPO as 2% of DMI over the long term, with daily or biweekly supplementing, decreased daily methane emissions of sheep by 23–26%. The supplementation of SWPO, either through daily or biweekly regimes, was equally effective in reducing methane emissions; however, the daily supplementation of SWPO at the recommended level led to a significant increase in body weight gain and average daily gain compared with animals in the control and biweekly groups. It can be inferred from the discontinuation study that the daily supplementation of SWPO is required to achieve a persistent reduction in enteric methane emission, and withdrawal of the oil supplementation led to an increase in enteric methane emission to the pre-supplementation level. The oil did not significantly change the archaeal community composition but persistently decreased the ruminal protozoa numbers. The feeding of SWPO may lead to a relatively higher average daily gain in growing sheep and, therefore, could result in a net profit. Drenching of oil may not be practically feasible in the farm settings; therefore, further studies will be required to investigate the methane mitigation potential of including SWPO into formulated concentrates.
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With the advent of high throughput technology, it is now feasible to study the complex relationship of the rumen microbiota with methanogenesis in large populations of ruminant livestock divergently ranked for enteric emissions. Recently, the residual methane emissions (RME) concept has been identified as the optimal phenotype for assessing the methanogenic potential of ruminant livestock due to the trait’s independence from animal productivity but strong correlation with daily methane emissions. However, there is currently a dearth of data available on the bacterial and archaeal microbial communities residing in the rumens of animals divergently ranked for RME. Therefore, the objective of this study was to investigate the relationship between the rumen microbiota and RME in a population of finishing beef cattle. Methane emissions were estimated from individual animals using the GreenFeed Emissions Monitoring system for 21 days over a mean feed intake measurement period of 91 days. Residual methane emissions were calculated for 282 crossbred finishing beef cattle, following which a ∼30% difference in all expressions of methane emissions was observed between high and low RME ranked animals. Rumen fluid samples were successfully obtained from 268 animals during the final week of the methane measurement period using a trans-oesophageal sampling device. Rumen microbial DNA was extracted and subjected to 16S rRNA amplicon sequencing. Animals ranked as low RME had the highest relative abundances (P < 0.05) of lactic-acid-producing bacteria (Intestinibaculum, Sharpea, and Olsenella) and Selenomonas, and the lowest (P < 0.05) proportions of Pseudobutyrivibrio, Butyrivibrio, and Mogibacterium. Within the rumen methanogen community, an increased abundance (P < 0.05) of the genus Methanosphaera and Methanobrevibacter RO clade was observed in low RME animals. The relative abundances of both Intestinibaculum and Olsenella were negatively correlated (P < 0.05) with RME and positively correlated with ruminal propionate. A similar relationship was observed for the abundance of Methanosphaera and the Methanobrevibacter RO clade. Findings from this study highlight the ruminal abundance of bacterial genera associated with the synthesis of propionate via the acrylate pathway, as well as the methanogens Methanosphaera and members of the Methanobrevibacter RO clade as potential microbial biomarkers of the methanogenic potential of beef cattle.
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INTRODUCTION

Recently, the Intergovernmental Panel on Climate Change (IPCC) has identified a rapid and sustained reduction in global methane production as a necessity to mitigate against the current increase in global temperatures (IPCC, 2021). At present, a third of the global anthropogenic methane emissions originate from ruminant livestock (Saunois et al., 2020). Indeed, enteric methane is accountable for ∼6% of global anthropogenic greenhouse gas (GHG) emissions (Gerber et al., 2013; Beauchemin et al., 2020) and ∼19% of Ireland’s national GHG emissions profile (Duffy et al., 2021). As a result, there has been an increased interest in the development of methane mitigation strategies for ruminant livestock.

To reduce the GHG emissions profile of the livestock industry, numerous authors have advocated the potential of genetic selection to achieve permanent and accumulative reductions to the methane output of future livestock generations (Wall et al., 2010; Pickering et al., 2015; de Haas et al., 2017; Beauchemin et al., 2020). To date, most investigations examining the relationship between the rumen microbiota and methane output have been conducted on animals ranked for daily methane emissions (DME; g/day; Danielsson et al., 2017) or methane yield (MY; g/kg of DMI; Kittelmann et al., 2014; Shi et al., 2014; Roehe et al., 2016). However, the direct genetic selection of animals for reduced DME or MY is unlikely to be implemented as part of a breeding strategy due to the antagonistic relationship of both traits with animal productivity (Bird-Gardiner et al., 2017; Renand et al., 2019; Smith et al., 2021).

Residual methane emissions (RME), defined as the difference between an animal’s actual and expected methane output based on its level of feed intake and body weight (Bird-Gardiner et al., 2017), has recently been advocated as the optimal trait for identifying low methane emitting cattle due to the trait’s phenotypic and genetic independence of animal productivity but strong correlation with DME (Herd et al., 2014; Manzanilla-Pech et al., 2016; Bird-Gardiner et al., 2017; Donoghue et al., 2020; Smith et al., 2021). Indeed, supported by moderate heritability estimates for the trait (Manzanilla-Pech et al., 2016; Donoghue et al., 2020), selecting animals for a low RME phenotype has the potential to reduce the methanogenic output of individual animals, without compromising the productivity of future generations of livestock.

Recently, our group observed a 30% difference in methane output along with shifts in theoretical hydrogen (H) production and a varied expression of microbial fermentation pathways associated with propionate production, yet a similar level of animal productivity, in cattle ranked low for RME (Smith et al., 2021). However, to date, there has been no investigation on the effect of ranking animals for RME on the composition of the rumen microbiota.

The abundance and fermentative activity of individual members of the rumen microbiota are influenced by fluctuating H dynamics in the rumen (Janssen, 2010), with methanogenesis recognised as one of the primary metabolic processes regulating dissolved ruminal dihydrogen (H2) concentrations (McAllister and Newbold, 2008; Morgavi et al., 2010). While the genetic factors controlling methanogenesis are yet to be determined, the composition of the rumen microbiota has explained 15–40% of the variation in methane output in some studies (Difford et al., 2018; Wallace et al., 2019). This suggests it may be possible to discover potential rumen microbial biomarkers that are reflective of the methanogenic potential of an animal. Indeed, the discovery of rumen microbial signatures associated with methanogenesis may benefit the identification of low-methane emitting animals by reducing the number of animals required to undergo long and expensive methane measurement estimation periods, as part of the development of an environmentally focused breeding programme.

Therefore, the objective of this study was to investigate the composition of the rumen microbiota in animals, phenotypically divergent in RME, in an effort to identify rumen microbial biomarkers indicative of the methanogenic potential of an animal.



MATERIALS AND METHODS

All animal procedures used in this study were approved by the Teagasc Animal Ethics Committee and conducted using procedures consistent with the experimental licence (AE19132/P078) issued by the Irish Health Products Regulatory Authority in accordance with European Union legislation (Directive 2010/63/EU) for the protection of animals used for scientific purposes.


Animal Model

This experiment was conducted as part of a larger study designed to investigate the effects of ranking finishing beef cattle, in terms of RME, on enteric emissions and animal productivity. A detailed description of the animal model, measurements recorded, and derivation of traits has been presented in Smith et al. (2021).

Briefly, over a period of 18 months, data were obtained from 282 commercial beef cattle (steers = 128 and heifers = 154) enrolled in a feed efficiency performance test. Cattle were the progeny of AI bulls under evaluation as part of the Gene Ireland Breeding Program1, and were recruited from commercial breeding herds based on factors including sire, breed, genetic merit, pedigree, age, and performance tested under standardised conditions at the Irish Cattle Breeding Federation (ICBF) national beef bull progeny test station (Tully, Co., Kildare, Ireland). Cattle included in this study originated from continental late-maturing beef dams (Charolais, Limousin, or Simmental), sired by early maturing (EM) or late maturing (LM) sire breeds. The proportion of EM and LM sired animals was 25 and 75%, respectively.

Eligible cattle entered the test centre in groups of 40–75 animals, hereby referred to as “batches,” and underwent a minimum 100-day feed efficiency performance test. Starting in January 2019 and finishing in July 2020, animals from seven consecutive batches were included in this study. Upon arrival at the facility, cattle were allocated to indoor pens (6.1 m × 4.6 m) bedded with peat. Cattle were separated based on gender and initially penned in groups of five to six depending on their initial weight and age. Cattle were offered a 30-day adjustment period to allow dietary acclimatisation and adaption to the facilities. During the adjustment phase, animals were fitted with a RFID tag (HDX EID Tag, Allflex Livestock Intelligence, Dallas, TX, United States). Once tagged, the pen size was increased by opening the gates between adjacent pens to accommodate 11–30 animals per pen. The mean age and body weight of animals at the beginning of the measurement period were 441 days (SD = 49 days) and 476 kg (SD = 67 kg), respectively. Steers and heifers averaged 476 (SD = 46 days) and 410 (SD = 27 days) days of age while LM and EM averaged 442 (SD = 51 days) and 435 (SD = 43 days) days of age at the commencement of the measurement period, respectively.

Cattle were offered the same total mixed ration (TMR) ad libitum, which consisted of 77% concentrates and 23% hay (see Supplementary Table 1), and underwent a mean feed intake measurement period of 91 days (71–128 days). Enteric emissions (methane and carbon dioxide) were estimated over a 21-day period during a mean feed efficiency test period of 91 days using the GreenFeed Emissions Monitoring system (GEM; C-Lock Inc., Rapid City, SD, United States). Following the completion of the measurement period, animals were slaughtered in a commercial abattoir.



Rumen Fluid Collection

During the last week of the enteric emissions measurement period, samples of rumen fluid (25–50 ml) were collected from 268 animals before feeding using the transoesophageal rumen sampling device (FLORA rumen scoop; Guelph, ON, Canada). Feed was restricted from animals for a minimum of 2 h before sampling. Samples were divided across two 25-ml tubes with ruminal fluid pH measured immediately using a digital pH meter (Orion SA 720; Thermo Fisher Scientific, Waltham, MA, United States). Following this, 500 μl of rumen fluid was pipetted into 2-ml cyrotubes (Sarstedt, Co., Wexford, Ireland) containing autoclaved zirconia beads (0.3 g of 0.1 mm and 0.1 g of 0.5 mm) and immediately preserved via snap-freezing in liquid nitrogen along with the remaining rumen fluid contained in 25 ml tubes. On the same day of sampling, samples were transported 61 km to the Teagasc research facility (Teagasc Grange, Dunsany, Co., Meath, Ireland) on dry ice and stored at –80°C until further molecular analysis was conducted.



DNA Extraction and Library Preparation

Eight samples were misplaced resulting in microbial DNA being extracted from 260 samples of 500 μl of frozen rumen fluid sample using a modified version of repeated bead beating and column purification method (Yu and Morrison, 2004), as previously described (McGovern et al., 2018; Smith et al., 2020a,b). A blank extraction control was subjected to the same procedure as rumen fluid samples for each extraction kit. DNA quality was assessed using agarose gels (0.8%) and a 1-kb DNA ladder (Bioline GmbH, Luckenwalde, Germany). The concentration of extracted DNA was quantified on the Nanodrop 1000 spectrophotometer and diluted to 100 and 5 ng/μl before running agarose gels and PCR amplification.

Using 12.5 ng of extracted rumen microbial DNA, amplicon libraries (n = 260) were generated by performing two rounds of PCR amplification as outlined in the Illumina Miseq 16S Sample Preparation Guide with minor modifications to cycle length, as outlined in McGovern et al. (2018) and Smith et al. (2020c). In addition, six amplicon libraries were generated to assess sequencing run performance and library preparation. Three amplicon libraries were generated using the ZymoBIOMICS™ Microbial Community DS (Zymo Research Corp., Irvine, CA, United States). An additional three libraries were synthesised using the synthetic rumen amplicon sequencing standard, as described by Smith et al. (2020c).

The first round of PCR amplification, targeting the V4 hypervariable region of the 16S rRNA gene, was performed using the 515F/806R primers (Caporaso et al., 2011) designed with Nextera overhang adapters and 2x KAPA Hifi HotStart ReadyMix DNA polymerase (Roche Diagnostics, West Sussex, United Kingdom). Cycle conditions were as follows: 95°C for 3 min, 20 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and then 72°C for 5 min.

Amplicons were purified using the QIAquick PCR Purification Kit (Qiagen, Manchester, United Kingdom). A negative control subjected to the same procedures as rumen amplicon samples was performed for each purification kit. Following purification, amplicons were subject to a second round of PCR to permit the attachment of dual indices and Illumina sequencing adapters using the Nextera XT indexing kit (Illumina, San Diego, CA, United States). Cycle conditions for the second round of PCR were 95°C for 3 min, 8 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and then 72°C for 5 min followed by an additional PCR purification with the QIAquick PCR Purification Kit (Qiagen, Manchester, United Kingdom). Confirmation of amplicon generation was conducted visually on a 2% agarose gel. Amplicons were split across three separate runs, pooled together in equal concentration, and subject to gel purification using the Qiagen Gel Extraction Kit (Qiagen, Manchester, United Kingdom) to remove adapter primers followed by further purification to remove any residues of agarose using the QIAquick PCR purification kit (Qiagen, Manchester, United Kingdom). In total, 276 samples were sequenced (n = 260 rumen samples; n = 6 positive controls; n = 11 negative controls).

Pooled sample purity and quantity were analysed on the Nanodrop 1000 with further validation on the Qubit fluorometer and using the KAPA SYBR FAST universal kit with Illumina Primer Premix (Roche Diagnostics, West Sussex, United Kingdom). Following this, the library pool was diluted and denatured as per the Illumina Miseq 16S Sample Preparation Guide with sequencing conducted on the Illumina MiSeq using the 500 cycle version 2 MiSeq reagent kit (Illumina, San Diego, CA, United States) over three separate runs.



Rumen Metabolite Analysis

Short-chain fatty acid concentrations in rumen fluid samples were measured using a Varian Saturn 2000 GC 450 (Varian, Middelburg, The Netherlands). A detailed description of sample preparation, the extraction of VFA, and the cycle conditions utilized were previously described (Smith et al., 2021).



Sequencing Analysis

Amplicon sequence data were processed in R (version 4.0.2) using DADA2 (version 1.18.0) and submitted to the pipeline as described by Callahan et al. (2016) with minor modifications. Quality checks of both forward and reverse reads were initiated followed by the filtering and trimming of poor quality reads and removal of primer sequences using the trimLeft function. Identical sequences were combined using the dereplication function followed by the merging of forward and reverse reads. An ASV table was then constructed following which chimeric sequences were removed and taxonomy assigned to sequences variants using the RefSeq + RDP (NCBI RefSeq 16S rRNA database supplemented by RDP; release date 06/11/2020) downloaded from the DADA2 website. A bootstrapping threshold of 80 was applied for taxonomic classification by incorporating minBoot = 80 as part of the assignTaxonomy function. Sample metadata, sequence taxonomy, and ASVs were combined into a phyloseq object using phyloseq (version 1.34.0; McMurdie and Holmes, 2013) for further analysis. Ten rumen amplicon samples were removed because they had a significantly low sequencing depth. A rarefication curve was plotted for the remaining rumen samples (n = 250). Based on a plateauing of the generated rarefication curve (see Supplementary Figure 1), samples were rarefied to the lowest sequencing depth of all samples (26,366 reads per sample). Following this, alpha (Shannon and Simpson) diversity was calculated for each sample. For comparisons of beta diversity, as well as differential abundance analysis, ASVs which were not present in >5% of the samples were removed before calculating the relative abundance, based on rarefied reads.

To determine the proportion of rumen methanogens belonging to the SGMT or RO clade, ASVs assigned to the Methanobrevibacter genus were further classified by conducting an online NCBI BLAST search against the RefSeq database2.



Data and Statistical Analysis

Before assessing differences in the bacterial and archaeal structure amongst RME groups, the homogeneity of group dispersions was assessed between low and high-ranked animals. Following this, PERMANOVA tests based on Bray-Curtis dissimilarities, 9,999 permutations, and a significance level of (P < 0.05) were implemented to determine if the bacterial and archaeal structure differed amongst high and low RME animals. Both the assessment of the homogeneity of group dispersions and PERMANOVA analysis were carried using the R package vegan (Oksanen et al., 2019) (version 2.5.7) implemented through microbiome (Lahti and Shetty, 2017) (version 1.12.0). The R package plotly (version 4.9.3) was used to generate 3D NMDS plots based on Bray-Curtis dissimilarities.

Statistical comparisons of the relative abundance of the rumen bacteria and archaea between the RME groups was conducted on ASVs with a mean relative abundance greater than 0.5% in at least one RME group using the GLIMMIX procedure of SAS (SAS Inst. Inc., Cary, NC; version 9.4). The statistical model used included the fixed effect of RME group (high, medium, and low), breed maturity/genotype (LM and EM), gender (steer and heifer), and their interactions. Non-statistically significant (P > 0.10) interactions were subsequently excluded from the final model. Age and initial body weight at the start of the performance test were included as covariates, and a contemporary group was incorporated as a random effect in the statistical model. The residuals of each model were normally distributed. Differences among means were determined by F-tests using Type III sums of squares. The PDIFF option and the Tukey test were applied to evaluate pairwise comparisons between means. Mean values were considered to be different when P < 0.05 and a tendency when P ≥ 0.05 and <0.10. The associations among the microbial abundances with performance and fermentation parameters were determined through partial correlations, adjusted for gender, breed maturity, and contemporary group using the MANOVA/PRINTE statement within the GLM procedure of SAS. Correlation coefficients were classified as strong (r > 0.6), moderate (r between 0.4 and 0.6), or weak (r < 0.4), respectively.




RESULTS


Animal Performance

Statistical comparisons of feed intake and emissions traits amongst the RME groups are presented in Supplementary Table 2. Low RME animals produced 17.69 and 30.42% less (P < 0.05) DME in comparison to animals ranked as medium and high for RME, respectively. Similarly, the low RME animals had lower (P < 0.05) daily carbon dioxide emissions (DCE; kg/day) than animals ranked as medium and high. Low RME animals had the lowest (P < 0.05) MY and methane intensity (MI; g/kg of carcass weight) of the RME groups. A difference of 29.73 and 29.63% for MY and MI was detected amongst the low and high RME groups, respectively.



DNA Extraction and Sequencing Performance

After quality filtering, merging, and removal of chimeric sequences, an average of 67,970 ± 27,857 reads per rumen sample were generated across the three runs. Correlations between the composition of libraries generated from the DS standards and the theoretical composition of the ZymoBIOMICS™ ranged from rs 0.95 to 0.97. In addition, the correlation of the synthetic sequencing standard with the composition reported in Smith et al. (2020c) ranged from rs 0.89 to 0.90. Negative extraction controls generated on average 50 reads per sample (range of 13–93) after quality filtering, merging, and removal of chimeric sequences. DNA extraction and sequencing performance were deemed satisfactory based on the strong concordance of the microbial compositions in both standards with that of their theoretical composition and the low number of reads obtained for negative controls.



Rumen Microbial Composition

The dominant members of the bacterial community, within each group at the phylum and family levels, are displayed in Figures 1, 2. At the phylum level, the rumen bacterial community was dominated by Firmicutes and Bacteroidetes, which had a mean combined relative abundance of 84.58%. Proteobacteria was the next most abundant bacterial phylum (7.70%) followed by Fibrobacteres (1.89%), Kiritimatiellaeota (1.86%), and Actinobacteria (1.53%). Prevotellaceae was the most abundant bacterial family observed, with a mean relative abundance of 45.73% across all samples. The families Lachnospiraceae, Ruminococcaceae, and Acidaminococcaceae contributed to 35.72% of the bacterial community composition. Prevotella was the primary genus of bacteria observed with a mean relative abundance of 55.05% across all samples, followed by Succiniclasticum (11.33%), Ruminococcus (9.28%), Fibrobacter (4.15%), and Succinivibrio (2.27%).
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FIGURE 1. Stack plot comparing differences, in the relative abundances of the six most abundant rumen bacterial phyla, between cattle ranked as high, medium, and low for residual methane emissions.
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FIGURE 2. Stack plot comparing differences, in the relative abundances of the ten most abundant rumen bacterial families, between cattle ranked as high, medium, and low for residual methane emissions.


The genera Methanobrevibacter and Methanosphaera accounted for 93.87 and 5.09%, respectively, of the archaeal community across all samples. Within the Methanobrevibacter genus, the relative abundance of members of SGMT and RO clade was 51.31 and 46.58%, respectively, with the remaining 2.11% of species identified as M. boviskoreani.



Effect of Residual Methane Emissions Ranking on Bacterial Community Composition

Comparisons in the bacterial community, at the genus level, between RME groups, are presented in Table 1. The overall bacterial community structure did not differ between high and low-ranked RME animals (PERMANOVA; P = 0.87) (Figure 3). In addition, no difference in alpha diversity was detected at the species level between the RME groups (P > 0.05). At the phylum level, an increased (P < 0.05) relative abundance of Proteobacteria was observed in the low compared to high RME animals. The opposite was observed for the abundance of Kiritimatiellaeota, with an increased (P < 0.05) abundance observed in the high RME group. No other bacterial phyla were impacted by RME ranking.


TABLE 1. Characterization of the rumen bacterial genera in finishing beef cattle ranked for residual methane.

[image: Table 1]

[image: image]

FIGURE 3. Three-dimensional Bray-Curtis NMDS plot highlighting differences in the bacterial community composition between animals ranked as high and low for residual methane emissions. Red = low RME; blue = high RME.


At the family level, the proportions of Ruminococcaceae, Succinivibrionaceae, and Clostridiales Family XIII Incertae Sedis were increased (P < 0.05) in the high compared to low RME ranked animals. The proportions of the bacterial families, Lactobacillaceae, Erysipelotrichaceae, and Selenomonadaceae were greater (P < 0.05) in low RME groups in comparison to their high counterparts.

Within the bacterial family Lachnospiraceae, greater (P < 0.05) proportions of both Pseudobutyrivibrio and Butyrivibrio were present in high RME ranked animals. Animal ranking for RME had a significant influence on the genus Mogibacterium (P < 0.05), which was significantly increased in high RME ranked animals. The proportion of the genus Ruminobacter tended (P = 0.08) to be higher in high RME animals. The bacterial genera Intestinibaculum, Olsenella, Selenomonas, and Sharpea had increased (P < 0.05) relative abundances in low RME ranked animals. In addition, the abundance of Eubacterium tended (P = 0.06) to be affected by RME ranking, with a decreased proportion of the genus observed in the high and medium ranked animals relative to low RME counterparts.



Relationship of Rumen Bacteria With Enteric Emissions and Rumen Fermentation

Partial correlation analysis amongst the relative abundance of rumen bacterial genera with both enteric emissions traits and VFAs are presented in Tables 2, 3. The relative abundances of Intestinibaculum, Olsenella, and Selenomonas were negatively correlated (P < 0.05) with all methane phenotypes and positively correlated with propionate percentage. In addition, both Intestinibaculum and Olsenella were negatively associated (P < 0.05) with A:P ratio, along with Olsenella sharing a negative relationship (P < 0.05) with butyrate percentage. Prevotella abundance was negatively correlated (P < 0.05) with DME, RME, and MI. The abundances of Butyrivibrio, Pseudobutyrivibrio, Mogibacterium, and Succiniclasticum were positively correlated (P < 0.05) with all methane emission traits. Furthermore, the relative abundances of both Butyrivibrio and Mogibacterium were negatively associated (P < 0.05) with propionate percentage. The abundances of both Ruminobacter and Ruminococcus were positively correlated (P < 0.05) with both DME and RME. Both the proportions of Fibrobacter and Treponema were negatively associated with total SCFA production.


TABLE 2. Correlation coefficients amongst rumen bacterial genera and traits associated with enteric emissions.
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TABLE 3. Correlation coefficients amongst rumen bacterial genera with rumen fermentation characteristics.
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Effect of Residual Methane Emissions Ranking on Archaeal Community Composition

Comparisons in the archaeal community at the genus level and within the Methanobrevibacter clades between RME groups are presented in Table 4. Based on PERMANOVA analysis, a tentative difference in the structure of the archaeal community was detected amongst the high and low RME groups (P = 0.07), although no clear separation was observed (Figure 4). The relative abundance of Methanobrevibacter did not differ amongst the RME groups (P > 0.05). Within Methanobrevibacter, the abundance of the SGMT clade was not affected by RME ranking. However, an increased (P < 0.05) relative abundance of the RO clade was observed in the low compared to high RME animals. The relative abundance of Methanosphaera was increased (P < 0.05) in the low relative to high RME animals.


TABLE 4. Characterization of the rumen methanogens in finishing beef cattle ranked for residual methane.
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FIGURE 4. Three-dimensional Bray-Curtis NMDS plot highlighting differences in the archaeal community composition between animals ranked as high and low for residual methane emissions. Red = low RME; blue = high RME.




Relationship of Rumen Methanogens With Enteric Emissions and Rumen Fermentation

Partial correlation analysis amongst the relative abundance of rumen methanogens and with both enteric emissions and VFAs are presented in Tables 5, 6. The RO clade was negatively correlated (P < 0.05) with all methane traits, butyrate percentage, and A:P ratio, but was positively associated with propionate percentage. The opposite relationships were observed for the relative abundance of the SGMT clade, which was positively correlated (P < 0.05) with RME, MY, butyrate percentage, and A:P ratio, but negatively correlated with propionate percentage. Methanosphaera was negatively correlated (P < 0.05) with all methane phenotypes, acetate percentage, and the A:P ratio but positively correlated with propionate percentage.


TABLE 5. Correlation coefficients amongst rumen methanogens and traits associated with enteric emissions.
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TABLE 6. Correlation coefficients amongst rumen methanogens with rumen fermentation characteristics.
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A strong negative correlation (r = –0.80; P < 0.0001) between the relative abundance of Methanobrevibacter and Methanosphaera was observed. A similar relationship was detected between the relative abundance of the SGMT and RO clade (r = –0.93; P < 0.0001).




DISCUSSION

Recently, RME has been identified as the optimal phenotype for identifying low methane emitting ruminants, with our group having recently reported an ∼30% difference in methane output, but comparable levels of animal productivity between high and low RME ranked animals (Smith et al., 2021). Indeed, the independence of RME from animal productivity makes it the ideal phenotype for examining the inherent biological mechanisms influencing methanogenesis. However, before this study, there had been no attempts to investigate the key rumen microbes associated with inter animal divergence in RME.

Animals ranked as low for RME had increased abundances of the lactic-acid-producing bacteria Intestinibaculum, Olsenella, and Sharpea. In addition, the abundances of Intestinibaculum and Olsenella were negatively associated with all methane phenotypes, but correlated positively with ruminal propionate percentage. This suggests that an increased abundance of both Intestinibaculum and Olsenella may play a role in reducing the dissolved H2 concentrations in the rumen via the redirection of metabolic H toward the acrylate pathway. Although Intestinibaculum and Olsenella are predominantly lactic-acid-producing bacteria (Kim et al., 2019) and not deemed to be among the potent producers of propionate in the rumen, members of Selenomonas are capable of fermenting lactate to propionate (Evans and Martin, 1997; Denman et al., 2015). This possibly explains the observed relationship of Selenomonas with propionate synthesis and methane output. Although this symbiotic relationship between lactic-acid-producing bacteria and Selenomonas will need further interpretation, it gives credence to the concept of “microbial teams” having a role in redirecting metabolic H to lactate and propionate, as proposed by Ungerfeld (2020).

Metabolic H can also be redirected toward butyrate production when H2 concentrations are high in the rumen; however, this will still result in a net production of H (Janssen, 2010). Elevated relative abundances of the genera Pseudobutyrivibrio and Butyrivibrio, known producers of formate, butyrate, acetate, and H2 (Van Gylswyk et al., 1996, Kelly et al., 2010; Emerson and Weimer, 2017; Palevich et al., 2017) in the rumen, were observed in high RME animals. Data generated in vitro suggests the existence of a symbiotic relationship between the species of Butyrivibrio and Methanobrevibacter associated with the utilisation of formate during hydrogenotrophic methanogenesis (Leahy et al., 2010). Methanobrevibacter species are also postulated to be capable of adhering to the surface of some Butyrivibrio species, which may benefit H2 transfer from bacteria to archaea, akin to the symbiotic relationship observed between ruminal protozoa and methanogens (Ng et al., 2016). As such, the catabolic activities of some members of the Butyrivibrio genus may indirectly support methanogenesis through the supply of formate to ruminal methanogens.

The positive relationship of Mogibacterium with RME follows a similar relationship to that of previous findings, showing an increased abundance of Mogibacterium to be associated with high MY cattle (Wallace et al., 2015). As this genus has been identified as being asaccharolytic (Nakazawa et al., 2000), its contribution to ruminal methanogenesis will require further investigation.

Traditionally, the expression of the methyl coenzyme M reductase (mcr) gene in the rumen has been advocated as a more credible biomarker of ruminal methanogenesis in comparison to metataxonomic-based applications (Wilkins et al., 2015). Moreover, recent evidence is supportive of the abundance of individual members of the rumen methanogen community as indicators for the methanogenic potential of an animal (Tapio et al., 2017; Ramayo-Caldas et al., 2020). Similar to the findings in this study, an elevated proportion of the Methanobrevibacter RO clade and Methanosphaera has been associated with a reduced methane output in sheep (Shi et al., 2014; Kittelmann et al., 2014) and dairy cows (Danielsson et al., 2017). Martínez-Álvaro et al. (2020) suggested an increased diversity of the methanogen community and methanogenesis pathway expression to contribute to a reduced MY in cattle. In this study, the structure of the methanogen community tended to differ amongst RME groups, with the abundance of Methanosphaera and the Methanobrevibacter RO clade increased in low RME animals. Members of the Methanosphaera genus predominately produce methane via the reduction of methanol (Tapio et al., 2017). In addition, the division of the two clades of Methanobrevibacter was proposed based on the ability of the SGMT clade to synthesise two isomers of the mcr gene, mcrI and mcrII, with only mcrI expressed by the RO clade (Tapio et al., 2017). A fluctuation in the abundance of methanogens, with differing methanogenesis pathways, between high and low methane emitting animals is often perceived as competition for methanogenesis substrates amongst ruminal methanogens for H2 (Morgavi et al., 2010). Consistent with this, a negative correlation between the relative abundances of SGMT and RO, as well as opposing correlations with RME was observed in this study, which may suggest competition amongst these members of the Methanobrevibacter genus for H2.

Furthermore, the reduction of methanol via methylotrophic methanogenesis has a lower H2 requirement in comparison to the hydrogenotrophic synthesis of methane, with the energetic advantage methylotrophic methanogens possess at low H2 pressure detailed by Feldewert et al. (2020). The availability of dissolved H2 in the rumen is also postulated to regulate the expression of the mcr, with mcrII only expressed when the quantity of H2 is high (Reeve et al., 1997) which, as depicted by Danielsson et al. (2017), gives the SGMT clade a competitive advantage in the presence of a greater availability of H2. Therefore, as more H2 is diverted to additional H sinks under high H2 concentrations, there will be a reduced production of H2 from fermentation, which, in the current experiment, may have increased the competitiveness of Methanosphaera in the rumen of low RME animals. Similarly, when dissolved H2 concentrations are kept low by an increased rate of methanogenesis and H2 producing fermentation pathways are favoured, the SGMT clade may have a competitive advantage over members of the RO clade as more H2 is produced during fermentation. Subsequently, the relationship between Methanosphaera and the abundances of the SGMT and RO clade with DME and RME observed in this study would suggest that the methanogenic output of an animal, at least in part, influences the composition of the rumen methanogen community, likely as a result of H dynamics in the rumen.

Recently, the abundances of some members of the rumen methanogen community associated with RME in this study have been proposed to be influenced by the genetics of the host. For example, the ratio of Mbb. gottschalkii to Mbb. ruminantium in the rumen has an estimated heritability of 0.17 (Li et al., 2019), while the abundance of Methanosphaera may also be regulated by host genetics (Difford et al., 2018). Based on the prospects of host genetics regulating the abundance of the methanogen community, it is likely the host may elicit some control over the rate of ruminal methanogenesis and/or concentration of dissolved H2. However, further investigation will be required to uncover the means by which the host regulates control over the prevailing conditions within the rumen.

Under the intensive finishing conditions deployed in this experiment, a baseline assessment of the relationship of the rumen microbiota with RME is presented. Furthermore, this study has identified some of the key microbial genera to target as part of the development of environmentally focused breeding programmes and future antimethanogenic dietary supplements. However, further metagenomic and metatranscriptomic analysis will be required to uncover both the rumen microbial genes and metabolic pathways associated with a low RME phenotype. Nonetheless, the abundance of a small cohort of rumen microbial genera has been identified as potential microbial biomarkers for methanogenesis, albeit the consistency of their relationship with RME will require further assessment across different diet types.
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We identified metabolites in the seeds of Pharbitis nil (PA) and evaluated their effects on rumen methanogenesis, fiber digestibility, and the rumen microbiome in vitro and in sacco. Four rumen-cannulated Holstein steers (mean body weight 507 ± 32 kg) were used as inoculum donor for in vitro trial and live continuous culture system for in sacco trial. PA was tested in vitro at doses ranging from 4.5 to 45.2% dry matter (DM) substrate. The in sacco trial was divided into three phases: a control phase of 10 days without nylon bags containing PA in the rumen, a treatment phase of 11 days in which nylon bags containing PA (180 g) were placed in the rumen, and a recovery phase of 10 days after removing the PA-containing bags from the rumen. Rumen headspace gas and rumen fluid samples were collected directly from the rumen. PA is enriched in polyunsaturated fatty acids dominated by linoleic acid (C18:2) and flavonoids such as chlorogenate, quercetin, quercetin-3-O-glucoside, and quinic acid derivatives. PA decreased (p < 0.001) methane (CH4) production linearly in vitro with a reduction of 24% at doses as low as 4.5% DM substrate. A quadratic increase (p = 0.078) in neutral detergent fiber digestibility was also noted, demonstrating that doses < 9% DM were optimal for simultaneously enhancing digestibility and CH4 reduction. In sacco, a 50% decrease (p = 0.087) in CH4 coupled with an increase in propionate suggested increased biohydrogenation in the treatment phase. A decrease (p < 0.005) in ruminal ammonia nitrogen (NH3-N) was also noted with PA in the rumen. Analysis of the rumen microbiome revealed a decrease (p < 0.001) in the Bacteroidetes-to-Firmicutes ratio, suggesting PA to have antiprotozoal potential. At the genus level, a 78% decrease in Prevotella spp. and a moderate increase in fibrolytic Ruminococcus spp. were noted in the treatment phase. In silico binding of PA metabolites to cyclic GMP-dependent protein kinase of Entodinium caudatum supported the antiprotozoal effect of PA. Overall, based on its high nutrient value and antiprotozoal activity, PA could probably replace the ionophores used for CH4 abatement in the livestock industry.

Keywords: methane, rumen, in silico, culture systems, PUFA, quercetin, Entodinium caudatum


INTRODUCTION

Ruminal CH4 production, in addition to its adverse effect on the environment, represents the loss of 3–10% of the gross energy intake of the animal (Appuhamy et al., 2016). Over the past 50 years, ruminant nutritionists have developed numerous strategies for enteric CH4 abatement (Beauchemin et al., 2020). A meta-analysis showed that dietary supplementation of ionophore antibiotics (e.g., monensin) decreases CH4 production by up to 15% and increases feed efficiency in beef cattle (Appuhamy et al., 2013). However, the use of ionophores has been banned in many countries, including South Korea, due to concern over their residues in livestock products (Maron et al., 2013; Lee et al., 2018). Similarly, consumer acceptance of 3-nitrooxypropanol, although a promising CH4 inhibitor, will influence the acceptance of inorganic synthetic compounds (Beauchemin et al., 2020). Therefore, studies have focused on plant-based organic strategies such as supplementing lipids and oil seeds rich in polyunsaturated fatty acids (PUFAs) or additives rich in flavonoids, tannins, and saponins, which reportedly reduce CH4 production (Hassan et al., 2020; Ku-Vera et al., 2020). Nevertheless, the adverse effects of PUFAs and other phyto-additives on nutrient digestibility, rumen fermentation, and animal performance have raised concerns over the feasibility of such strategies (Beauchemin et al., 2020). Natural seaweeds and seaweed bioactives can reduce CH4 production with fewer adverse effects on animal productivity (Abbott et al., 2020). However, concern over the safety of feeding bromoform-containing seaweeds to livestock, their associated toxicity to the environment (i.e., ozone depletion), and their net carbon footprint necessitates the discovery of new potential natural feed additives for CH4 abatement (Glasson et al., 2022).

Our previous in vitro screening study involving 152 plant extracts reported that ethanolic extracts from the seeds of Pharbitis nil (Pharbitis semen; PA) can decrease CH4 by up to 37% (Bharanidharan et al., 2021a). Pharbitis nil (Convolvulaceae) is an annual climbing herb widely distributed throughout Korea, Japan, and China, and PA is used as a purgative agent and in treating digestive disorders (Kim et al., 2020). Previous phytochemical investigations have reported the isolation of bioactive chemical constituents such as resin glycosides (Ono, 2017), monoterpenoids (Lee et al., 2017), diterpenoids (Ki et al., 2009; Woo et al., 2017), triterpenoid saponins (Jung et al., 2008), flavonoids, chlorogenic acid derivatives (Saito et al., 1994), and phenolic compounds (Kim et al., 2011) from different parts of P. nil. Similarly, we reported the enrichment of PUFAs in PA using gas chromatography-mass spectroscopy (GC-MS) without derivatization (Bharanidharan et al., 2021a). However, a complete secondary metabolite and fatty acid (FA) profile of PA is needed to understand their effects on methanogenesis and fermentation. Similarly, studies on the dose response effect of PA on CH4 production and fermentation characteristics are needed to optimize the additive dosage such that minimal adverse effects on rumen fermentation and nutrient digestibility are achieved. Furthermore, nutritional interventions with high dietary PUFAs should be evaluated, including their in vivo effect on the rumen microbiota based on their toxicity toward major cellulolytic bacteria (Beauchemin et al., 2020).

Artificial rumen replacements such as in vitro continuous or batch culture systems do not adequately simulate in vivo rumen gas and volatile fatty acid (VFA) production due to various factors such as lack of VFA absorption and feed passage in vitro (Krishnamoorthy et al., 2005; Amanzougarene and Fondevila, 2020). In sacco experimental approaches involving live continuous culture systems (LCCSs) have been used to assess the digestibility of feedstuffs (Krizsan et al., 2013). However, to the best our knowledge, only our previous work (Kim et al., 2016) has used this approach for the initial assessment of feed additives in terms of their effects on CH4 production and microbial population. Moreover, LCSS-based approaches have yet to be validated.

Here, we profiled PA metabolites using ultra-performance liquid chromatography high-resolution mass spectroscopy (UPLC-HRMS/MS) and GC-MS; evaluated the in vitro effect of ground PA on CH4 production, fermentation, and digestibility; and evaluated in sacco the effect of PA on CH4 production, fermentation, and rumen microbial dynamics using an LCCS.



MATERIALS AND METHODS


Animals, Basal Diet, and Plant Material

Four cannulated Holstein steers (mean body weight 507 ± 32 kg), cared for in accordance with guidelines of the Animal Ethical Committee, Seoul National University, Republic of Korea (approval number SNU-210615-1), were used for the in vitro and in sacco trials. A diet comprising tall fescue hay and commercial concentrate pellets (33:67, w/w) was used as the basal diet of the donor steers and as substrate for in vitro incubations. The animals were fed 5 kg dry matter (DM) of the basal diet twice daily at 09:00 and 17:00 and had ad libitum access to fresh water. PA was purchased from a local market in Dongdaemun-gu, Seoul, Republic of Korea. The diet material and PA were dried in a forced-air oven at 65°C for 72 h to estimate the DM content, ground to pass through a 1-mm screen (Thomas Scientific Model 4, Swedesboro, NJ, United States), and stored at −20°C until in vitro incubations and chemical analyses. The ingredient and nutrient compositions of the basal diet/substrate are presented in Table 1, and its FA composition can be found in Supplementary Table 1.


TABLE 1. Ingredients and chemical composition of the basal diet.
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Chemical Analyses

The feed and PA samples were dried in a forced-air oven at 65°C for 72 h to estimate DM content and then ground to pass through a 1-mm screen (Thomas Scientific Model 4). The organic matter content was determined after ashing at 600°C for 3 h using a Nabertherm LE 14/11/R7 Compact Muffle Furnace (Lilienthal, Germany) (Undersander et al., 1993). The ether extract (EE) content was determined using an ANKOMXT15 Extractor (Ankom Technology Corp., Fairport, NY, United States) following a filter bag procedure (AM-5-04; 2001) with petroleum ether as the solvent. Neutral detergent fiber (NDF) and acid detergent fiber contents were measured using a filter bag technique with an Ankom A2000 Fiber Analyzer (ANKOM Technology Corp.). The neutral detergent fiber content was analyzed using heat-stable amylase and expressed exclusive of residual ash (Van Soest et al., 1991). The analytical method for acid detergent fiber was based on Van Soest (1973), and the results are presented exclusive of residual ash. The nitrogen (N) content was determined using the Kjeldahl method (Kjeltec Auto Sampler System, 8400 Analyzer; Foss, Sweden) as described by (AOAC International, 2016). Crude protein (CP) was calculated as 6.25 × N. The gross energy content was determined using an automatic isoperibol calorimeter (6400EF, Parr Instrument Company, Moline, IL, United States). Concentrations of FAs in the feed and PA were analyzed using the direct methylation method of O’Fallon et al. (2007) and an Agilent 7890B GC system (Agilent Technologies, Santa Clara, CA, United States) with a flame ionization detector as described previously (Bharanidharan et al., 2021b). The FA content was expressed as mg/100 g DM.



Metabolite Extraction and Sample Preparation for Ultra-Performance Liquid Chromatography High-Resolution Mass Spectroscopy

Pharbitis nil samples (10 g) were ground into a homogenous fine powder using a mortar and pestle in liquid nitrogen, followed by extraction with 2 L of methanol-water (80:20, v/v) with continuous stirring for 24 h at room temperature. The resultant extract was filtered using Whatman No. 2 filter paper, and the residue was re-extracted using 1 L of methanol-water (80:20, v/v) with continuous stirring for 12 h at room temperature. Both extracts were pooled and concentrated using a rotary vacuum evaporator (Heidolph Instruments, Schawabatch, Germany) followed by freeze drying (FDFC-12012, Operon, Seoul, South Korea) for 48 h. The dry extract (yield 3.2% w/w) was stored at −80°C until analysis. For UPLC-HRMS analysis, 20 mg of dry extract was dissolved in 2 mL of methanol-water (80:20, v/v) via sonication for 10 min (VCX130, SONICS Vibra-Cell™, Newtown, CT, United States), and the solution was passed through a 0.22-μm polyvinylidene fluoride syringe filter (Millex-GV, Millipore®, Darmstadt, Germany). The filtered samples were dried completely using a nitrogen evaporator (HyperVap HV-300, Labogene, Seoul, South Korea), and the dried extracts were reconstituted (5 mg/mL) in 80% HPLC-grade methanol (Sigma-Aldrich, St. Louis, MO, United States) in an autosample vial prior to analysis.



Ultra-Performance Liquid Chromatography High-Resolution Mass Spectroscopy Analysis for Untargeted Metabolomics

UPLC separation was performed using an UltiMate™ 3000 (Thermo Scientific, Waltham, MA, United States) UPLC system with a CORTECS C18 (2.1 mm × 150 mm, 1.6 μm; Waters, Milford, MA, United States) UPLC column. The flow rate was 0.3 mL/min, and the solvent system consisted of 0.1% aqueous formic acid (A) and acetonitrile with 0.1% formic acid (B). Linear gradient elution was applied as follows: 1% B at 0–1.0 min, 30% B at 1.0–25.0 min, 30-100% B at 25–50 min, and 100-1% B at 50–60 min. The column temperature was held at 45°C, and the injection volume was 5 μL.

Electrospray ionization (ESI)-MS was carried out using a hybrid triple quadrupole time-of-flight (TripleTOF ® 5600 + ; AB Sciex, Framingham MA, United States) mass spectrometer with MS1 and MS2 data recorded in both positive and negative ionization modes. The ion spray voltage in positive and negative mode was 5.5 and −4.5 kV, respectively. The desolvation gas (N2) temperature was set to 500°C. For MS acquisition, the nebulizer gas (N2), heating gas (N2), and curtain gas (N2) flow rates were 50, 50, and 25 psi, respectively. A declustering potential of ±60 V, collision energy of ±35 V, and collision energy spread of ±10 V were applied, in both positive and negative ionization modes. The MS analysis alternated between MS full scanning and information-dependent acquisition scanning.

Elements version 2.1.1 software (Proteome Software Inc., Portland, OR, United States) was used to process raw ion chromatograms. Raw data files were converted to mz5 format using ProteoWizard version pwiz_Reader_ABI: 3.0.9987. Raw profile data and converted data were imported into Elements software for peak identification, alignment, feature extraction, and area normalization, with separate analyses used for positive and negative ionization mode. Feature finding was conducted over a mass range of 30–1500 m/z as described previously (Lim, 2020).



In vitro Effects of Pharbitis nil on CH4 Production and Digestibility

Approximately 300 mL of ruminal fluid was collected from each donor steer before the morning feeding and strained through four layers of muslin before getting pooled into a prewarmed flask flushed with O2-free CO2. The fluid was then diluted with O2-free buffer (McDougall, 1948; adjusted to pH 7.0) at a ratio of 1:2 (v/v) and placed in a water bath pre-heated to 39°C with continuous CO2 flushing. The in vitro trial was performed as described in Bharanidharan et al. (2021a) to test the effect of ground PA. Briefly, incubation was carried out with three replicates with each comprising 30 mL of rumen fluid mixture in 60-mL serum bottles containing 210 mg DM of substrate. The experimental setup comprised a blank (i.e., only rumen fluid mixture without substrate and ground PA), a control (i.e., rumen fluid mixture with substrate but without ground PA), a positive control (i.e., rumen fluid mixture with substrate and 30 ppm monensin; CAS No. 22373-78-0, Sigma-Aldrich), and dietary treatments (i.e., rumen fluid mixture with substrate and 4.5, 9.0, 13.6, 18.1, 22.6, or 45.2% DM ground PA). After 24 h of incubation, the total gas production was measured using water displacement apparatus (Fedorah and Hrudey, 1983). CH4 concentration in the headspace gas and VFAs in the medium were determined using the Agilent 7890B GC system (Agilent Technologies, Santa Clara, CA, USA) with a flame ionization detector using methods described by Bharanidharan et al. (2021a). The pH was measured using a pH meter (model AG 8603; Seven Easy pH, Mettler-Toledo, Schwerzenbach, Switzerland) and the NH3-N concentration was determined using a modified colorimetric method (Chaney and Marbach, 1962).

In parallel procedures, another fermentation run was conducted to determine the effects of PA on in vitro DM and NDF digestibility. Incubation was carried out with three replicates with each comprising 60 mL of rumen fluid mixture in 120-mL serum bottles containing 420 mg DM of substrate. The same experimental setup with the same dietary treatments as above was used for the trial. After 24 h of incubation, the incubation medium was transferred to 50-mL centrifuge tubes. Any particles attached to the walls of the serum bottles were washed off with distilled H2O and transferred to centrifuge tubes. The tubes were centrifuged at 3000 × g (ScanSpeed 1580R, Labogene, Seoul, South Korea) for 20 min, and the supernatants were discarded. The tubes containing the pellets were dried in a forced-air oven at 65°C for 48 h to determine the residual DM weights and NDF digestibility. The digestibility of DM and NDF was calculated based on the proportion of the initial weight incubated lost. The DM content of the blank was used for normalization. The incubation procedure was repeated three times in separate weeks to assess the repeatability.



In sacco Effects of Pharbitis nil on CH4 Production and Rumen Microbial Dynamics

The same four cannulated Holstein steers used as rumen fluid donors were allocated to individual feeders equipped with steel stanchions, and the experiment was carried out as described previously (Kim et al., 2016). A total of twelve polyethylene/nylon bags (10 × 20 cm, pore size 300 ± 20 μm, FILTRA-BAG®, Mfr. No: EFT-1250A, Thomas Scientific) were filled with 60 g of unground PA each (three bags per steer). Each bag was sealed using a heat sealer and placed in a large retaining sac (20 × 30 cm, pore size 3 × 5 mm). A 3-m-long nylon cable was attached to one end of the retaining sac, and a cannula stopper was attached to the other end. The steers were fed the basal diet during a 14-day adaptation period before beginning the trial. The experiment was divided into three phases: a control phase of 10 days without sacs containing PA in the rumen, a treatment phase of 11 days in which three sacs containing PA were placed in three positions in the rumen (total 180 g per steer), and a recovery phase of 10 days after the sacs containing PA were removed from the rumen. The steers were locked in position by metal stanchions and allowed to stand until sampling was complete to minimize changes in ruminal volume and shape. Sampling for ruminal headspace gas was conducted on 11 occasions beginning 3 days before the initiation of the treatment phase (day 0). Gas samples from four steers were collected on days −3, −2, −1, 3, 5, 7, 9, 11, 14, 17, and 21 of the feeding period. On day 12, the steers began the recovery phase. Samples of rumen head space gas were taken at 1, 2, and 3 h after morning feeding by passing a 20-mL graduated syringe connected to a two-way stopcock (KOVAX, Seoul, South Korea) into the rumen through the cannula stopper. Six samples (three each during rumen contraction and relaxation) per sampling period were collected and immediately transferred to a vacuum tube (ref 364979, BD Vacutainer, Becton Dickinson, NJ, United States) for CH4 analysis as described previously (Bharanidharan et al., 2021a). Ruminal fluid samples were collected on days −1, 3, 11, and 21 at 3.5 h after morning feeding. After immediately measuring the pH using a pH meter (model AG 8603; Seven Easy pH, Mettler-Toledo, Schwerzenbach, Switzerland), ruminal fluid was transferred to a 50-mL centrifuge tube and centrifuged at 12,000 × g for 10 min (Supra-22K, Hanil Science Industrial, Gimpo, South Korea). The supernatant was transferred to a 15-mL centrifuge tube and stored at −20°C until analysis of NH3-N and VFA concentrations as described previously (Bharanidharan et al., 2018).

For microbial analysis, ruminal fluid samples collected on days −1, 11, and 21 were snap-frozen in liquid nitrogen and stored at −80°C until DNA extraction and next-generation sequencing using previously described methods and primers (Bharanidharan et al., 2018). Primers targeting the variable region V4 (515F/806R) were used because they cover both bacterial and archaeal populations, producing an amplicon size amenable for Illumina MiSeq sequencing (Caporaso et al., 2011; Kozich et al., 2013). The raw Illumina MiSeq reads generated were demultiplexed according to their barcodes, and the sequences were quality-filtered (≥Q20) based on the quality control process in Quantitative Insights into Microbial Ecology (QIIME) version 1.9.0 software with a filtered length of ≥ 200 bp as described previously (Bharanidharan et al., 2021c). The processed paired reads were concatenated into a single read, and each single read was screened for operational taxonomic unit (OTU) picking using the de novo clustering method CD-HIT-OTU embedded in QIIME 1.9.0 with reference to the National Center for Biotechnology Information (NCBI) database (NCBI_16S_20190602, 97% nucleotide identity).



In silico Effects of Pharbitis nil Metabolites Against Entodinium caudatum

Cyclic GMP (cGMP)-dependent protein kinase (cGK), the central regulator of cGMP signaling in malaria parasites and a potential target for new antimalarial drugs (Baker et al., 2020), was used to evaluate the potential antiprotozoal effects of major PA metabolites. Because the rumen protozoa-specific protein sequence of cGK was not available in non-redundant databases, we used a manual method to determine the protein sequence. The partial mRNA sequence of cGK 9-1(XM_001017123) from Tetrahymena thermophila SB210, a widely used protozoal model, was retrieved from the NCBI database (accessed on 02 September 2021). The non-annotated genome assembly of E. caudatum MZG-1 (NBJL00000000.3) was downloaded from the NCBI database (accessed on 02 September 2021), and a local nucleotide database was created in BioEdit version 7.2.5 (Scripps Research, La Jolla, CA, United States) (Hall, 1999). A local nucleotide BLAST (BLASTn) search of the T. thermophila SB210 cGK nucleotide sequence was performed against the E. caudatum strain MZG-1 genome database. The result revealed nucleotide homology with E. caudatum strain MZG-1 (NBJL03004678.1). Furthermore, a protein homolog of the E. caudatum strain MZG-1 protein was searched for using the BLASTx algorithm1. The results revealed that the sequence of E. caudatum strain MZG-1 was 67% homologous (e-value = 0) to Bacillus cyclic nucleotide-binding domain-containing protein (MBP3841481) and its corresponding nucleotide (JAGAWU010000032) sequences. The corresponding aligned nucleotide sequence of E. caudatum strain MZG-1 was extracted and translated to an amino-acid sequence using the BLASTx algorithm. The amino-acid sequence was confirmed to encode cGK and was later used as the query for structure prediction.

The primary structural parameters of the E. caudatum strain MZG-1 specific cGK (query) protein were determined using ProtParam2. The physicochemical characters such as molecular weight, theoretical isoelectric point, amino-acid composition, extinct coefficient, estimated half-life, instability index, aliphatic index, and grand average of hydropathicity were computed. Secondary structure conformational parameters related to the presence of α-helices, β-turns, extended strands, and random coils were computed using the self-optimized prediction method with alignment (SOPMA) tool3. The similarity of the query protein with publicly available homologs was assessed by searching against non-redundant databases, including NCBI and Protein Data Bank (PDB) databases. The online protein structure prediction tool PS2 4 was used to predict the three-dimensional structure of the protein. Superimposition of predicted models of the query onto the template was performed using SALIGN5 and visualized using the UCSF Chimera package (Pettersen et al., 2004). The models were analyzed based on the DOPE score, and their stereochemical quality was validated by generating a Ramachandran plot using PROCHECK6 on the SAVES server7.

For molecular docking studies, the chemical structures of the major metabolites (ligands) of PA (dicaffeoyl quinic acid, quercetin-3-O-glucoside, chlorogenate, palmitic acid, linoleic acid, and oleic acid) were retrieved from the PubChem compound database8. The retrieved ligand structures in .sdf format were converted to .pdb format using PyMOL version 1.7.4.5 software (DeLano Scientific LLC, San Carlos, CA, United States). Docking analysis was carried out using AutoDockTools version 1.5.4 and AutoDock version 4.2 software (Scripps Research Institute Molecular Graphics Laboratory, La Jolla, CA, United States) as described previously (Arokiyaraj et al., 2015). The docked complexes were visualized using Discovery Studio Visualizer version 4.5 (BIOVIA, San Diego, CA, United States).



Statistical Analyses

In vitro data were analyzed using the PROC MIXED procedure of SAS version 9.4 (SAS Institute, Cary, NC, United States) with a Tukey-Kramer adjustment. The dose was considered a fixed effect and each incubation run a random effect. Linear, quadratic, and cubic components of the response to increasing doses of PA were evaluated using orthogonal polynomial contrasts. The CONTRAST option of the MIXED procedure uses the coefficient matrix generated in PROC IML for unequally spaced treatments. Pearson’s correlation coefficients were calculated to identify correlations between substrate FA concentration, CH4 production, fermentation characteristics, and digestibility using the PROC CORR function in SAS.

In sacco data were also analyzed using the PROC MIXED procedure of SAS. The statistical model for rumen microbial composition data included treatment type and period as fixed effects and each animal as a random effect. The headspace CH4 concentration, ruminal fermentation characteristics (pH, VFAs, and NH3), and microbial abundance were subjected to repeated-measures analysis of variance. The statistical model for fermentation parameters used the same model with the inclusion of day as a fixed effect. Within the period, each day was taken as a repeated measurement, and the treatment × day interaction was not evaluated. For the CH4 data, both day and time were included as fixed effects in the model and were considered repeated measurements. The treatment, day, and time effects as well as treatment × day and treatment × time interactions were evaluated. The Akaike information criterion was used to identify the covariance structure with the best fit, and the autoregressive and compound symmetry covariance structures were used to analyze the fermentation characteristics and CH4 data, respectively. Means were calculated using the LSMEANS function and were compared using the PDIFF option in SAS. Significant treatment effects were detected by pairwise comparisons employing Tukey’s test. Regarding differences according to treatment, p < 0.05 was taken to indicate significance and 0.05 < p < 0.1 was considered to indicate a trend toward significance. To identify bacterial lineages that drive the clustering of microbial communities in different phases, we performed principal component analysis (PCA) using the fviz_pca_biplot function in the FactoMineR package (Husson et al., 2020) in R version 4.0.3 software (The R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Pharbitis nil Chemical Composition

The proximate and FA composition of PA are shown in Table 2. The CP, NDF, and EE contents of PA were 235.0, 421.0, and 129.4 g/kg DM, respectively. The analysis of the FA composition of PA revealed enrichment of saturated FAs (SFAs; 3.5 g/kg DM), monounsaturated fatty acids (MUFAs; 2.3 g/kg DM), and PUFAs (5.1 g/kg DM) dominated by linoleic acid (C18:2; 4.5 g/kg DM). The omega-6:omega-3 FA ratio was 10.2 with enrichment of omega-6 FAs (4.6 g/kg DM).


TABLE 2. Proximate and fatty acid composition of seeds of Pharbitis nil.
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Pharbitis nil Metabolite Profile

Altogether, 147 significant analytes were identified in the PA methanolic extract, 59 of which were identified in ESI positive ion mode (Figure 1A and Table 3), 54 in ESI negative ion mode (Figure 1B and Table 4), and 34 in both ESI positive and negative ion mode (Table 5). The identified analytes can be classified into saccharides and their derivatives, phenolic compounds and their derivatives, alkaloids, flavonoids, triterpenoids, coumarins, quinic acids, FAs, organosulfonic acids, and others. FAs and their derivatives, especially linoleic acid derivatives, were the main constituents in PA. Analytes such as caffeic acid, chlorogenate, quercetin, quercetin-3-O-glucoside, betaine, wilforlide A, 1,28-dicaffeoyloctacosanediol, hederagenin base + O-dHex-Hex-Hex, soyasaponin V, osmanthuside H, ginsenoside Ro, cinncassiol D2 glucoside, sarasinoside A1, and dioctyl sulfosuccinate were present in high proportions. Precursor organic acids including nicotinic acid, coumaric acids, dicaffeoylquinic acid, echinocystic acid, koetjapic acid, linoelaidic acid, and bovinic acid were identified. Finally, the phytosterols fucosterol, campesterol, and sitosterol were detected.
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FIGURE 1. Total ion chromatograms of metabolites in the methanol extract of Pharbitis nil seeds in positive (A) and negative ionization (B) mode from ultra-performance liquid chromatography high-resolution mass spectroscopy analysis.



TABLE 3. Metabolites in the total methanolic extract of P. nil seeds identified using ultra-performance liquid chromatography high-resolution mass spectroscopy (UPLC-HRMS/MS) in positive ion mode.
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TABLE 4. Metabolites in the total methanolic extract of P. nil seeds identified using UPLC-HRMS/MS in negative ion mode.
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TABLE 5. Metabolites in the total methanolic extract of P. nil seeds identified using UPLC-HRMS/MS in both positive and negative ion modes.
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In vitro Effects of Pharbitis nil on CH4 Production, Fermentation, and Digestibility

Our results negate a dose–response relationship between PA and in vitro CH4 production, fermentation parameters, and digestibility (Table 6). Dietary SFA, MUFA, and PUFA concentrations increased with an increasing PA dose, whereas total gas production decreased linearly (p < 0.001). The production of CH4 (mmol/g DM) decreased by 23.7–69.1% compared with the control at doses of 4.5–45.2% DM. At doses ≤ 9% DM, enhancement of DM digestibility (DMD; p = 0.052) and NDF digestibility (NDFD; p = 0.073) by 9.6–15.2% was noted compared to the control, in which 31.1–50.5% decreases (p < 0.001) in CH4 production expressed as mmol/g digestible DM (CH4/dDM) or NDF (CH4/dNDF) were observed. At doses ≥ 13.6% DM, DMD and NDFD decreased but remained higher than in the control. Although DM and NDF degradation was unaffected at low doses of PA, the production of total VFAs and NH3-N decreased (p < 0.001). Conversely, the molar proportions of the VFAs propionate and butyrate increased linearly (p < 0.001) with an increasing dose. By contrast, the proportions of acetate, iso-butyrate, valerate, and iso-valerate decreased linearly (p < 0.001).


TABLE 6. Dose–response effect of P. nil seeds on in vitro methane (CH4) production, fermentation parameters, and digestibility (nreplicate = 4).
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Pearson’s correlation coefficients for the tested parameters are listed in Table 7. Strong negative associations of dietary FA concentrations with total gas production (r = −0.85; p < 0.005), total CH4 production (r = − 0.85; p < 0.005), and CH4 production per g dNDF (r = −0.76; p < 0.005) were noted in vitro. The dietary FA concentration was strongly associated with propionate production (r = 0.89; p < 0.005) and the NH3-N concentration (r = −0.71; p < 0.005). However, no association (p > 0.05) was noted between the dietary FA concentration and DMD or NDFD. The proportion of propionate was strongly negatively associated with total CH4 production (r = − 0.95; p < 0.005) and CH4 production per g dNDF (r = − 0.89; p < 0.005).


TABLE 7. Pearson correlation coefficients for associations between dietary fatty acid content, CH4 production, fermentation parameters, and digestibility.

[image: Table 7]


In sacco Effects of Pharbitis nil on the Rumen Headspace CH4 Concentration, Fermentation, and the Rumen Microbiome

In sacco, the average CH4 concentration in the rumen headspace gas sample decreased (p = 0.087) from 11.3 to 5.5% in the treatment phase and then steadily increased to 8.9% in the recovery phase (Figure 2). An interaction between treatment and sampling day (p < 0.05) was noted for the CH4 concentration. No interaction (p > 0.05) between treatment and sampling time was noted. Ruminal fluid pH and NH3-N concentration decreased (p < 0.005) and remained relatively low at the end of the treatment phase, then increased in the recovery phase (Table 8). The total VFA concentration (p < 0.05) and the proportions of propionate (p = 0.089) and butyrate (p = 0.078) increased during the treatment phase and recovered toward the control level during the recovery phase. The acetate proportion exhibited the opposite pattern (p < 0.05).
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FIGURE 2. Changes in methane (CH4) concentration in rumen headspace gas due to the addition of P. nil seeds (n = 4 heads).



TABLE 8. Effects of P. nil seeds on fermentation parameters in sacco in a live continuous culture system (n = 4 heads).
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Analysis of the rumen microbial reads at a depth of 46,860 quality reads yielded an average of 886 OTUs (range 711–985 OTUs; Supplementary Figure 1). Diversity analysis of the rumen microbiota revealed that the total microbial species richness (alpha diversity) was unaffected by PA (Supplementary Figure 1). Analysis of the rumen microbial composition revealed marked shifts in relative abundance at the phylum and species levels in the post-treatment period (Figures 2, 3 and Supplementary Table 2). Decreased abundances of sequences assigned to the phyla Bacteroidetes (p < 0.05), Spirochaetes (p < 0.05), and Proteobacteria (p = 0.062) and an increase (p < 0.05) in the phylum Firmicutes were observed post-treatment (Figures 3, 4 and Supplementary Table 2). Consequently, a decrease (p < 0.005) in the Bacteroidetes:Firmicutes ratio was noted (Figure 5). Regarding beta diversity, PCA revealed that all rumen samples from steers at different phases clustered separately, with 43.9% of the variation explained (Figure 6). PA led to a 78% decrease (p < 0.05) in the abundance of OTUs assigned to the most abundant bacterial species, Prevotella ruminicola (18.1%), compared to the control phase (Supplementary Table 2). Other species in the families Prevotellaceae and Paraprevotellaceae exhibited decreases of similar magnitude. In terms of fibrolytic microorganisms, OTUs assigned to Butyrivibrio fibrisolvens, Ruminococcus albus, Ruminococcus bromii, and Ruminococcus lactaris increased (p < 0.05) several fold post-treatment (Supplementary Table 2). The abundance of Streptococcus sp. increased several-fold. Although the abundance of Phylum Euryarchaeota was unchanged, OTUs assigned to the genus Methanobrevibacter and Methanosphaera increased (p < 0.05) post-treatment (Supplementary Table 2).
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FIGURE 3. Phylum-level changes in the rumen microbiome of cannulated Holstein steers due to P. nil seeds. C, control; T, treatment; R, recovery.
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FIGURE 4. Species-level changes in the rumen microbiome of cannulated Holstein steers due to P. nil seeds. C, control; T, treatment; R, recovery.
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FIGURE 5. Changes in the Bacteroidetes:Firmicutes ratio in the rumen of cannulated Holstein steers due to P. nil seeds.
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FIGURE 6. Principal component analysis results reflecting correlations between rumen bacterial/archaeal communities, CH4 yield, and fermentation parameters in sacco.




In silico Analysis of the Effects of Active Metabolites From Pharbitis nil on cGK

The results of a primary structural evaluation of the deduced cGK protein using ProtParam are shown in Supplementary Tables 3, 4. Evaluation of secondary structure conformational parameters using the SOPMA tool indicated that cGK is composed of 29.06% loops, 46.39% helices, 16.83% extended strands, and 7.72% β-turns (Supplementary Figure 2). Homology modeling of cGK performed based on the crystal structure of the A chain of Plasmodium vivax Sal-1 cGK (PDB ID: 4RZ7) as the template yielded sequence identity and e-values of 41.8 and 2e-94, respectively (Supplementary Figure 3A). The predicted model of cGK was superimposed on the cGK template (PDB ID: 4RZ7; Supplementary Figure 3B). PROCHECK analysis to assess the quality of the predicted model using a Psi/Phi Ramachandran plot indicated that 85.2% of the residues were in the most-favored regions, 10.1% were within additionally allowed regions, and 2.3% were in disallowed regions (Supplementary Table 5 and Supplementary Figure 3C). The G-factor for the modeled cGK was −0.27, revealing the predicted model to be of high quality (Supplementary Table 6). Therefore, model validation suggested that the model adequately represented the native protein.

Analysis of docked protein-ligand complexes based on binding affinity revealed that the predicted protein model of E. caudatum cGK has the highest binding energies of −6.83, −6.75, and −5.92 kcal/mol with dicaffeoyl quinic acid, quercetin-3-O-glucoside, and chlorogenate, respectively (Supplementary Table 7). Long-chain FAs such as linoleic acid, oleic acid, and palmitic acid also exhibited fair binding to cGK with moderate energy values of −4.75, −4.52, and −4.14 kcal/mol, respectively (Supplementary Table 7). Hydrogen bond interactions between the ligands and the active residues of cGK were noted (Figures 7A–F and Supplementary Table 7).
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FIGURE 7. Putative binding sites of palmitic acid (A), oleic acid (B), linoleic acid (C), chlorogenate (D), dicaffeoyl quinic acid (E), and quercetin-3-O-glucoside (F) from P. nil seeds with cyclic GMP-dependent protein kinase of the rumen protozoan Entodinium caudatum.





DISCUSSION

Research on plant-based natural feed additives has been promoted due to restrictions on the non-therapeutic use of antibiotics in livestock production. Research into natural resources with high nutritional value and bioactive compounds can enhance productivity and mitigate the environmental footprint of livestock systems. Following our previous work (Bharanidharan et al., 2021a), we investigated for the first time the nutritive value and secondary metabolites of PA. We found high contents of CP, NDF, fat, and FAs in PA, suggesting that it has high nutritive value. The greater contents of FAs identified using GC-MS and FA derivatives identified using UPLC-HRMS/MS corroborate our prior finding (Bharanidharan et al., 2021a) that 60% of the compounds identified using GC-MS were derivatives of long-chain FAs. The fat content (129 g/kg DM) of PA is similar to that of grapeseed (Kapcsándi et al., 2021), whereas the FA profile (C16:0 [21%], C18:0 [21%], C18:2 [41%]) is comparable with that of sunflower seeds (Akkaya, 2018). Moreover, PA, as a source of omega-3 and -6 FAs (predominantly linoleic acid), can promote animal and human health (Haug et al., 2007). Plant secondary metabolites (PSMs) such as polyphenols reportedly benefit the health and productivity of ruminants (Olagaray and Bradford, 2019). The identification of flavonoids such as osmanthuside H, p-coumaric acid, quercetin, quercetin-3-O-glucoside, quercetin-4-O-glucoside, caffeic acid, ferulic acid, chlorogenic acid, and their derivatives in PA is consistent with previous studies (Saito et al., 1994; Kim et al., 2011). However, several metabolites (including betaine, wilforlide A, 1,28-dicaffeoyloctacosanediol, ginsenoside Ro, and other saturated and unsaturated FAs) are reported for the first time in this study. Notably, dioctyl sulfosuccinate, an anionic surfactant that is used as a laxative and stool softener, was identified in PA for the first time. PA is used in traditional medicine for its gastroprokinetic effect (Kim et al., 2020). In addition, the identified metabolites, including the FAs, have been shown to exhibit antimicrobial activity against bacteria (McGaw et al., 2002; Vasta et al., 2019) and protozoa (Matsumoto et al., 1991; Ayemele et al., 2020). Therefore, these compounds could be used to manipulate the rumen microbiome to mitigate CH4 emissions and optimize feed efficiency.

It is valuable to identify and assess the effects of metabolites present in plant materials on rumen fermentation characteristics and microbes than testing the raw plant material directly.

It is because the environmental factors such as soil conditions could greatly affect the concentration of the active metabolite in that plant. This in turn would influence the optimal dose determination and practical application of the plant material. However, it is also important to consider the synergic effects from other components which could be achieved when plant raw materials are used directly. Because the effects of crude PA extract was investigated at one dose in our previous study (Bharanidharan et al., 2021a), we used raw plant material at range of doses here. The decrease in CH4 production in response to PA in vitro confirms our previous observation (Bharanidharan et al., 2021a). At doses as low as 4.5% DM, PA decreased the production of CH4 (mmol/g DM incubated) by 24% in vitro, similar to 30 ppm monensin. The same effect was evident in sacco; the CH4 concentration in the rumen headspace gas decreased by 50% after 10 days. However, this could not be considered as a decrease in absolute CH4 production, since the total gas production was not quantified. This observed effect of PA on methanogenesis might have been related to the higher concentrations of FAs (3.8–5.8% DM) in vitro. The maximum decrease in CH4 production was 69% in vitro, and there were strong negative associations between the FA concentration and gas parameters, as reported previously (Patra, 2013). Patra (2013) suggested that for each percentage point increase in fat in the diet, CH4 emission decreased by 3.77% in vivo with a maximum reduction of 15.1% at 6% dietary DM, which is lower than our finding. It is possible that other PSMs in PA might have contributed to the effect (Ku-Vera et al., 2020). In addition, in vitro culture systems can overestimate such effects compared to in vivo systems (Machmüller, 2006).

The inhibitory effects of fats, FAs, and other PSMs on rumen methanogenesis are related to altered H2 thermodynamics in the rumen caused by a decrease in the populations of ciliate protozoa, their associated methanogens and other H2 producing bacteria (Newbold et al., 2015; Toprak, 2015). Although the protozoal population was not quantified in the current study, the decrease in methanogenesis in the current study could be attributed to the 90% decrease in total ciliate protozoan population as observed upon addition of ethanol extract of PA in our previous in vitro study (Bharanidharan et al., 2021a). Generally, rumen protozoa are associated with and engulf rumen bacteria and archaea (Park and Yu, 2018). Rumen protozoa degrade the proteins of engulfed microbial cells into oligopeptides and free amino acids, which are deaminated to produce free NH3-N, leading to inefficient dietary N utilization (Newbold et al., 2015). A recent study also reported that the presence or absence of different protozoal genera differentially modulate rumen prokaryotic community ecological structure (Solomon et al., 2021). Therefore, in this study, the shift in Bacteroidetes to Firmicutes ratio in the treatment phase could also be partially related to the defaunation effect of PA. However, other reasons including the specific binding of FAs in PA to the lipid bilayer membrane of Gram-negative bacteria that leads to cell death (McGaw et al., 2002) could also be attributed to the microbial shift. Huws et al. (2015) reported a 65% decrease in the Prevotella population upon adding C18:3-rich flax seed oil to the diet, supporting our hypothesis. Consistent with our results, Park et al. (2019) indicated a decrease in the Bacteroidetes:Firmicutes ratio as well as decreased Prevotella and increased Streptococcus abundances upon inhibition of E. caudatum. However, it could not be completely related to the results observed in the current study as different Entodinium spp. that exhibit different predatory behavior are represented in different proportions in the rumen (Kišidayová et al., 2021). Furthermore, the decrease in ruminal NH3-N in this study indicates reduced microbial protein turnover due to the inhibition of protozoa (Dai and Faciola, 2019). However, Prevotella species reportedly degrade dietary protein to produce NH3-N (Griswold et al., 1999); thus, the decrease in their relative abundance might have contributed to the reduced NH3-N. Although rumen protozoa population is associated with butyrate production, the increase in butyrate proportion upon adding PA in vitro may be partially related with the increase in relative abundance of butyrate producers such as Butyrivibrio fibrisolvens and Pseudobutyrivibrio ruminis in treatment phase of in sacco trial. The strong binding of PUFAs such as oleic acid, palmitic acid, and linoleic acid to cGK of E. caudatum in silico further provided insight into the antiprotozoal effect of PA, as these FAs are reportedly toxic to rumen protozoa (Dohme et al., 2008). This is the first study to predict the structure of E. caudatum cGK, which is involved in cell replication and other cell-cycle processes. Furthermore, in an evaluation of Calotropis gigantea extract rich in quercetin, quercetin-3-O-glucoside, and other hydrocinnamic acid derivatives for its effect on protozoa, Ayemele et al. (2021) reported a 50% decrease in the abundance of E. caudatum coupled with a decrease in NH3-N. This is consistent with the strong binding of quercetin-3-O-glucoside to E. caudatum cGK. Jin et al. (2021) reported the antimethanogenic potential of caffeic acid, in agreement with the large proportion of that flavonoid in PA in this study. Therefore, the major metabolites of PA may be responsible, at least in part, for inhibiting E. caudatum, thereby decreasing CH4 and NH3-N production.

Despite the symbiotic relationship between protozoa and methanogens (Levy and Jami, 2018), protozoal inhibition increased methanogen abundance, consistent with our previous study (Bharanidharan et al., 2021a). Similar responses to defaunation (Mosoni et al., 2011) and the addition of oils (Nur Atikah et al., 2018) have been reported. The proportion of methanogens that associates with protozoa is not large (Belanche et al., 2014), and other planktonic methanogens in the rumen might not be affected by PA. The decrease in CH4 caused by feed with increased lipid content is related to the increased production of propionic acid via biohydrogenation of unsaturated FAs (Hook et al., 2010). This is consistent with the strong associations between dietary PUFA content, propionate proportion, and CH4 production. This suggests that propionate synthesis was the major hydrogen sink despite the greater abundance of methanogens, which use H2 for CH4 production. Similarly, a monensin-mediated decrease in CH4 via increased biohydrogenation was caused by the inhibition of protozoa, whereas the effect on methanogens was minimal (Hook et al., 2010). In addition, the abundance of B. fibrisolvens, which is involved in the initial step of rumen biohydrogenation of PUFA to vaccenic acid (McKain et al., 2010), increased in the treatment phase. Moreover, decreased CH4 production due to linseed and coconut oil rich in PUFAs is reportedly not clearly linked to methanogenic gene abundance or changes in the archaeal community (Patra and Yu, 2013; Martin et al., 2016). It is also possible that the PA metabolites hindered the gene activity of methanogens for reducing H2 to CH4 in the rumen. However, after withdrawing PA (recovery phase) in sacco, the CH4 concentration in the headspace gas and other fermentation parameters started reverting to their initial values. This might have been due to the recovery of rumen microbes to their initial composition as a result of probable increase in rumen protozoal population in absence of PA. In vitro batch or continuous culture systems cannot be used to evaluate short- and long-term responses together with re-adaptation of microbes, and typically do not yield consistent results, unlike in sacco methods involving LCCSs. However, the outward and inward flow of gases through the cannula needs to be considered if this method is to be used to evaluate the effects of plant materials on methanogenesis and other fermentation parameters (Wang et al., 2019). In addition, lack of models for quantifying the total gas production has limited the LCCS approach to determine only the rumen headspace CH4 concentration rather than the absolute CH4 production.

Methane mitigation strategies involving plant additives are useful only if nutrient digestibility and other fermentation parameters are not concomitantly compromised. Dietary supplementation of lipids and the elimination of rumen protozoa are associated with decreased nutrient digestibility (Patra, 2013; Dai and Faciola, 2019). However, DMD and NDFD were increased by PA, likely because of the increased populations of fibrolytic bacteria such as B. fibrisolvens, R. albus, R. bromii, and R. lactaris. This is in agreement with the increase in R. albus and R. flavefaciens observed after defaunation (Mosoni et al., 2011; Park et al., 2019) and the addition of oil to a sheep diet (Adeyemi et al., 2016). Doreau et al. (2009) noted that dietary addition of oils did not negatively affect organic matter fermentation in the rumen, consistent with this work and a prior defaunation study (Park et al., 2019). It is also possibly a result of the protozoal groups inhibited; Epidinium, Polyplastron, and Eudiplodinium are cellulolytic, whereas Entodinium is weakly hemicellulolytic and so its contribution to fiber digestion is minimal (Takenaka et al., 2004). However, in this study, the magnitude of increase in digestibility declined at doses > 9% DM (>4.1% FAs), thereby suggesting that a dose of < 9% DM is optimal for decreasing CH4 production in vitro while enhancing digestibility. Moreover, meta-analyses (Hess et al., 2008; Knapp et al., 2014) have shown that dietary addition of up to 6% fats does not affect feed digestibility. Although an increase in digestibility was noted, the decrease in total VFA concentration and increase in pH suggest inhibition of rumen microbial fermentation in vitro, consistent with our previous study (Bharanidharan et al., 2021a). However, an inverse effect was observed in sacco—a decrease in ruminal pH and an increase in total VFAs. This variation in fermentation characteristics between culture systems further suggests the importance of using LCCSs, as an increase in the partial pressure of headspace gas inhibits fermentation in in vitro batch culture systems (Yang, 2017).



CONCLUSION

Our results highlight the advantages of LCCSs for in sacco investigations over in vitro batch culture systems for studying fermentation characteristics. We determined the optimal dose of PA for decreasing CH4 production in vitro and the doses that modulate fermentation characteristics and digestibility. At doses < 9% DM, PA may be a potential additive for mitigating livestock CH4 emissions as it also increased the DMD and NDFD in vitro. PA contains bioactive compounds such as PUFAs and flavonoids that may reduce the rumen ciliate protozoan population, potentially decreasing intra-ruminal protein recycling and increasing biohydrogenation. However, re-adaptation of rumen microbes after the withdrawal of supplementation hampers commercial application of this strategy. Thus, the treatment duration and effects on individual protozoan genera should be addressed in future studies. Considering its high nutritive value, PA can be used in total mixed rations or as a substitute for grains in concentrate feed, making it a new source of functional feed for ruminants. However, in vivo studies are needed to evaluate other important nutritional traits, such as palatability, growth performance, nutrient digestibility, energy partitioning, and N utilization.
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This study aimed to investigate the effects of two brown Icelandic seaweed samples (Ascophyllum nodosum and Fucus vesiculosus) on in vitro methane production, nutrient degradation, and microbiota composition. A total mixed ration (TMR) was incubated alone as control or together with each seaweed at two inclusion levels (2.5 and 5.0% on a dry matter basis) in a long-term rumen simulation technique (Rusitec) experiment. The incubation period lasted 14 days, with 7 days of adaptation and sampling. The methane concentration of total gas produced was decreased at the 5% inclusion level of A. nodosum and F. vesiculosus by 8.9 and 3.6%, respectively (P < 0.001). The total gas production was reduced by all seaweeds, with a greater reduction for the 5% seaweed inclusion level (P < 0.001). Feed nutrient degradation and the production of volatile fatty acids and ammonia in the effluent were also reduced, mostly with a bigger effect for the 5% inclusion level of both seaweeds, indicating a reduced overall fermentation (all P ≤ 0.001). Microbiota composition was analyzed by sequencing 16S rRNA amplicons from the rumen content of the donor cows, fermenter liquid and effluent at days 7 and 13, and feed residues at day 13. Relative abundances of the most abundant methanogens varied between the rumen fluid used for the start of incubation and the samples taken at day 7, as well as between days 7 and 13 in both fermenter liquid and effluent (P < 0.05). According to the differential abundance analysis with q2-ALDEx2, in effluent and fermenter liquid samples, archaeal and bacterial amplicon sequence variants were separated into two groups (P < 0.05). One was more abundant in samples taken from the treatment without seaweed supplementation, while the other one prevailed in seaweed supplemented treatments. This group also showed a dose-dependent response to seaweed inclusion, with a greater number of differentially abundant members between a 5% inclusion level and unsupplemented samples than between a 2.5% inclusion level and TMR. Although supplementation of both seaweeds at a 5% inclusion level decreased methane concentration in the total gas due to the high iodine content in the seaweeds tested, the application of practical feeding should be done with caution.
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INTRODUCTION

The rapidly growing global population brings serious challenges to the food industry. While ruminant livestock are vital in sustaining food security by converting inedible plant matter into meat and dairy products, they significantly contribute to global methane (CH4) emissions, a potent greenhouse gas (Lassey, 2007). These CH4 emissions are mainly related to fermentation processes orchestrated by the rumen microbiome. Diet composition is one of the major factors influencing rumen microbial communities (de Menezes et al., 2011; Henderson et al., 2015) and is therefore linked to CH4 production by ruminants.

Feed production does not need arable land, which may help us cope with the increasing demand for animal products. Seaweed could be an alternative animal feed material that has already been used for thousands of years in coastal areas (Evans and Critchley, 2014). Some seaweed species can also affect ruminal CH4 production even at a low inclusion level in the feed. Pronounced effects were reported for Asparagopsis taxiformis grown in the Pacific Ocean, with CH4 formation reduced by up to 99% with seaweed inclusion ≤5% in vitro (Kinley et al., 2016; Machado et al., 2018; Roque et al., 2019). Numerous studies have demonstrated that the effect of seaweed supplementation on methanogenesis was associated with a modified rumen microbiome (Molina-Alcaide et al., 2017; Roque et al., 2019; Abbott et al., 2020). In the rumen, hydrogenotrophic methanogens produce CH4 by using hydrogen (H2) for carbon dioxide (CO2) reduction through the Wolfe cycle (Leahy et al., 2010; Thauer, 2012). Accordingly, the composition of archaeal methanogens and abundances of hydrogen-producing bacteria were identified as key factors associated with levels of CH4 emissions in ruminants (Tapio et al., 2017). Considering the relevance of H2 for CH4 production, manipulating H2 production or its utilization pathways through diet and microbiome composition is an approach that may provide new insights into the development of CH4 mitigation strategies.

Seaweeds are a very heterogeneous group of feeding substances, and their application in animal feeding has been restricted due to a lack of information about species-specific nutritive value. Several factors influence nutrient and bioactive compounds in seaweed, such as species, season, and site of harvesting (Paiva et al., 2018; Britton et al., 2021). To the best of our knowledge, most studies concerning seaweed in ruminant nutrition were conducted with species harvested in the Pacific Ocean. Since there is also a high variation of Atlantic seaweeds, there is a need for information about these seaweeds. The current study aimed to investigate the effect of two Icelandic seaweed samples on in vitro gas and methane production, nutrient degradation, and microbiota composition using a continuous long-term rumen simulation technique (Rusitec). Both seaweeds are endemic to Iceland and are also available in large quantities in other European countries. Our hypothesis was that two common and abundant North Atlantic seaweed species could reduce CH4 formation to the point where their abundance and ease of access would make them a viable option as a ruminant feed substance. A secondary objective was to investigate changes in microbiota composition over time in the in vitro system fed with or without seaweed.



MATERIALS AND METHODS


Treatments

Two samples of seaweed naturally occurring in Iceland were studied for their effect on TMR formulated for cattle in a Rusitec system (Czerkawski and Breckenridge, 1977). The TMR was composed of 20% corn grain, 20% soybean meal, 40% corn silage, and 20% grass silage and served as the control treatment. One seaweed was Ascophyllum nodosum (AN), harvested in August 2018, and the other was Fucus vesiculosus (FV), harvested in June 2019. Both seaweeds were used at 2.5% (AN2.5 and FV2.5) and 5% (AN5 and FV5) inclusion in the TMR on a dry matter (DM) basis in exchange for TMR. The seaweeds and all ingredients of the TMR were dried and ground to pass a 1 mm screen. The analyzed nutrient composition, bromoform, and total phenolic content (TPC) of the seaweeds and TMR and the calculated nutrient composition of the experimental treatments are shown in Table 1.


TABLE 1. Nutrient composition, bromoform, total phenolic content of the used seaweeds, and five experimental diets.
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Rumen Content and Synthetic Saliva

Rumen content was collected from three rumen-fistulated non-lactating Jersey cows before the morning feeding. Animals had free access to water and a diet composed of 33% corn silage, 33% grass silage, 23% grass hay, 10% barley straw, and 1% mineral mixture (on a DM basis). During the daytime, the cows were kept on pasture. Two liters of rumen fluid were taken from each cow into prewarmed thermos flasks, comprised of 1 L pumped from the liquid phase and 1 L squeezed out from the solid phase. Additionally, 200 g of squeezed solid phase from each cow was transferred into prewarmed, isolated containers. Rumen fluid was strained through two layers of cheesecloth and mixed with equal parts from the donor animals. Subsequently, rumen fluid was mixed with a buffer solution (1:1), flushed with CO2, and stirred at 39°C until fermenters of the Rusitec were inoculated. The buffer solution was prepared according to the suggested composition of artificial saliva by McDougall (1948) with the addition of 15N enriched NH4Cl (0.0378 g/L; 104 mg 15N/g N) used for the calculation of microbial protein synthesis.



Rusitec System

Each run lasted 14 days (days 0–13), with 7 days of adaptation, followed by 7 days of sampling. Ten fermenters were arranged side by side, with five fermenters sharing one circulation thermostat (Lauda ECO E 4 S, Lauda-Königshofen, Germany) and one buffer pump (Ismatec IPC ISM 931, Wertheim, Germany) (Figure 1). Each of the five treatments was replicated in two fermenters for two runs each, resulting in four replications per treatment. Fermenters were randomized in each run. The circulation thermostat was used as a block design, and each treatment was used once in each block. Due to technical arrangements, an additional empty fermenter was connected to each circulation thermostat. The glass fermenters were kept at a constant temperature of 39°C with a heating jacket. The buffer pump continuously infused buffer solution into each fermenter at a daily rate of 75% of the fermenter’s capacity (950 ml) to stimulate salivation. Each fermenter contained a feed container with continuous vertical movement ensured by a lift motor to simulate rumen motility (10–12 strokes/min; Figure 2). The fluid effluent was separated from the fermentation gas in a glass cylinder and then collected in 1 L glass bottles. The glass cylinder and effluent bottles were placed in a 4°C tempered water bath. Gaseous effluent was passed through gas counters (BlueVCount, BlueSens gas sensor GmbH, Herten, Germany) to measure gas production via gas-tight tubes and was subsequently collected quantitatively in gas-tight five-layered plastic-aluminum bags (Dr.-Ing. Ritter Apparatebau GmbH & Co., KG, Bochum, Germany). The methane concentration of total gas production was measured using an infrared CH4 analyzer from the gas collected in the plastic-aluminum bags (PRONOVA Analysentechnik GmbH & Co., KG, Berlin, Germany).
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FIGURE 1. Schematic diagram of the Rusitec set up with the 12 fermenters (a) connected to a lift motor (b), a buffer pump (c), and a gas-tight tube for the effluent (d). The effluent is separated in glass cylinders in a cooling water bath (e) into fluid effluent (f), which is collected in glass bottles in a cooling water bath (g), and gaseous effluent (h). The gaseous effluent is passed through a cold trap with an H2S absorber granulate (i), measured with gas counters (j), and sampled for methane analysis in plastic bags (k).



[image: image]

FIGURE 2. Schematic diagram of a Rusitec fermenter with a feed container (a) containing feed bags (b). The feed container is connected via a bar (c) to a lift motor. Buffer is consistently infused through a tube (d) connected to the buffer pump. The connection to the effluent (e) is closable to make it possible to remove the fermenter. The heating jacket (f) is connected via an inflow (g) and outflow (h) to a circulation thermostat.


Feed and solid rumen content were weighed into nylon bags (120 mm × 70 mm) with a 100 μm pore size and closed with cable ties. To start the system, one feed bag containing 15 g of the respective treatment and one feed bag containing 60 g of solid rumen content were put into the container of each fermenter. After 24 h, the bag with rumen content was replaced by another feed bag. Subsequently, each feed bag was removed after 48 h, rinsed with 50 (adaptation period) or 100 ml (sampling period) of buffer solution, squeezed moderately, and replaced by a new bag containing the specific treatment. The resulting liquid was returned to the respective fermenter.



Sampling and Chemical Analyses

The total gas production and CH4 concentration of total gas were measured in 24 h intervals during the sampling period. The temperature, pH, and redox potential of the fermenter fluid were measured daily in the fermenter before the feed bags were changed (SenTix ORP, WTW, Weilheim in Oberbayern, Germany; BlueLine 14 pH IDS, SI Analytics, Mainz, Germany). From days 7 to 13, a sample from the fermenter liquid phase (FL; 30 ml/d) was taken daily and pooled by the fermenter to obtain the fraction of liquid-associated microbes (LAM) by centrifugation according to Boguhn et al. (2006), with minor modifications. In brief, the suspension was centrifuged twice at 2,000 × g for 5 min at 4°C. Then, the supernatant was centrifuged three times at 15,000 × g for 15 min at 4°C. Afterward, samples were freeze-dried and pulverized with a ball mill (MM 400; Retsch GmbH, Haan, Germany). On day 13, solid-associated microbes (SAM) were separated from the feed residues (FR), as described by Ranilla and Carro (2003). Ammonia nitrogen (NH3-N), 15N abundance, and volatile fatty acids (VFA) were analyzed in the effluent (E), which was weighed and sampled daily (70 ml/d), pooled by the fermenter, and stored at −20°C until it was centrifuged for 15 min at 24,000 × g. The analysis of VFA was performed by vacuum distillation and gas chromatography (Hewlett-Packard 6890; Agilent, Waldbronn, Germany) measurement, as described by Wischer et al. (2013). NH3-N was analyzed using Kjeldahl steam distillation with phosphate buffer (Vapodest 50, Gerhardt, Königswinter, Germany). The daily production of VFA and NH3-N was calculated by relating the analyzed concentrations to the daily measured amount of E. The removed feed bags were dried for 24 h at 65°C, weighed, and pooled by the fermenter to determine nutrient degradation from days 7 to 12. Feed and FR were analyzed according to official methods in Germany (Verband Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstalten, 1976) for DM (method 3.1), crude protein (CP; method 4.1.1), neutral detergent fiber on an ash-free basis (aNDFom; method 6.5.1), and acid detergent fiber on an ash-free basis (ADFom; method 6.5.2). Seaweeds and TMR were additionally analyzed for crude ash (method 8.1) and ether extract (method 5.1.1). Degradation of nutrients was calculated as the difference between the input and output of each fermenter in relation to input and expressed as a percentage.

Bromoform was analyzed in seaweeds according to method 8260B (EPA, 1996) by ALS Global (Miami, FL, United States). For the analysis of TPC, dried seaweeds were extracted in Milli-Q water (1:7 sample:water) for 1 h at room temperature (400 rpm). The TPC was determined on the sample supernatant according to the method by Singleton and Rossi (1965) adapted to the microplate format. For the analysis of heavy metals and minerals in the seaweeds, an ultraWAVE acid digestion system (Milestone Inc., Italy) and an Agilent 7900 quadrupole inductively coupled plasma mass spectrometer (Agilent Technologies, Singapore) were used according to NMKL (2007). Analyzed heavy metals and minerals are shown in Supplementary Table 1. Feed, FR, freeze-dried particle-free E, LAM, SAM, and NH4Cl were analyzed for 15N abundance using an elemental analyzer (EA, 1108; Carlo Erba Instruments, Biberach, Germany) combined with an isotope mass spectrometer (MS Finnigan MAT; ThermoQuest Italia S.p.A., Milan, Italy). SAM was additionally analyzed for total N.

Microbiota composition was analyzed in rumen solid phase (RSP) and rumen fluid (RF) from the liquid phase of each cow in both experimental runs (n = 6), and the mixture of rumen fluid from all cows and buffer solution, treated as RF replicates (n = 2) on day 0. On days 7 and 13, 1 ml of FL and E were taken from each fermenter for the analysis of microbiota composition (n = 40). Feed residues from both feed bags remaining for 24 and 48 h in the fermenter were sampled on day 13 (n = 40). Additionally, the liquid after SAM treatment of both bags was sampled on day 13 (n = 20). Samples were stored at −20°C immediately after collection.



Target Amplicon Sequencing

DNA was extracted with the commercial DNA extraction kit FastDNA™ Spin Kit for soil (MP Biomedicals, LLC, Solon, OH, United States), following the manufacturer’s instructions. DNA was quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and stored at −20°C. Two sequencing libraries were prepared as previously described to assess bacterial (V1–V2 region; Kaewtapee et al., 2017) and archaeal communities (Arch349 and Arch806 primers; Lee et al., 2012; Deusch et al., 2017). In brief, targeted regions of the 16S rRNA gene were amplified by a first polymerase chain reaction (PCR) using forward primers with 6-nt barcodes and a 2-nt linker attached and both primers were complementary to the Illumina adapters. Then, 1 μl of the resulting product was used as a template for a second PCR, this time using a reverse primer containing a specific sequence to multiplex and index primers. Obtained amplicons were checked by agarose gel electrophoresis and normalized using the SequalPrep Normalization Kit (Invitrogen Inc., Carlsbad, CA, United States). Sequencing was performed on the 250 bp paired-end Illumina NovaSeq 6000 platform.



Calculations

The estimated microbial protein synthesis (EMPS) was calculated in accordance with Boguhn et al. (2006) and Hildebrand et al. (2011). In brief, the daily outflow of microbial N from a fermenter (Nm; mg/d) was calculated as the sum of N originating from the LAM in the effluent (NLAM–E; mg/d) and SAM (NSAM; mg/d) fractions:
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Therefore, NLAM–E was calculated with the sum of the daily input of 15N via buffer solution and feed (15Nin; μg/d), the sum of the daily output of 15N via FR and NH3-N (15Nout; μg/d), and the analyzed abundance of 15N in NLAM–E (15NLAM–E; μg/mg N):

[image: image]

The NSAM was calculated using the amount of N in FR (NFR; mg/day), the analyzed abundances of 15N in the FR N (15NFR; μg/mg N), the feed N (15Nfeed; μg/mg N), SAM N (15NSAM, μg/mg N), and the assumed natural abundance of 15N in unlabeled NSAM (3.66303 μg/mg):

[image: image]

Microbial CP (CPm; mg/d) was calculated as Nm (Eq. 1) multiplied by 6.25:

[image: image]

In the next step, EMPS [g/kg degraded organic matter (OM)] was determined using the CPm (mg/d), the degraded organic matter (OMdeg; mg/d), and the amount of OM originating from SAM in the FR (OMSAM; mg/d):

[image: image]

Where OMSAM was calculated as described by Boguhn et al. (2006) with the amount of NSAM (Eq. 3), the analyzed N concentration in SAM (N%SAM; %), the concentration of ash in SAM [12%, Boguhn et al. (2006)], and the proportion of DM in the isolated SAM fraction [0.93, Boguhn et al. (2006)]:

[image: image]



Statistical Analyses and 16S Bioinformatics

Statistical analysis of gas data, nutrient degradation, NH3-N, VFA, and EMPS was done with a one-way ANOVA in SAS 9.4 using the mixed procedure. The treatment was the fixed effect, and the run, circulation thermostat, fermenter, and day were used as random effects. When treatment differences were identified, multiple t-tests (Fisher’s LSD test) were used to distinguish between treatments. The residuals were checked graphically for the normal distribution and homogeneity of variance.

Fastq files were demultiplexed with Sabre1 and processed by Qiime2 (v.2021.2/8; Bolyen et al., 2019). Primers were removed by the q2-cutadapt plugin (Martin, 2011). Reads were quality filtered, error corrected, dereplicated, and merged by the q2-dada2 plugin (Callahan et al., 2016). Taxonomy assignment of produced amplicon sequence variants (ASVs) was performed using VSEARCH-based consensus (Rognes et al., 2016) and pre-fitted sklearn-based classifiers (Pedregosa et al., 2011) against the Silva SSU-rRNA database (v.138.1, 16S 99%; Quast et al., 2013), formatted by RESCRIPt (Robeson et al., 2021). Reads from organelles and unassigned sequences were removed from the analysis. A phylogenetic tree was constructed with the q2-phylogeny plugin, implementing MAFFT 7.3 (Katoh and Standley, 2013) and FastTree 2.1 (Price et al., 2010). For diversity assessment, ASV tables were rarefied to 3580 (archaea) and 5856 (bacteria) sampling depths. Alpha diversity was estimated by Faith’s phylogenetic diversity (Faith, 1992) and Shannon’s entropy (Shannon, 1948) indices. For beta diversity, Bray–Curtis (Bray and Curtis, 1957) and Jaccard (Jaccard, 1912) distances were employed. Ordination of the beta-diversity distances was implemented with a principal-coordinate analysis (PCoA; Halko et al., 2011). Differences in diversity metrics were tested with the Kruskal–Wallis H-test (Kruskal and Wallis, 1952; alpha diversity and relative abundances), followed by Dunn’s pairwise test (Dunn, 1964) and a PERMANOVA test (Anderson, 2001; beta diversity) with 999 permutations. The obtained P-values were corrected for multiple comparisons using the Benjamini–Hochberg procedure (Benjamini and Hochberg, 1995).

For correlation analysis, ASV tables were filtered to remove genera with less than 1% relative abundances. Absolute abundances of the remaining genera were correlated using “Sparse Cooccurrence Network Investigation for Compositional Data” or the SCNIC tool (Shaffer et al., 2020). Genera were correlated using the SparCC method (Friedman and Alm, 2012) and with numerical metadata using the Spearman correlation (Dodge, 2010). All P-values were considered to be significant if ≤0.05 (except for q2-ALDEx2 output) and correlation coefficients (r) if their absolute values were ≥0.3.

The q2-ALDEx2 differential abundance plugin was used to test the effect of seaweed supplementation on ASVs raw counts (relative abundance ≥1%) with a significance threshold of Wilcoxon test 0.1 (Fernandes et al., 2013, 2014). Sequences are available at the European Nucleotide Archive (ENA) under accession number PRJEB50942 and bioinformatics2.




RESULTS


Gas Production, Nutrient Degradation, and Microbial Protein Synthesis

The total gas production was decreased by both seaweeds compared to TMR alone, with a greater effect for the 5% seaweed inclusion level (P < 0.001, Table 2). No significant difference between AN and FV was detected for total gas production. For the CH4 concentration of total gas and the methane production per g of degraded OM, only the 5% inclusion level of the two seaweeds showed a difference compared to TMR alone (P < 0.001 and 0.017, respectively). The reduction was bigger for AN5 (8.9 and 16.9% reduction for CH4 concentration and CH4/g degraded OM) compared to FV5 (3.6 and 11.2% reduction for CH4 concentration and CH4/g degraded OM).


TABLE 2. Total gas production and methane concentration of the produced gas (days 7–13) and methane production per g of degraded organic matter (OM; days 7–12) of the five treatments.
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Seaweed supplementation also decreased the degradation of all analyzed nutrients in the feed bags (P < 0.001, Table 3). Only for ADFom, AN2.5 showed no significant difference to TMR alone. In all other cases, nutrient degradation was significantly lower with seaweed supplementation. The 5% inclusion level caused at least a numerically greater reduction than the 2.5% inclusion. The highest decrease compared to TMR alone was observed for CP, with a minimum reduction of 8.9% percentage points. The two seaweed products only differed at the 5% inclusion level for DM and OM degradation, where FV showed a greater decrease than AN. The EMPS was decreased by both seaweeds, with a greater effect of the 5% inclusion level (P < 0.001, Table 3). No significant difference was detected between the inclusion of AN and FV.


TABLE 3. Nutrient degradation in the feed bags of the five treatments (days 7–12) and estimated microbial protein synthesis (days 7–13).
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Fermentation Characteristics

The temperature (P = 0.576; 38.6°C) and redox potential measured in FL (−241 mV; P = 0.062) did not differ among the treatments. The pH in the fermenter was different between the TMR alone (pH = 6.82) and the seaweed supplemented treatments (all pH = 6.85; P = 0.004). At both supplementation levels, seaweed decreased analyzed NH3-N and VFA production compared to TMR alone, except for propionate production in FV2.5 (Table 4; P ≤ 0.001). For isovalerate and valerate, the 5% inclusion level of both seaweeds showed a less pronounced reduction than the 2.5% inclusion level. For butyrate, this was only the case for seaweed AN and acetate only for seaweed FV. For NH3-N and the other VFA, the decrease was equal to or greater for the 5% inclusion level than the 2.5%.


TABLE 4. NH3-N and VFA production analyzed in the effluent of the five treatments (days 7–13).
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Alpha and Beta Diversity

After sequencing and demultiplexing, a total of 4,843,225 and 5,851,973 read pairs were obtained for archaeal and bacterial datasets, respectively. Quality filtering, denoising, merging of paired reads, and chimera removal resulted in 2,648,201 archaeal and 4,237,733 bacterial ASVs. Archaeal Faith’s PD and Shannon indices were approximately equal in RF and RSP at the start of the experiment (Figures 3A,C and Supplementary Table 2) and failed to reject the null hypothesis when tested against each other (Faith’s PD P = 0.881, Shannon P = 0.531). Archaeal phylogenetic diversity was greater in the Rusitec samples compared to the inoculum; meanwhile, Shannon entropy fluctuated in the system among sampling days. Compared to RF, Faith’s PD was greater in E and FL at day 7 (P = 0.001 and 0.044) and in E at day 13 (P = 0.026). E phylogenetic diversity at day 13 decreased compared to day 7 (P = 0.048). Shannon entropy at day 7 was greater in E than RF (P = 0.006). The entropy of E and FL sample types was reduced from days 7 to 13 (P = 0.001). At day 13, both metrics demonstrated no differences between FR and SAM samples (all P > 0.05) but were greater in FR samples from bags with a 48-h incubation period compared to 24 h (Faith’s PD P = 0.028, Shannon P = 0.001). In the bacterial dataset, the alpha diversity of samples at day 0 (RF and RSP) was also at the same level (all P > 0.05) (Figures 3B,D and Supplementary Table 2). Unlike archaea, bacterial communities demonstrated no changes in E and FL samples compared by sampling days and the initial RF at day 0 (all P > 0.05). Meanwhile, the Shannon index decreased in E and FL at day 7 (P = 0.029 and 0.017) and in E at day 13 (P = 0.019). Both tested alpha diversity metrics of FR and SAM revealed no differences between these sample types (all P > 0.05) but were lower for both of them than in all samples from days 0 to 7 and E and FL at day 13 (all P < 0.05). When testing FR samples based on incubation time, no differences were observed for phylogenetic diversity, but Shannon entropy was lower in 48-h samples (P = 0.026).
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FIGURE 3. Alpha diversity indices by sample type and sampling day. Faith’s phylogenetic diversity (A,B) and Shannon entropy index (C,D) are plotted for archaea (A,C) and bacteria (B,D). Boxplots visualize the alpha diversity metric distribution across all samples inside a given group. Gray dashed lines subdivide boxes into groups, where pairwise comparisons were performed. Significant after Benjamini–Hochberg correction, P-values of Dunn’s pairwise test are denoted by black asterisks. For FR samples, additional (dots) were plotted, indicating samples taken from bags with 24 and 48 h incubation time. Gray asterisks are plotted above FR samples if the Kruskal–Wallis test indicated a significant difference between samples with different incubation times. Significant P-values denoted as: *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.


In archaea, seaweed additives affected the Shannon entropy of E at days 7 and 13 and FL at day 13 (Supplementary Figure 1). At both days 7 and 13, diets AN5, FV2.5, and FV5 resulted in lower entropy than the TMR alone (all P < 0.05). In FL, the Shannon index of FV2.5 and FV5 samples was also lower than that of TMR (all P < 0.05). Among bacteria, no significant changes between treatments were observed according to both alpha diversity metrics (all P > 0.05).

Concerning beta diversity, PCoA analysis (Figure 4) was performed on the ASVs, using Jaccard and Bray–Curtis distances. Archaeal and bacterial samples clustered into three big groups (RF and RSP from day 0 as one group, E and FL samples from days 7 to 13 as another one, and FR and SAM from day 13 as the third), with clearer clusters in the archaeal dataset. PERMANOVA analysis revealed that microbial composition was affected by the sample type (all P < 0.05), sampling day (all P < 0.05), and between FR samples incubated for 24 and 48 h (all P < 0.01), except for archaeal Jaccard distances.
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FIGURE 4. Principal coordinates analysis (PCoA) plots of beta diversity metrics. Jaccard (A,C) and Bray–Curtis (B,D) distances are plotted for archaea (A,B) and bacteria (C,D). Points are sized by the sampling day (days 0–13), shaped by the sample type, and colored by treatments [as stated in the legend on subplot (D)]. Label “n/a” in the legend means no treatment was applied.


Seaweed inclusion affected archaeal beta diversity according to both Jaccard and Bray–Curtis distances of E samples at days 7 and 13 and FL at day 13 (all P < 0.05). Additionally, Bray–Curtis distances were also affected in FR and SAM samples (all P < 0.05). Pairwise tests with correction for multiple comparisons found differences in Bray–Curtis distances of FR samples between the FV5 diet and TMR alone and AN2.5 (all P = 0.025). No effect of seaweed on bacterial beta diversity was detected (all P > 0.05).



Archaeal and Bacterial Taxonomy Composition

Most of the archaeal sequences (≈ 95% of the reads) were assigned to Methanomicrobium, Methanobrevibacter, unclassified to genus level members of the Methanomethylophilaceae family, Candidatus Methanomethylophilus, and Methanimicrococcus (Figure 5A). Methanobrevibacter was the most abundant genus in RSP and RF samples, with a gradual shift toward Methanomicrobium dominance in E and FL. Considering all samples, regardless of the treatment by sample type and day (Supplementary Table 3), relative abundances of Methanomicrobium were barely detectable in the samples that served as inoculum RF and RSP but increased up to the dominance in samples from the Rusitec (all P < 0.05). On the contrary, Methanobrevibacter ratios mostly decreased in the Rusitec samples (all P < 0.05, except for E at day 7 compared to RF: P = 0.065). Moreover, Methanomicrobium relative abundances in E and FL were also greater at day 13 than at day 7 (P = 0.01 and 0.001); meanwhile, by the same comparison, the presence of Methanobrevibacter at day 13 was lower for E (P = 0.03). Except for SAM, the proportions of unclassified Methanomethylophilaceae in RF were lower than in Rusitec sample types (all P < 0.05). Methanomicrobium in FL at day 13 (P = 0.023), unidentified Methanomethylophilaceae in E at day 7 (P = 0.029), Methanimicrococcus in E at day 7 (P = 0.023), and FL at day 13 (P = 0.008) had higher relative abundances in FV5 samples than TMR alone (Supplementary Table 4). At day 13, Methanimicrococcus was also more abundant in FV2.5 samples from SAM (P = 0.043).
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FIGURE 5. Stacked taxonomy bar plots. Relative abundances of (A) archaeal and (B) bacterial genera are plotted for each sample type and sampling day by treatments (only genera with relative abundance ≥3.5% among at least one column were included). If certain features were not annotated to genus level, the last available taxonomy unit was shown. Minor Silva annotation identifiers, such as clades, taxonomic groups, clones, and others not included in commonly used nomenclature, are indicated in the round brackets.


On average, among bacteria, Lactobacillus showed the highest abundance across all samples, followed by Pseudoscardovia, unclassified Bacteroidales, marked by Silva database as F082 (further F082), Limosilactobacillus, and Prevotella (Figure 5B). The high abundance of Lactobacillus was mostly observed in FR and SAM samples. In E and FL samples, F082 dominated the community. Prevotella accounted for the highest abundance in the inoculum (day 0) but was less abundant in E, FL, FR, and SAM (all P < 0.05) compared to RF, except for E at day 7. Compared with sample types and sampling days (Supplementary Table 3), relative abundances of Lactobacillus, Pseudoscardovia, and F082 were about the same in E and FL at both days 7 and 13 and increased their proportions compared to cow samples (all P < 0.05, except for Pseudoscardovia at day 13) after incubation in the Rusitec. Notably, Lactobacillus and Pseudoscardovia were poorly represented in RF and RSP. Treatment AN5 decreased relative abundances of F082 in E samples on day 7 (P = 0.025) and FR on day 13 (P = 0.005) compared to TMR alone. Meanwhile, Ruminobacter proportions in E (P = 0.044) and SAM samples (P = 0.05) increased at day 13. FV5 also increased relative abundances of Ruminobacter in FL samples at day 13 (P = 0.022) (Supplementary Table 4).



Effect of Seaweed Additives on the Microbial Amplicon Sequence Variant Abundances

In E and FL sample types, 10 archaeal and 10 bacterial ASVs were differentially abundant in seaweed-supplemented diets compared to TMR alone (Figure 6). In E, archaeal ASV with the first four characters in corresponding id digest 7f9f (further indicated in round brackets), assigned to Candidatus Methanomethylophilus, was more abundant in treatments AN5 (P = 0.054) and FV5 (P = 0.049). Methanobrevibacter wolinii ASVs (80e7, b43f) were less abundant in FV5-supplemented treatments (P = 0.013, 0.01); meanwhile, Methanomicrococcus (48e8) abundances increased (P = 0.002). Unclassified Methanomethylophilaceae ASVs (d2f4, 8b4b, 9af5, 898c, and 37c0) were mostly associated with seaweed-supplemented samples, with one ASV (c795) more abundant in TMR alone and decreased when the FV2.5 (Wilcoxon P = 0.008) was added. In FL, Methanomicrococcus (48e8) (P = 0.005) and Methanomethylophilaceae (9af5, d2f4) (P = 0.067, 0.069) were more abundant in FV5 diet. Methanomethylophilaceae (d2f4) also increased when FV2.5 seaweed was added (P = 0.052).


[image: image]

FIGURE 6. Relative abundances of differentially abundant features according to ALDEx2. Relative abundances are normalized by rows. Archaeal (A,B) and bacterial (C,D) features from effluent (A,C) and fermenter liquid (B,D) sample types. All seaweed additives were compared with TMR. ALDEx2 significant abundances are marked by asterisks. All supplements were compared to TMR alone and separated by black dashed lines.


Among bacteria of E and FL sample types, ASVs (7718, ea75), assigned to the Bacteroidales F082 group, Pseudoscardovia (9a4e), Atopobium (e1d3), Prevotellaceae (8969), and Succiniclasticum (1814) were mostly associated with TMR alone. However, Prevotellaceae (8969) (P = 0.083) and Pseudoscardovia (9a4e) (P = 0.085) were more abundant in FL samples of AN5. Prevotella (30d0) was more abundant in AN2.5, AN5, and FV5 samples (P = 0.002, 0.001, and 0.011 in FL and 0.002, 0.003, and 0.005 in E). Rikenellaceae RC9 gut group (81ff, 01fe) also increased in E and FL sample types when AN seaweed was added (P in the range of 0.002–0.003). Finally, in E unclassified Spirochaetaceae (8023) was more abundant in AN5 (P = 0.004) and FV5 (P = 0.04) supplemented diets.



Correlations

A correlation analysis was performed to investigate potential relationships between microbiota genera, total gas, CH4 concentration, and VFA production (Supplementary Tables 5–7). At the genus level, correlations of microbial abundances with total gas production, CH4 concentration, and VFA were performed for E, FL, and FR sample types (Supplementary Figure 2), with only significant correlations plotted (absolute value of Spearman r ≥ 0.3 and P ≤ 0.05). The largest number of genera that negatively correlated with the above-mentioned traits was detected in E samples; meanwhile, in FL and FR, positive correlations prevailed.




DISCUSSION


Seaweed Effects

A significant reduction of CH4 concentration in the total gas was found to be caused by the supplementation of both seaweed species at the 5% inclusion level. However, the effect was not as high as previously reported for A. taxiformis (Kinley et al., 2016; Machado et al., 2018; Roque et al., 2019). Additionally, the lower CH4 concentration in total gas was accompanied by a reduced rate of overall fermentation. The microbiota produced not only less methane but also fewer metabolites relevant to animals. This was indicated by the decreased total gas production, VFA, NH3-N, and nutrient degradation. Reduced fermentation and nutrient degradation would generally mean a diminished amount of nutrients and energy available for the host animal. However, in the case of CP, a reduced degradation could benefit the animal because the ruminal undegradable protein could be used as a bypass protein like it was already shown for other seaweed species (Tayyab et al., 2016). The reduced CP degradation may have resulted from the formation of complexes between the phlorotannins contained in both seaweeds and other proteins (Belanche et al., 2016) and resulted in a lower EMPS, but more research is needed to confirm this.

The CH4 reduction effect of A. taxiformis is attributed to the presence of bromoform (Machado et al., 2016), which is known to be a carcinogen (National Toxicology Program, 1989). The suggested modes of action in the brown seaweeds AN and FV used in the present study were likely related to phlorotannins as the bromoform content [8.0 (AN) and <0.8 μg/kg DM (FV)] was negligibly lower compared to the one analyzed by Machado et al. (2016) for A. taxiformis (1,723,000 μg/kg DM). The TPC, an indicator of phlorotannin content, was very similar in both seaweeds (7.9 vs. 7.4 phloroglucinol equivalent g/100 g sample). The greater CH4 reduction with the supplementation of AN compared to FV could be explained by either the slightly greater TPC or the greater bromoform content in this sample, even if it is still very low. However, both species showed the same CH4 concentration of total gas at the low seaweed inclusion level. Both bromoform and terrestrial tannins influence methanogens (Cieslak et al., 2014; Machado et al., 2018). Additionally, it has been shown that the composition of archaeal methanogens is associated with CH4 production (Tapio et al., 2017). Consistent with this finding, our study showed that the decline in methane concentration of total gas in seaweed supplemented samples was accompanied by the separation of archaeal and bacterial ASVs in a dose-dependent manner, indirectly supporting the importance of methanogen composition. Interestingly, AN5 seaweed supplementation resulted in more differentiation of microbial ASVs abundances and a stronger reduction of CH4 concentration when compared to TMR than FV5.

The treatment showing the highest CH4 reduction in this study, AN5, also contained the highest iodine concentration (Supplementary Table 1). The iodine content of AN was more than 10 times greater than that of FV. Therefore, the application of practical feeding should be done with caution. Iodine toxicity in dairy cows is reported by the National Research Council (U.S.) (2001) for a concentration of 5 mg iodine/kg dietary DM. The European Food Safety Authority recommends a maximum iodine content of 2 mg/kg of complete feed (EFSA, 2013). In the current experiment, the iodine concentration was 35 mg/kg DM for treatment AN2.5 and 2.75 mg/kg DM for treatment FV2.5. Additionally, it was shown that the iodine concentration in milk follows a dose-response relationship with iodine intake (Antaya et al., 2015; Newton et al., 2021). Humans, especially children, are even more sensitive to iodine poisoning than ruminants (Zimmermann et al., 2005). Therefore, the seaweed inclusion levels used in the present study do not apply to practical ruminant feeding, except for FV2.5. Seaweed supplementation at an exceptional iodine inclusion level would therefore not significantly reduce methane compared to TMR.



Methanogenesis

In our study, Prevotella, unclassified members of Prevotellaceae and Clostridia negatively correlated with CH4 concentration (Supplementary Table 6) and archaeal methanogens (Supplementary Table 7). Prevotella spp. and other members of the Prevotellaceae family are known for their ability to consume H2 and produce propionate (Strobel, 1992; Mitsumori et al., 2012; Denman et al., 2015), which in turn is negatively associated with CH4 formation and able to act as an alternative hydrogen sink (Ungerfeld, 2015). Inverse associations of Prevotella spp. with CH4 concentration were previously reported (Mitsumori et al., 2012; Aguilar-Marin et al., 2020). Positive correlations with CH4 concentration were observed for Fibrobacter, Lactobacillus, Pseudoramibacter, Olsenella, Shuttleworthia, and unclassified Oscillospiraceae (NK4A214). Fibrobacter, a fibrolytic bacteria that produce formate, can also be utilized by methanogens as a substrate for CH4 production (Rychlik and May, 2000). Positive correlations of the Fibrobacter genus with CH4 formation were previously reported (Wang et al., 2016). The addition of some Lactobacillus and Limosilactobacillus spp. (L. mucosae) in an in vitro rumen fermentation technique led to the rise of CH4 production (Soriano et al., 2014). Pseudoramibacter can utilize carbohydrates as an energy source (Deusch et al., 2017), producing VFA during fermentation, including butyrate, acetate, formate, and hydrogen (Palakawong Na Ayudthaya et al., 2018), and increasing methane production by methanogens. Olsenella contains genes encoding choline trimethylamine lyase (Kelly et al., 2019) and is involved in CH4 production (Broad and Dawson, 1976; Neill et al., 1978). Shuttleworthia is positively correlated with CH4 formation in dairy heifers (Cunha et al., 2019) and produces acetate and butyrate through glucose fermentation (Downes et al., 2002). Oscillospiraceae members were linked with acetate production (Tanca et al., 2017) and, in our study, correlated with acetate, the A:P ratio, and CH4 concentration. In general, those correlations are consistent with previous studies. It was shown that the addition of AN to an in vitro fermentation system led to a decrease in the growth of Fibrobacter succinogenes (positively correlated with CH4 concentration) and an increase in Prevotella bryantii (negatively correlated with CH4 concentration) (Wang et al., 2009). As it was reviewed by Abbott et al. (2021), it is possible that seaweeds modulate the growth of cellulolytic rumen bacteria by altering polysaccharide availability (Lee et al., 2019).



Adaptation of Microbiota Composition

Although we allowed rumen microbiota to adapt for 7 days in the Rusitec prior to sampling, archaeal community distribution demonstrated a shift in the dominant genera at the end of the adaptation period and revealed a variation between the samplings at days 7 and 13. Partially, it can be explained by lower metabolite digestibility in the Rusitec than in vivo conditions and lack of or low protozoa counts (Martínez et al., 2010; Hristov et al., 2012). Relative abundances of Methanobrevibacter, which is the most abundant methanogen genus in cow samples, continuously decreased in the Rusitec. This tendency was somehow more profound in seaweed-treated samples, although no statistically significant differences with TMR were detected. In the Rusitec samples, dominance gradually shifted from Methanobrevibacter to Methanomicrobium by day 13. Although it has been shown that the Rusitec provides a stable condition for the methanogens (Lengowski et al., 2016), additional studies with longer in vitro incubation periods may be performed to investigate Methanobrevibacter/Methanomicrobium ratio dynamics in such systems since abundances of Methanobrevibacter relative to other archaea may affect CH4 production (Cunha et al., 2019). When the total gas production and methane concentration are additionally statistically analyzed not only by treatment but also by sampling day and the interaction between treatment and day, it becomes evident that both traits increased during the experimental period (P = 0.005 and <0.001, respectively; Supplementary Table 8). This coincides with changes in the proportion of the most abundant methanogens in the system (Methanobrevibacter abundances decreased, while Methanomicrobium increased) between days 7 and 13 and indicates that adaptation of the microbes to the system was not finalized after day 7. Previous studies have shown a decrease in the protozoa population, also known as a methane producer, in Rusitec fermenters over time (Ziemer et al., 2000; Martínez et al., 2010; Morgavi et al., 2012). Protozoa were not analyzed in the current study, but this potential shift could also have led to an altered archaeal community distribution.



Conclusion

The North Atlantic seaweed species used herein can modify the microbiota in the rumen toward reduced methane production. However, methane reduction was not great, and the seaweed inclusion in the ration caused reduced in vitro fermentation overall. Therefore, the tested seaweed species are not a viable option to be used as feed for ruminants to mitigate methane production.
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Supplementary Figure 1 | Alpha diversity indices by treatment, sample-type and day of sampling. Faith’s phylogenetic diversity and Shannon entropy index are plotted for archaea and bacteria. Each subplots represents one of alpha diversity metrics at a certain day of sampling. Boxplots visualize alpha diversity metrics distribution across all treatments inside of a certain group. Kruskal–Wallis H-test was performed to test the differences between treatments alpha diversity and corresponding P-values are plotted on the top of subplots. Significant P-values denoted as ‘*’ if P ≤ 0.05.

Supplementary Figure 2 | SCNIC based correlations of microbial relative abundances among effluent, fermenter liquid and feed residue sample types with total gas production, methane as a percentage of total gas [CH4(%)], ammonium nitrogen in effluent (NH3-N), VFA production and acetate to propionate ratio (A:P ratio). Only correlation coeffitients (r) with absolute values ≥0.3 and adjusted P-values ≤ 0.05 are plotted. Positive correlations are colored in read and negative in blue.


ABBREVIATIONS

ADFom, acid detergent fiber on ash-free basis; AN, Ascophyllum nodosum; aNDFom, Neutral detergent fiber on ash free-basis; A:P, acetate to propionate ratio; ASV, amplicon sequence variant; CH4, methane; CO2, carbon dioxide; CP, crude protein, DM, dry matter; E, effluent; EMPS, estimated microbial protein synthesis; FL, fermenter liquid; FR, feed residues; FV, Fucus vesiculosus; H2, hydrogen; LAM, liquid-associated microbes; SAM, solid-associated microbes; OTU, operational taxonomic units; PCoA, principle-coordinate analysis; PCR, polymerase chain reaction; r, correlation coefficient; RF, rumen fluid; RSP, rumen solid phase; TMR, total mixed ration; TPC, total phenolic content; VFA, volatile fatty acids.
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1
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Microbial composition and activity in the gastrointestinal tract (GIT) of cattle has important implications for animal health and welfare, driving the focus of research toward ways to modify their function and abundance. However, our understanding of microbial adaption to nutritional changes remains limited. The aim of this study was to examine the progressive mechanisms of adaptation in the rumen and hindgut of cattle receiving increasing amounts of starch with or without dietary supplementation of a blended phytogenic feed additive (PFA; containing menthol, thymol and eugenol). We used 16S rRNA gene amplicon sequencing to assess the microbial composition and predicted metabolic pathways in ruminal solid and liquid digesta, and feces. Furthermore, we employed targeted liquid chromatography-mass spectrometry methods to evaluate rumen fluid metabolites. Results indicated a rapid microbial adaptation to diet change, starting on the second day of starch feeding for the particle associated rumen liquid (PARL) microbes. Solid rumen digesta- and feces-associated microbes started changing from the following day. The PARL niche was the most responsive to dietary changes, with the highest number of taxa and predicted pathways affected by the increase in starch intake, as well as by the phytogenic supplementation. Despite the differences in the microbial composition and metabolic potential of the different GIT niches, all showed similar changes toward carbohydrate metabolism. Metabolite measurement confirmed the high prevalence of glucose and volatile fatty acids (VFAs) in the rumen due to the increased substrate availability and metabolic activity of the microbiota. Families Prevotellaceae, Ruminococcaceae and Lachnospiraceae were found to be positively correlated with carbohydrate metabolism, with the latter two showing wide-ranging predicted metabolic capabilities. Phytogenic supplementation affected low abundant taxa and demonstrated the potential to prevent unwanted implications of feeding high-concentrate diet, such as reduction of microbial diversity. The inclusion of 50% concentrate in the diet caused a major shift in microbial composition and activity in the GIT of cattle. This study demonstrated the ability of microorganisms in various GIT niches to adjust differentially, yet rapidly, to changing dietary conditions, and revealed the potential beneficial effects of supplementation with a PFA during dietary adaptation.
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Introduction

The importance of microbiota composition and activity, in terms of the complex mechanisms regulating animal health, metabolic function and production, has come into focus in recent years (O'Hara et al., 2020). Among the many different factors that can affect microbiota structure and function, including genetics, environment, and metabolic state, diet remains the key driver of change (Deusch et al., 2017; De Angelis et al., 2020). In dairy cattle, diet composition is critical for ensuring that high energy requirements for milk production are met (Zebeli et al., 2008). Research has focused on increasing the efficiency of feed utilization, avoiding severe negative energy balance, improving animal health and welfare, and reducing methane emissions, all through modulation of the rumen and hindgut microbiota (Humer et al., 2018b; Petri et al., 2018; Matthews et al., 2019). Changes in dietary composition, especially during the period of adaptation, pose an increased risk for dysbiosis of the gut microbiota (David et al., 2014). When a microbial niche is subject to an external perturbation, such as an oversupply of substrates, there is a system of adaptations in metabolic activity driving changes in ecological composition until a new level of homeostasis is reached. In gastrointestinal microbial ecosystems, this new steady state can be detrimental for the host resulting in inflammation and illness (Sommer et al., 2017; Lachnit et al., 2019).

Compared with other carbohydrate sources in dairy diets, starch is rapidly degraded by ruminal bacteria into glucose, which is transformed into pyruvate and then into end-products essential for the animals, such as acetate, propionate, and butyrate (Hoover and Miller, 1991; Mills et al., 1999; Tester et al., 2004). Supplying increased amounts of starch provides the cow with the additional energy required for milk production. However, an excessive amount of starch causes an accumulation of organic acids in the rumen due to a lack of buffering mechanisms, which can affect both the stability of the gut microbiota and animal health (Aschenbach et al., 2011). In fact, under lower pH values, some bacterial species thrive to the detriment of others, and the metabolic profile changes as a result (Russell and Rychlik, 2001; Ametaj et al., 2010). Such conditions can cause the proliferation of pathogens, as well as the production of harmful compounds (Kleen et al., 2003; Plaizier et al., 2012). The resulting dysbiotic status, if prolonged, can cause subsequent health issues, such as subacute ruminal acidosis (SARA) and inflammation in cattle (Plaizier et al., 2008; Khafipour et al., 2016). Previous research has demonstrated the capacity of microbiota to adapt and change in response to dietary variations (Petri et al., 2013; Wetzels et al., 2016), as well as their resilience potential (Weimer, 2015). Nevertheless, there is still a lack of understanding with regard to the progressive adaptation mechanisms of the GIT microbiota to increases in dietary starch. Furthermore, studies employing phytogenic feed additives (PFA) as supplement to high concentrate feeding have successfully prevented significant shifts in microbiota composition and reduced the production of harmful metabolites (Cardozo et al., 2006; Neubauer et al., 2018). While these phytogenic compounds can result in immediate changes to rumen fermentation, with the potential to alter the hindgut as well, and to help in the recovery of a perturbed ecosystem, the mechanisms of action remain largely unknown (Neubauer et al., 2018; Zhou et al., 2019).

The aim of our study was to increase the understanding of how a rapid shift in substrates affects the microbiota inhabiting different GIT niches in dairy cattle, by investigating the daily adaptation of the microorganisms, as well as their predicted metabolism and metabolite production, to increase amounts of readily fermentable carbohydrates introduced with the diet. Furthermore, we aimed to examine if supplementation with a blended PFA would mitigate and prevent a possible dysbiosis, by modulating the proliferation and activity of the ruminal and fecal microbiota.



Materials and methods


Experiment design and animal housing

The trial was conducted as part of a larger experiment at the research farm of the University of Veterinary Medicine, Vienna. The main experimental design and diets have been described in detail by Rivera-Chacon et al. (2022). In brief, the trial was a crossover design with two runs, separated by a 4-week washout period. Nine Holstein non-lactating rumen-cannulated cows (mean body weight: 992 ± 73 kg, mean age: 10.0 ± 0.8 years) were divided into two groups (control—CON and treatment—PHY). The groups were balanced for body weight, with five cows assigned to the PHY and four to the CON group in the first run. The treatments were inverted in the second run (four cows PHY and five cows CON). Animals were group-housed, and each cow had access to an individual feed bunk (through computer-regulated access gates). A period of adaptation to the grouping, feeders and basal diet occurred for 1 week before the trial started. The feeding protocol of the adaptation consisted in a step-wise replacement of the forage proportion (75% grass silage, 15% corn silage, and 10% grass hay in dry matter basis) with concentrate, starting with 10% concentrate mixture on day 1 and reaching 60% on day 6 (dry matter basis). The concentrate mixture (30.22% barley, 18.1% triticale, 23.08% bakery by-products, 24.0% rapeseed meal, 3.0% molasses, 0.8% mineral-vitamin premix for dairy cattle, 0.5% limestone, and 0.3% salt) was the same for the two groups, with the treatment group receiving a blended phytogenic feed additive at 400 mg/kg (dry matter basis) (Digestarom®, a mixture of herbs and spices that contains menthol, thymol and eugenol, DSM Austria GmbH). To maintain a stable intake of PHY additive throughout the trial, from day 1 to day 6, the corresponding quantities of PFA were supplemented directly into the rumen through the cannula. Diet was offered as a total mixed ration and provided once daily by an automatic feeding system (Trioliet Triomatic T15, Oldenzaal, The Netherlands), and was available ad libitum, along with water and mineral blocks. Orts were removed and fresh feed was delivered every morning. Daily feed intake was recorded automatically (Insentec B.V., Marknesse, The Netherlands). Starch intake was calculated based on the dry matter intake (DMI), and the chemical composition of feed ingredients was analyzed at the start and end of dietary adaptation.



Ruminal pH measurements and conventional microbial fermentation products

Ruminal pH was measured every 15 mins with the Lethbridge Research Centre Ruminal pH Measurement System (LRCpH; Dascor Inc., CA, USA) (Penner et al., 2006). Specific calculations, as well as conversion of measured millivolts to pH, were similar to Castillo-Lopez et al. (2014b), but a pH threshold of 5.8 was used to assess ruminal acidification. All samples were collected daily, 4 h after morning feeding. Samples of ruminal fluid for VFA, ammonia and lactate analyses were collected from the ventral sac of the rumen using a 20-ml sterile syringe and stored at −20°C. Composition of VFAs was measured using gas chromatography (GC-2010 PLUS, Shimadzu) applying the protocol described by Castillo-Lopez et al. (2021). The concentration of ammonia was measured using an indophenol colorimetric method on a U3000 spectrophotometer (INULA GmbH, Vienna, Austria) (Weatherburn, 1967). Thawed samples were centrifuged at 15,115 × g for 10 min. Ammonia and phenol were oxidized by sodium hydroxide in the presence of sodium nitroprusside and dichloroisocyanuric acid. Absorbance was measured at 655 nm after 90 min of reaction. D-Lactate was measured with the Megazyme K-DATE assay (Megazyme Int., Ireland), according to the manufacturer's instructions.



Ruminal metabolomics

Samples of rumen fluid for metabolomics analyses were collected 4 h after the morning feeding from the ventral sac of the rumen, snap frozen in liquid nitrogen and stored at −80°C. Metabolites were determined with anion-exchange chromatography-high resolution mass spectrometry (IC-HR-MS) and high-performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Carboxylic acids, sugar phosphates, and sugars were analyzed by anion exchange chromatography on a Dionex Integrion HPIC system (Thermo Scientific) coupled to a Thermo Scientific Q Exactive Orbitrap mass spectrometer. Sample preparation consisted of shaking 20 μl of rumen fluid with 980 μl of acetonitrile/water (80:20, v/v) at 4°C for 10 min, centrifugation at 14,350 × g for 10 min and tenfold dilution of the supernatants with acetonitrile/water (20:80, v/v).

Biogenic amines were determined by LC-MS/MS after derivatization with phenyl isothiocyanate (PITC). Sample preparation was performed in 96-well plates using a modified protocol based on Biocrates' MxP® Quant 500 kit (Innsbruck, Austria). Briefly, a 10 μl aliquot of rumen fluid sample or different volumes of calibration stock solutions containing between 0.009 and 9 mg/L of all analytes and 30 μl of internal standard solution containing 10 mg/L 13C-putrescine in acetonitrile:water (50:50, v/v) were pipetted into a 96-well plate and evaporated to dryness under a stream of nitrogen. Subsequently, 50 μl of derivatization reagent (ethanol:water:pyridine:PITC 31.7:31.7:31.7:5.0, v/v/v/v) was added and the plate was covered, shaken for 20 s, and placed in the dark at room temperature for derivatization of amines. After 1 h of derivatization, the derivatization reagent was evaporated under nitrogen. Finally, analytes were extracted by shaking in 300 μl of methanol containing 4.9 mM ammonium acetate for 30 min and the extracts were centrifuged. One aliquot of the extract was used directly for LC-MS/MS measurement, while another aliquot was diluted at 1:25 with methanol prior to measurement because of substantial concentration differences of the analytes in the rumen fluid.

The chromatographic and mass spectrometric conditions as well as the quantification approaches and the used solvents and reagents are described in detail in the supplementary data in Supplementary Material. Selected reaction monitoring (SRM) for LC-MS/MS analysis is given in Supplementary Table S1.



Microbiota analyses
 
Sample collection

Samples for microbiota analyses were collected aseptically 4 h after morning feeding, following an approach similar to Castillo-Lopez et al. (2014a). To collect samples of solid digesta and particle associated rumen liquid (PARL) (Tafaj et al., 2004), a handful of digesta was sampled from four different locations (dorsal, cranial and caudal mat and ventral sac). PARL samples were collected in a beaker by squeezing the digesta sample through four layers of sterile gauze, while solid digesta were sampled with tweezers. Fecal samples were collected aseptically from the rectum using disposable rectal exploration gloves. All samples were collected in duplicate, immediately snap-frozen in liquid nitrogen, and subsequently stored at −80°C. Samples of rumen content were collected for 6 days, while feces were sampled for an additional seventh day, to account for digestive passage rate.



DNA extraction, sequencing, and sequences analysis

A total of 108 samples were collected for both the PARL and digesta niches, and 126 samples were collected from feces. DNA was extracted using DNeasy PowerSoil Kit (Qiagen, Germany) with additional pre-processing steps for mechanical and enzymatic lysis (Neubauer et al., 2018). Details about the protocol are given in supplementary data in the Supplementary Material. The samples were sent to an external laboratory (Microsynth, Balgach, Switzerland) for targeted 16S rRNA gene sequencing. The primers 341F-ill (5′-CCTACGGGNGGCWGCAG-3′) and 802R-ill (5′-GACTACHVGGGTATCTAATCC-3′) were used to target the V3-V4 hypervariable regions of the bacterial 16S rRNA gene, with an expected product of approximately 460 bp (Klindworth et al., 2013). Libraries were prepared adding barcodes and Illumina adaptors through 16S Nextera two-step PCR. Equimolar pools of samples were sequenced using a 250 bp paired-end reads protocol for Illumina MiSeq sequencing platform. Demultiplexing, trimming of adaptors and reads merging was performed by Microsynth. Quality of the merged reads was inspected using FASTQC (Andrews and Babraham Bioinformatics, 2010), and the merged sequences were analyzed with software QIIME 2 (v. 2020.2) (Bolyen et al., 2019). Sequences were filtered for quality (PHRED score 20) before denoising with Deblur (Amir et al., 2017). Reads were trimmed at 385 nucleotides for rumen samples, which resulted in the loss of one sample from PARL (n = 107). Reads from fecal samples were trimmed at 400 nucleotides. All digesta and fecal samples passed the quality filtering and denoising (n = 108 and n = 126, respectively). The resulting tables were further filtered to exclude mitochondrial contamination. Taxonomy was assigned with a Naive Bayes classifier trained for the specific 16S rRNA gene target regions against the SILVA 132 99% OTU reference database (Quast et al., 2012). Chloroplasts were found with very low relative frequencies (<0.01%) in all three matrices analyzed. Alpha and beta diversity were calculated after samples with <1,000 reads were discarded (n = 105 for PARL, n = 107 for digesta and n = 121 for feces after filtering). The filtered amplicon sequence variants (ASVs) tables were used to calculate abundance-based coverage estimator (ACE) (Chao and Yang, 1993), Chao1 (Chao, 1984), Faith's phylogenetic diversity (Faith and Baker, 2006) and Shannon index (Shannon, 1948), as well as weighted and unweighted UniFrac distances (Lozupone et al., 2007) per each matrix. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) was run using the QIIME2 plugin (v. 2019.10), with the default options (average NSTI was 0.18 for rumen samples and 0.36 for fecal samples) (Bolyen et al., 2019; Caicedo et al., 2020). Pathways names are reported according to MetaCyc Metabolic Pathway Database (Caspi et al., 2020).




Statistical analyses

Datasets for ruminal pH, intake, microbial fermentation products and alpha diversity were checked for normal distribution with PROC UNIVARIATE procedure in SAS. When a variable was not normally distributed, PROC TRANSREG was run with Box-Cox model, to evaluate the best transformation to be applied. The presence of outliers was assessed calculating a simple linear regression with the PROC REG procedure, as well as Cook's distance (Cook's D) on the regression model and diagnostics on residuals. Values with a Cook's D above 0.8 were removed from the dataset for downstream analyses. Data were further analyzed using the PROC MIXED procedure of SAS with cow, experimental run, day, treatment and the interaction between day and treatment as fixed effects and cow within run as random effect. Cow within run was also considered as repeated measure, and post-hoc Tukey correction for P-values was applied. The animal as fixed effect was excluded from the model for the metabolomics data. Differences in beta diversity matrices (weighted and unweighted UniFrac distance) were calculated in QIIME2 using ADONIS (tested for adaptation day, treatment and their interaction). Analysis of the composition of microbiota was evaluated using Microbiome Multivariable Associations with Linear Models (MaAsLin2) package in R (Mallick et al., 2021). Differential abundance was calculated using Centered Log-Ratio (CLR) normalization and LM method, with adaptation day and treatment as fixed effects and individual animal and run as random effects. False Discovery Rate (FDR) was calculated with default parameters (Benjamini–Hochberg method) (Benjamini and Hochberg, 1995). Sequences were further analyzed applying the QIIME 2 plugin q2-longitudinal, performing a random forest regression aiming to predict the adaptation day on the basis of the microbiota composition (“longitudinal maturity-index”) (Bokulich et al., 2018). The group that did not receive the phytogenic feed additive was used as control, using 0.4 as fraction of samples to be excluded from the training set. PICRUSt2 results were analyzed using MaAsLin2, applying the same model used for the amplicon sequences. Metabolome data were analyzed using MetaboAnalyst (v. 5.0) to evaluate the effect of the progressive days and of the phytogenic feed additive on the rumen metabolite profile (Chong et al., 2019). Quantitative Enrichment Analysis was performed to identify enriched pathways during the days and due to the treatment. Spearman correlations were calculated between significantly affected taxa and metabolites as well as the 50 most abundant pathways detected via PICRUSt, using rcorr function of R package Hmisc (Harrell and Dupont, 2020). Further correlations were run between significantly affected genera and a subset of pathways selected within the dataset for their role in the metabolism of acetate, propionate, butyrate, ammonia, and lactate. Network analyses were performed through Model-based Integration of Metabolite Observations and Species Abundances 2 (MIMOSA2) web application (Noecker et al., 2016). Representative sequences for each ASV and absolute abundances of metabolites were used with PICRUSt KO genomes and KEGG metabolic model, with a similarity threshold of 0.99 and rank-based estimation. MIMOSA2 web application with such settings maps sequences to Greengenes database, which has not been updated since 2013. Previous research has demonstrated overall accordance between databases up to the family level (Sierra et al., 2020). Thus, results for network prediction are presented and discussed at the family level. Briefly, the MIMOSA2 framework estimates metabolic potential (CMP) scores based on the community composition, which variation is then compared to variation in measured metabolite abundances per each sample. Predictions of metabolite levels are validated through a regression model, and contributions are calculated as variation in metabolite abundance explained by a specific taxon. Contributions were considered significant with P ≤ 0.05 and FDR < 0.1. For all other statistical analyses, significance was considered at P ≤ 0.05 and tendencies were considered for 0.05 < P ≤ 0.10.




Results


Ruminal pH and feed intake

Results for feed intake and ruminal pH are given in detail in Table 1. Feed intake increased (P < 0.01) on the last days of experiment. Starch inclusion in the diet was steadily incremented, with starch intake gradually increasing from day 1 at 0.98 ± 0.12 kg to reach 3.55 ± 0.12 kg on day 6 (P < 0.01). Ruminal pH decreased with the progressive inclusion of concentrate in the diet (P < 0.01), with a minimum value below 5.8 on average on day 6 of experiment. Time with pH below 5.8 and acidosis index (determined by calculating the time that ruminal pH was below 5.8 per kg DMI) both increased along with the adaptation day (P = 0.01) (Khiaosa-ard et al., 2018).


TABLE 1 Nutrient intake and ruminal pH parameters during a 6-day adaptation to a high concentrate diet.
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Microbiota alpha and beta diversity
 
Solid digesta

ACE and Shannon index decreased to reach the minimum values on day 6 for both PHY and control group (Figure 1). All other alpha diversity parameters evaluated were affected by the adaptation day (P < 0.01) (Supplementary Table S2). The PHY showed an effect for ACE, Chao1, and Faith's phylogenetic diversity (P = 0.09, P = 0.09 and P = 0.03, respectively). ADONIS revealed a significant impact of the adaptation day on both weighted and unweighted UniFrac analyses, while the PHY treatment showed an effect only for the unweighted UniFrac (P < 0.01) (Figure 2A). There was no significant effect for the interaction between the PHY and the adaptation days.
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FIGURE 1
 Alpha-diversity indices in the three analyzed matrices, for control and treatment (PHY) groups. Digesta, solid digesta; PARL, particle associated rumen liquid; ACE, Abundance-based Coverage Estimator. Samples were collected for six consecutive days for rumen content and for an additional seventh day for feces. P-values are presented for the effect of day, phytogenic treatment (PHY) and the day × treatment interaction (Day*PHY).
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FIGURE 2
 Beta-diversity for the three matrices analyzed. Graphs show weighted and unweighted UniFrac analysis over the experimental days for control and treatment (PHY) groups. (A) In solid digesta samples (Digesta), adaptation day impacted both weighted and unweighted UniFrac (P < 0.01), while the PHY treatment showed an effect only for the unweighted UniFrac (P < 0.01). (B) Beta-diversity in PARL was affected by the adaptation day (P < 0.01), while only unweighted UniFrac was affected by the PHY treatment (P = 0.03). (C) In feces, adaptation day had an effect on both beta diversity matrices (P < 0.01), while the treatment only showed a trend for unweighted UniFrac (P = 0.08).




PARL

Alpha diversity indexes in PARL decreased over the adaptation days (P < 0.01), with lower values reached on day 5 (Figure 1; Supplementary Table S2). The PHY treatment did not affect the alpha diversity. Beta diversity in PARL was affected by the adaptation day (P < 0.01), while Unweighted UniFrac was affected by the PHY treatment (P = 0.03) (Figure 2B). The interaction between PHY and adaptation day was not significant.



Feces

Alpha diversity was affected by the adaptation day (Figure 1), with values decreasing over the 7 days for both groups (Supplementary Table S3). The PHY affected both ACE and Chao1 indexes (P = 0.08). ADONIS for beta diversity in feces revealed an effect of the adaptation day for both distance matrices (P < 0.01), but no effect of the interaction between PHY and day. The PHY treatment affected only unweighted UniFrac, showing a tendency (P = 0.08) (Figure 2C).




Microbiota composition and differential abundance
 
Solid digesta

A total of 4,148,399 reads were grouped into 19,324 features and assigned to 21 phyla, of which the two most abundant were Firmicutes and Bacteroidetes, which accounted together for more than 80% of all the reads (Supplementary Figure S1). The most represented families are presented in Figure 3A. Prevotella 1 (12.7%) was the most abundant genus on average across all samples, followed by Rikenellaceae RC9 gut group (6.1%) and Lachnospiraceae NK3A20 group (5.4%) (Figure 3C). Most phyla were significantly affected by the increasing amount of concentrate in the diet starting from day 5, with the highest frequency of Firmicutes (59.9%) on day 6 (P < 0.01) and of Bacteroidetes on day 5 (30.5%) (P < 0.01). Effects at the family level were appreciable mainly from day 4. Family Lactobacillaceae decreased over the 6 days (P = 0.03), while Erysipelotrichaceae tended to increase from day 4 (P < 0.01). Lachnospiraceae, Prevotellaceae and Ruminococcaceae were also affected by the concentrate included in the diet, with the first two families increasing by day 6 (P < 0.01) and the latter decreasing (P < 0.01). Genera Prevotella 1 (P = 0.08), Lachnospiraceae NK3A20 group (P < 0.01), Ruminococcus 2 (P = 0.02), and Selenomonas 1 (P < 0.01) increased over the experimental days. Ruminococcaceae NK4A214 group increased over the first 4 days (4.1%; P < 0.01) and decreased again on day 6 (3.6%; P < 0.01). Similarly, Lachnospiraceae XPB1014 group, ND3007 group, and NK4A136 group decreased over the experimental days, from day 5 (P < 0.01, P < 0.01, and P = 0.01, respectively). The PHY treatment increased the relative frequency of Ruminococcaceae UCG-005 (0.28 and 0.20% in PHY and control group, respectively; P = 0.01) and Ruminococcaceae V9D2013 group (0.07 and 0.05% in PHY and control group, respectively; P = 0.04). Ruminiclostridium 9 (0.12 and 0.21% in PHY and control group, respectively; P = 0.10) and Alloprevotella (0.02% and 0.03% in PHY and control group, respectively; P = 0.08) tended to be more abundant in the control group. The 50 most important features detected with the maturity index prediction were used to build a heatmap showing the trend for their frequency over the 6 days of sampling (Supplementary Figure S3A). Among these, more than half were assigned to families Lachnospiraceae and Ruminococcaceae, and in particular to genera Lachnospiraceae NK3A20 group and Ruminococcaceae NK4A214 group (Supplementary Table S7). Both genera were also identified as differentially abundant, together with Prevotella 1 and other Lachnospiraceae genera (XPB1014 group, ND3007 group, NK4A136 group).
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FIGURE 3
 Microbiota composition of the rumen samples. Bar plots showing the mean relative frequency of the 10 most abundant families (across all samples) in (A) solid digesta and (B) particle associated rumen liquid (PARL) over the experimental days and between the two experimental groups (PHY and control). The heatmaps (C) show the mean relative frequency of the 25 most abundant genera across all samples for solid digesta (Digesta) and particle associated rumen liquid (PARL) over the experimental days.




PARL

For PARL, 4,493,095 reads were grouped into 18,557 features. A total of 24 phyla were detected, and as for digesta, the two most abundant were Firmicutes and Bacteroidetes (Supplementary Figure S1). Figure 3B shows the relative abundance of the most abundant families. Prevotella 1 (16.1%) and Lachnospiraceae NK3A20 group (4.2%) were among the most abundant genera on average across all samples, together with Ruminococcaceae NK4A214 group (4.8%) (Figure 3C). The progressive inclusion of concentrates in the diet significantly affected the relative abundance of phyla and of families, mainly from day 3. Family Lactobacillaceae and genus Lactobacillus decreased over the days (P < 0.01), while Streptococcaceae increased only on day 6 (0.11%, P = 0.05). Similarly, Succinivibrionaceae tended to increase only on day 5 (P = 0.06). Families Lachnospiraceae, Ruminococcaceae, and Prevotellaceae showed fluctuations over the experimental days. Genus Prevotella 1 started to decline on day 4 (16.4%) to day 5 (15.9%) (P = 0.03), while Prevotellaceae UCG-001 and Prevotellaceae NK3B31 group increased over the experimental days (P < 0.01). Lachnospiraceae NK3A20 group and Ruminococcaceae NK4A214 group's relative frequency increased from day 2 (P = 0.01 and P < 0.01, respectively). Burytivibrio 2 and Pseudobutyrivibrio increased from day 5 (P = 0.03 and P < 0.01, respectively). The PHY supplementation had more impact on PARL than digesta microbiota composition: 14 families and 36 genera were significantly affected by the treatment. Families Veillonellaceae (P < 0.01) and Clostridiales Family XI (P < 0.01) had higher relative frequency in the control group. The PHY treatment increased the frequency of genera Ruminococcaceae UCG-011 (1.1 and 0.8% in PHY and control group, respectively; P < 0.01), Ruminococcaceae UCG-005 (0.3% and 0.2% in PHY and control group, respectively; P = 0.02), and Lachnospiraceae UCG-006 (0.13% and 0.11% in PHY and control group, respectively; P = 0.04). Supplementary Figure S3B shows the 50 most important taxa, identified with the random forest regression and their variation over the sampling days per each group, control or treatment. As for digesta, most of the features were classified as belonging to families Lachnospiraceae and Ruminococcaceae (Supplementary Table S7). Features classified as Prevotella 1, Butyrivibrio 2, and Lactobacillus were identified as part of the key taxa in the adaptation to the new diet both by the random forest and the differential expression analysis.



Feces

Reads for fecal samples (1,426,602) were assigned to 10,211 features. Features were grouped in 15 phyla, of which only three had a relative abundance above 1% (Firmicutes, Bacteroidetes and Spirochaetes, 76.9, 17.7, and 1.3%, respectively) (Supplementary Figure S1). Most represented families are shown in Figure 4A. Ruminococcaceae UCG-005, Romboutsia and Christensenellaceae R-7 group were the most abundant genera on average across all samples (8.4, 7.2, and 6.7%, respectively) (Supplementary Figure S2). Effects on phyla were mostly visible from day 3 or 4, while Tenericutes showed an increase only on day 7 (P < 0.01). Phylum Epsilonbacteraeota, to which family Campylobacteraceae belongs, tended to decrease on day 5 (P = 0.06), disappearing in the last 2 days. Most of the families were significantly affected by the diet changes from day 3. Family Ruminococcaceae tended to decrease over the 7 days, significantly from day 5 (P < 0.01). In parallel, Lachnospiraceae increased from 14.3% on day 1 to 21% on day 7 (significant increment from day 3, P = 0.05). The progressive inclusion of concentrate in the diet affected 109 genera. Genera Lachnospiraceae AC2044 group (P = 0.02), Ruminobacter (P = 0.04), Blautia (P = 0.03), Butyrivibrio (P = 0.01), Treponema 2 (P < 0.01), and Ruminococcus 2 (P = 0.03) increased already from day 2. Ruminococcus 1 decreased on day 2 (0.4%; P = 0.02) and increased again on day 6 (1.4%; P = 0.04). The PHY supplementation tended to increase the abundance of families Paludibacteriaceae, Campylobacteraceae, and Clostridiales Family XIII in the fecal samples (Figure 4B). At the genus level, the PHY treatment increased the abundance of low abundant taxa, such as [Eubacterium] ventriosum group (0.04% and 0.02% in PHY and control group, respectively; P < 0.01), Prevotellaceae UCG-003 (0.6% and 0.3% in PHY and control group, respectively; P < 0.01), Lachnospiraceae UCG-007 (0.08% and 0.02% in PHY and control group, respectively; P = 0.02), and Ruminococcaceae UCG-011 (0.08% and 0.04% in PHY and control group, respectively; P = 0.06). Random forest regression (Supplementary Figure S3C) identified the key component of the fecal microbiota as mainly belonging to families Lachnospiraceae and Ruminoccaceae (Supplementary Table S7). Family Clostridiales Family XIII and genus Prevotellaceae UCG-003 were confirmed to play an important role in the adaptation to a new diet by both the random forest and the differential abundance analysis.
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FIGURE 4
 Microbiota composition of the fecal samples. (A) Barplot showing the mean relative frequency of the 10 most abundant families (across all samples) over the experimental days and between the two experimental groups (PHY and control). (B) Plots showing the different relative frequency trends over the experimental days between the treatment (PHY) and control group. The PHY increased the relative abundance of Paludibacteriaceae (P = 0.06), Campylobacteraceae (P = 0.09) and Clostridiales Family XIII (P = 0.09).





Microbial activity parameters

The concentration of total VFAs was impacted by dietary adaptation day (Table 2, P < 0.01). Acetate, propionate, and butyrate concentration increased over the 6 days of experiment (P < 0.01), reaching the highest values on day 5. Isobutyrate and isovalerate concentrations decreased from day 1 to day 6 (P < 0.01). There was an interaction between PHY treatment and experimental day for propionate concentration (P = 0.04), and a tendency toward interaction for total VFA concentration (P = 0.08). Ammonia concentration in the rumen fluctuated over the days (P = 0.05). Values tended to increase on day 2, to decrease again on day 3, reaching the lowest in the PHY group (19.22 ± 3.12 mg/dl). Ammonia concentration tended to be higher on day 6 for the PHY group, with a tendency for an interaction between days and treatment (P = 0.06). D-Lactate concentration showed high numerical concentrations on days 4 and 5, but no significant effects of diet or treatment.


TABLE 2 Concentration of volatile fatty acids (VFA), ammonia, and D-lactate measured in the rumen fluid.
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All the metabolites measured were affected by the dietary adaptation day (Figure 5A). There was an interaction between PHY treatment and adaptation day for 3-hydroxybutyric acid (P = 0.01) and disaccharides (P = 0.01). Furthermore, there was a trend for interaction for ribose and galactose-1-phosphate (P = 0.08). 3-(3-hydroxyphenyl) propionic acid tended to be affected by the treatment (P = 0.09) (Supplementary Table S4). Principal component analysis (PCA) of the metabolites showed a clear separation of the last 2 days of adaptation from the previous four, as shown in Figure 5B. This variance was explained mainly by three compounds: acetic acid, butyric acid, and glucose. The same compounds, with the addition of propionic acid, were found to be important features for the discrimination between PHY and control group, although the groups did not cluster separately. A total of 13 biogenic amines were identified and analyzed in the rumen fluid. The majority were affected by the adaptation day, with the exception of histamine, sarcosine, and gamma-aminobutyric acid (Figure 6). The latter showed considerably lower concentrations in the PHY group compared to the control (P = 0.05). There was an interaction between adaptation day and PHY treatment for spermidine (P = 0.03).
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FIGURE 5
 Heatmap (A) showing the change in concentration of metabolites measured in the rumen fluid across the six experimental days. Rows were scaled to have mean zero and standard deviation one, to normalize the different concentrations of each metabolite. Values range from −1 (lowest concentration measured) to 1 (highest concentration measured). The colors below the dendrogram correspond to the experimental days. The dendrogram shows a separate cluster for the last two days of experiment (days 5 and 6). Principal Component Analysis (PCA) (B) showing the variance of the metabolite composition in the rumen fluid. The graph is based on the normalized values calculated in MetaboAnalyst over the six experimental days.
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FIGURE 6
 Concentration of biogenic amines measured in the rumen fluid 4 h after the morning feeding. The red line represents the trend of the mean values over the 6 days of experiment. P-values are presented for Day, treatment (PHY) and interaction between Day and treatment (Day*PHY).




Pathways prediction analysis

Quantitative enrichment analysis showed effects of the day on several pathways, notably phenylalanine metabolism, pentose phosphate pathway, glycolysis/gluconeogenesis, starch and sucrose metabolism, and galactose, fructose and mannose metabolism (P < 0.01). The PHY treatment showed some tendencies, specifically for propanoate metabolism, glycolysis/gluconeogenesis, glyoxylate and dicarboxylate metabolism and pyruvate metabolism (P = 0.10).

The relative abundances of the most abundant pathways predicted by PICRUSt which were shared by all three matrices for the 6 days of experiment are shown in Figure 7. All most abundant pathways were affected by the concentrate inclusion in the diet, starting from day 2 in PARL and from day 4 or 5 in digesta. Similarly, in feces, changes in the 50 most abundant pathways were evident from day 3 or 4. The PHY treatment affected 13, 46, and 12 pathways in digesta, PARL, and feces, respectively. Pathways PWY-7013 [(S)-propane-1,2-diol degradation], PWY-5676 (acetyl-CoA fermentation to butanoate II), and PWY-6588 (pyruvate fermentation to acetone) were enhanced by the treatment both in digesta and PARL samples. Pathway P163-PWY (L-lysine fermentation to acetate and butanoate) was affected by the PHY additive in all three matrices investigated, being more expressed in the PHY group in digesta and PARL, but less expressed in feces.
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FIGURE 7
 Relative abundance of the most abundant pathways for the three analyzed matrices. Pathways were predicted via PICRUSt2 based on the 16S rRNA gene amplicon sequencing of samples of solid digesta (Digesta), particle associated rumen liquid (PARL) and feces.




Network analysis

Spearman correlation between differentially abundant taxa and metabolites revealed positive correlations between members of the family Lachnospiraceae and Ruminococcaceae and carbohydrates, both in digesta and in PARL samples, although with relatively low R scores (Figure 8). Three genera identified in digesta samples (Streptococcus, FD2005 and Lachnobacterium) were positively correlated with D-lactate concentration measured in the rumen fluid, although with low R scores (P < 0.01; R scores = 0.55, 0.30, and 0.37, respectively). The same genera were also correlated with the pathways associated with lactate, such as ANAEROFRUCAT-PWY [homolactic fermentation (fructose fermentation to lactate)], P122-PWY [heterolactic fermentation (lactate heterofermentation)], P124-PWY [Bifidobacterium shunt (glucose fermentation to lactate (Bifidobacteria)], P461-PWY (hexitol fermentation to lactate, formate, ethanol and acetate), PWY-5100 (pyruvate fermentation to acetate and lactate II), and PWY-6641 (superpathway of sulfolactate degradation) (Supplementary Figure S4).
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FIGURE 8
 Network analysis based on Spearman correlations between carbohydrates and microbes in the rumen. Correlations were calculated between genera belonging to families Lachnospiraceae and Ruminococcaceae and carbohydrates in (A) solid digesta (Digesta) and (B) particle associated rumen liquid (PARL). Correlation coefficients are indicated by color (purple = negative, yellow = positive) and line thickness.


For digesta, MIMOSA2 calculated the CMP scores for five metabolites, including acetate, D-Mannose 6-phosphate, and phenylacetic acid, for a total of 1243 taxa involved (Supplementary Table S5). In PARL samples, a total of 1061 taxa were found to be contributing to the variation of four metabolites, including succinate and sedoheptulose 7-phosphate (Supplementary Table S6). CMP scores were calculated also for D-glucose 6-phosphate and lactate in both PARL and digesta. Both ruminal niches hosted Ruminococcaceae and Succinivibrionaceae as major taxa driving differences in lactate concentration across samples, both encoding for K01069 (hydroxyacylglutathione hydrolase), which contributes to form D-lactate from carbohydrate metabolism. However, no taxon could explain more than 1% of the variance for lactate. The variation in D-glucose 6-phosphate concentration appeared to be driven mostly by Erysipelotrichaceae and Ruminococcaceae in PARL samples. In digesta samples, most of the variance for this metabolite were explained by Lachnospiraceae, followed by Erysipelotrichaceae and Ruminococcaceae. The variation in D-mannose-6-phosphate concentration was mainly contributed by Erysipelotrichaceae, Ruminococcaceae, Lachnospiraceae, and Coriobacteriaceae. The taxa most associated with variation in glucose-1-phosphate concentration were Ruminococcaceae and Lachnospiraceae, despite explaining <1% of the variation. In PARL, families Prevotellaceae and Succinivibrionaceae were identified as the main taxa putatively responsible for the variation of sedoheptulose-7-phosphate, through K03271 (D-sedoheptulose-7-phosphate isomerase). Three biogenic amines (spermidine, 5-aminovaleric acid, and spermine) were associated with 1,226 taxa in digesta samples, and with 1,155 taxa in PARL. In addition, significant associations were found in PARL samples also for beta-alanine, putrescine, cadaverine, and phenethylamine (Supplementary Table S6). In both niches, Ruminococcaceae and Lachnospiraceae were putatively responsible for the main variation for all the biogenic amines, except for putrescine and phenethylamine, for which the main producers were identified as Methanobacteriaceae and Anaerolinaceae, respectively.




Discussion


Rapid adaptive response of the microbiota

The aim of this study was to evaluate the day-by-day adaptation of the gastrointestinal microbiota in cattle fed increasing amounts of readily fermentable carbohydrates, and the effects of diet supplementation with a blended PFA, through the analysis of composition, metabolism, and predicted pathways. These results will help to elucidate the mechanisms of adaptation of microbiota undertaken when challenged with a dietary change, particularly if there is a critical point in the adaptive response, over where the system becomes unbalanced and changes toward dysbiosis (Sommer et al., 2017).

The gradual inclusion of starch in the diet and the phytogenic additive altered microbiota composition and metabolic activity in all GIT niches evaluated in our experiment. Previous studies have not shown day-to-day alterations of the microbial composition in rumen content nor in feces, whereas we demonstrated a rapid adaptation of the microbiota to changing feeding conditions (Plaizier et al., 2017; Huang et al., 2020). This could be due to the different feeding programs of the animals, or the sampling schedule employed in the other experiments. While other studies looking at the difference between days have allowed between 7 and 40 days of adaptation prior to sampling, in our experiment the goal was to assess the impact of dietary change and therefore, diet did not remain constant throughout the experiment. This unique look at the process of microbial adaptation allow for new insights into the evolution of SARA and potential points for modulating ecological shifts to improve animal health. However, we monitored the microbiota over the first 6 days of adaptation to a new diet, and it is recognized that further adaptations of the microbiota are likely after this time, as the community fully adapts to the diet over the following days.



Niche-specific responses

Interestingly, PARL was the quickest and most responsive to dietary changes, with the highest number of taxa and predicted pathways affected by the increasing concentrate intake and the phytogenic additive. Despite the overall similarities in microbial composition, our results suggest a different metabolic activity occurring in PARL and in solid digesta. Variation in reaction to dietary challenges in the different ruminal niches is a well-known phenomenon (Metzler-Zebeli et al., 2015; Schären et al., 2017). It is suggested that the differences in bacterial activity in the rumen, within the same phylum and family, could be due to the accessibility of the substrates, depending on the solubility of the ingested material (Rubino et al., 2017; Hart et al., 2018). Thus, the macroscopic differences between solid and liquid digesta could explain the different responses to the high concentrate feeding found in our study. Differences detected in the time of reaction to the newly introduced substrates between the two niches suggest a slower adaptation of solid digesta to dietary changes, probably due to the microcolonies formed by the bacteria on the fiber particles in the ruminal mat, causing them to be more refractory to rapid adjustments (Cheng et al., 1981).

It is recognized that the microorganisms that colonize the distinct sections of the GIT are substantially different, but we found some similarities in the adaptation to the dietary challenge between the ruminal and the fecal microbiota (Ozbayram et al., 2018; Holman and Gzyl, 2019), with a delay in the changes for the hindgut. As expected, the increase in concentrate intake reduced the alpha diversity indices for all three matrices analyzed. Reduced richness and diversity are a common finding in cattle-fed high-concentrate diet and it is believed that such a reduction could limit the microorganisms' capacity of resources utilization (Plaizier et al., 2017). However, it has previously been suggested that a reduction in diversity can actually increase the efficiency in utilization of substrates in ruminants (Shabat et al., 2016; Belanche et al., 2019), and our findings confirm that the gastrointestinal microbiota can rapidly adapt its metabolic capability to face newly available substrate, despite the species diversity reduction.

Since the total mean retention time of ingested feed in cattle is at least 24 h, it was expected that changes in microbial activity and composition in feces would be evident with ~1 day of delay in respect to the ruminal environment (Hartnell and Satter, 1979; Mambrini and Peyraud, 1997). This parallel shaping of the microbial population in the rumen and in feces is well shown by the beta diversity graphs, in which separated clusters are noticeable for the last 2 days of experiment, being days 5 and 6 for the ruminal niches and days 6 and 7 for the fecal samples.

While Plaizier et al. (2017) found the composition of the fecal microbiota to be relatively stable over time during SARA, we demonstrated a daily adaptation of fecal microorganisms to the increment in readily digestible concentrate in the diet, with altered composition and activity. Nevertheless, some researchers suggest that the response of the large intestine to high-concentrate feeding might be not consistent among experiments (Kotz et al., 2020).



Predominant role of Ruminococcaceae and Lachnospiraceae in ruminal adaptation to a highly fermentable diet

Starch, the main non-structural carbohydrate included in our experimental diet, is degraded into glucose or glucose-1-phosphate in the rumen (Hoover and Miller, 1991; Mills et al., 1999). While the overall concentration of glucose tended to increase over the 6 days in our experiment, glucose-1-phosphate decreased. Previous studies have confirmed that increased concentrate intake results in a higher concentration of glucose and VFAs in the rumen, due to the augmented level of readily fermentable carbohydrates introduced with the diet (Ametaj et al., 2010; Saleem, 2012). The decreased concentration of glucose-1-phosphate found in our study could suggest a high metabolization rate through glycolysis, or possible accumulation in the form of glycogen (Lou et al., 1997; Mills et al., 1999; Hackmann, 2015). The main putative producers of glucose-1-phosphate in our study were identified as belonging to families Ruminococcaceae and Lachnospiraceae in digesta samples, through cellobiose phosphorylase (K00702), which catalyzes the reaction that transforms plant-derived cellobiose into D-glucose (Hamura et al., 2012). In fact, members of these two taxa used to be considered mainly fibrolytic bacteria (Bickhart and Weimer, 2018; Holman and Gzyl, 2019), but certainly their enzymatic apparatus allows them to metabolize more readily available sugars as well. A previous metagenomic study found several putative carbohydrate-active enzymes to be associated with both families in solid digesta (Wang et al., 2013), and in our experiment both families were confirmed as connected with the metabolism of carbohydrates by the network analysis, albeit with moderate correlations. In addition, random forest regression analysis identified several ASVs classified as belonging to families Ruminococcaceae and Lachnospiraceae to be highly descriptive of the adaptation of the microbiota composition in the two ruminal niches over the experimental days. Therefore, despite the limits and the predictive nature of our analyses, all approaches used strongly supported the major role of these two taxa, suggesting a highly adaptive metabolic potential and strong plasticity in response to progressive increases in dietary starch. Our predictive analysis also associated Ruminococcaceae and Lachnospiraceae with the variance of acetate, succinate, and phenylacetic acid, highlighting the need to better investigate the metabolic potential of these families and their adaptive roles in the ruminal environment.



Diet shapes ruminal microbial metabolism and composition

Our analyses revealed that the main drivers of the shift in metabolites composition, noticeable over the last 2 days of experiment, were glucose, acetic acid, and butyric acid. Both PICRUSt and quantitative enrichment analysis appeared to confirm the importance of these metabolites, with the most abundant pathways being related with starch metabolism, for instance NONOXIPENT-PWY (pentose phosphate pathway (non-oxidative branch) I), PWY-5100 (pyruvate fermentation to acetate and lactate II), GLYCOGENSYNTH-PWY (glycogen biosynthesis I, from ADP-D-Glucose), and PWY-6737 (starch degradation V). According to the function prediction, families Erysipelotrichaceae and Lachnospiraceae synthesized most of the acetate in digesta samples. Deusch et al. (2017) suggested a role of Erysipelotrichaceae in the production of lactate in the rumen, while Chen et al. (2021) found a negative correlation between members of this family and acetate production. This is in contrast with our results, demonstrating the need to further investigate the metabolic capabilities of the Erysipelotrichaceae family.

Genera Bacillus, Prevotella, Ruminobacter, and Selenomonas were identified in literature as main microorganisms producing propionate in the rumen, expressing high levels of succinate-CoA synthetase (Wang et al., 2020). Although the same pathway was not identified among the most abundant groups in our experiment, succinic acid concentration tended to increase in parallel with propionate concentration. Furthermore, bacteria belonging to family Prevotellaceae (in particular Prevotellaceae NK3B31 group and Prevotellaceae UCG-001) and Selenomonas 1 were found to increase over the 6 days in PARL and digesta, confirming their importance in high-concentrate diet digestion in the rumen. While Prevotella was not associated with succinic acid production in PARL samples in our study, family Veillonellaceae, to which genus Selenomonas belongs, was indicated as one of the major putative synthesizers. However, Prevotella plays a main role in carbohydrate metabolism and their role as main functional group in planktonic microbiota in the production of butyrate during a high-concentrate feeding regime was also confirmed (Wirth et al., 2018; Wang et al., 2020).



Microbial metabolism produces potentially harmful metabolites in response to the dietary change

Some microbial by-products could pose a risk for animal health when their concentration is increased and remains at high levels. The reshaping of ruminal microflora in high-concentrate feeding is often accompanied by increased production of potentially harmful compounds, such as lipopolysaccharide (LPS), lactic acid, and biogenic amines (Khafipour et al., 2009; Saleem, 2012). Increased concentrations of ethanolamine are a common finding when cows are fed high energy diets, and augmented epithelial turnover and bacterial cell lysis were indicated as possible causes (Saleem, 2012; Zhang et al., 2017).

Sedoheptulose 7-phosphate is part of the pentose phosphate pathways associated with carbohydrate metabolism, as well as a fundamental element for LPS synthesis in Gram-negative bacteria (Taylor et al., 2008). In PARL samples, Prevotellaceae and Succinivibrionaceae, both Gram-negative and having increased frequency in the first 4 days of experiment, were the two families more strongly associated with the variation of sedoheptulose 7-phosphate. It is possible that the decreased concentration of the metabolite was due to its utilization, through D-sedoheptulose-7-phosphate isomerase (K03271), for the formation of LPS for the outer membrane of the bacteria.

The abundance of known lactic acid producing groups, such as Streptococcaceae, Pseudobutyrivibrio and Butyrivibrio 2, significantly increased in the rumen only on day 6 (Mackie and Gilchrist, 1979; Hernandez et al., 2008). We found a positive correlation between lactic acid and Streptococcus in digesta samples, as well as with genera Lachnobacterium and FD2005, belonging to family Lachnospiraceae. Both have already been associated with SARA in goats (Chen et al., 2021), but the production of this potentially harmful metabolite is reported only for members of the genus Lachnobacterium (Whitford et al., 2001). Interestingly, our results indicated that families Ruminococcaceae and Succinivibrionaceae, while not being generally associated with lactate production, have the potential to produce lactate, and could play a role along with other microbes in the susceptibility of an animal to SARA.



Effects of the PFA on microbiota of the GIT

In our study, the phytogenic addition resulted in a higher abundance of Paludibacteriaceae, Campylobacteraceae, and Clostridiales Family XIII in the fecal samples. These families are typically described as members of the core microbiota in a healthy GIT (Dong et al., 2016; Plaizier et al., 2017; Holman and Gzyl, 2019). Although some strains belonging to the latter two taxa are considered as pathogens, their shedding seems to be more associated with seasonality, husbandry, or individuality, rather than with families relative abundance in the feces (Sproston et al., 2011; Dong et al., 2016). Genus Paludibacter, on the other hand, has been previously described as negatively affected by the high amount of carbohydrates in the diet, suggesting a positive role played by the phytogenic additive in preserving a healthy microbiota.

The phytogenic addition resulted in higher alpha diversity indices, especially toward the end of the experiment. This is an interesting result, as it seems that high diversity is a key factor in microbiota resilience (Sommer et al., 2017). Albeit affecting only relatively small abundant taxa, as confirmed by the significant difference found only for unweighted UniFrac, the phytogenic additive demonstrated to have the potential to alter the microbial activity in the rumen and to preserve a diverse microbiota across the GIT. Spermine and spermidine were previously reported as increased due to high concentrate feeding, but the level of both amines in the rumen was successfully reduced with supplementation with a phytogenic additive in a previous study (Humer et al., 2018a). In our experiment, only spermidine concentration was reduced by the phytogenic additive. Although biogenic amines receive a lot of attention especially in food contamination, research has not yet completely elucidated how substances, such as thymol, menthol, or eugenol, impact this aspect of microbial metabolism (Naila et al., 2010; Özogul et al., 2015).

However, the modifications in bacterial composition and activity were not enough to cause major fluctuations in the production of the other metabolites over the experimental period. It is possible that these changes could be more pronounced in animals undergoing a more severe dietary disruption. Further research is necessary to investigate the mechanism of action of the phytogenic additive under conditions of increasing severity, in order to understand its potential toward mitigation of dysbiosis in animals fed concentrate-rich diets.




Conclusion

Rapid diet changes and increasing amounts of starch are responsible for rapid shifts in microbiota composition and activity in cattle GIT. Microorganisms inhabiting the rumen and hindgut of dairy cattle demonstrated a high adaptation capacity, with the effects of perturbation of the ecosystems starting to be visible with inclusion of 50% concentrate in the diet. As expected, readily fermentable carbohydrates increased glucose, VFAs, and related metabolites and pathways both in the rumen and in feces, with bacteria belonging to families Ruminococcaceae and Lachnospiraceae showing a great plasticity and capacity to adapt rapidly to sudden dietary shifts. Supplementation with a PFA that includes menthol, thymol, and eugenol showed potential beneficial effects by increasing the diversity of the microbiota, despite affecting only relatively small abundant taxa. Lastly, our work contributes to better understanding of PARL: this lesser studied digesta fraction, whose microbiota is at the interface between solid and liquid rumen content, is highly important in the utilization of nutrients. Therefore, modifying its composition through the use of feed additives could be a target for the development of nutritional interventions to improve digestion and rumen health in cattle.
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Parameter CN RE P-value

Moisture (%) 3.30+0.18 4.69 +0.16 0.002
Crude protein (%) 86.19 &+ 1.38 88.04 + 1.08 0.33
Crude fat (%) 0.43 £ 0.003 0.46 + 0.00 0.53
Crude ash (%) 0.044 £ 0.001 0.038 + 0.002 0.04

The indicators were calculated on the basis of lyophilized samples. The values
were calculated as the mean + standard error of the mean (N = 15). P < 0.05
indicated a significant difference between the two groups; P > 0.05 indicated no
significant difference between the two groups. CN, no herbal tea residue; RE, 50%
HTR replaced Pennisetum purpureum.
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Fatty acid

Decanoic acid (C10:0)
Lauric acid (C12:0)

Myristic acid (C14:0)
Myristoleic acid (C14:1)
Pentadecanoic acid (C15:0)
Palmitic acid (C16:0)
Palmitoleic acid (C16:1)
Heptadecanoic acid (C17:0)
10-Heptadecenoic acid (C17:1)
Stearic acid (C18:0)

Oleic acid (C18:1n9c)
Linoleic acid (C18:2n6t)
Methyl linoleate (C18:2n6c¢)
a-Linolenic acid (C18:3n3)
Arachidic acid (C20:0)

11,14,17-Eicosatrienoic acid
C20:3n3)

Methyl arachidonic acid
C20:4n6)

Eicosapentaenoic acid
C20:5n3)

Heneicosanoic acid-methyl
ester (C21:0)

Docosanoic acid (C22:0)

Methyl
cis-13,16-docosadienoic acid
C22:2)

ervonic acid (C24:1)
Saturated fatty acid (SFA)
Unsaturated fatty acid (UFA)
Omega-6 (0-6)
Omega-3 (»-3)
0-6: 0-3

The values were calculated as the mean 4

CN

0.07
0.104
2.63 4
0.44
0.45 4
26.70 4
3.44
0.97 4
0.65 4
18.18 4
37.345 4
0.114
4.27 4
0.40 4
0.154
0.59

1.554

0.24

0.24

0.06

0.134

0.214
49.57 4
50.24

7.07 4

1.184

£ 0.007
£ 0.013
£ 0.146
k 0.062
t 0.036
E 0.453
E0.141
E 0.061
k 0.067
E 0.597
t 0.536
£ 0.010
t 0.406
t 0.060
£ 0.016
t 0.266

E 0.329

t 0.068

E 0.062

£ 0.012

E 0.032

t 0.030
E0.439
E 0.461
E1.145
t 0.360

6.98 4

+ 0.358

RE

0.06
0.08 4
2.414
0.66
0.46
25.57
3.39 4
1.214
0.69
17.59 4
39.74 4
0.18 4
4.50
0.43 4
0.154
0.53 4

2.204

0.25 4

0.214

0.05 4

0.14 4

0.214
48.95
51.07

6.64 4

1.27 4

£ 0.007
t 0.005
£ 0.150
£ 0.108
k 0.062
£ 0.516
E 0.249
£ 0.130
t 0.034
E 0.651
k 0.855
E 0.031
£ 0.618
t 0.034
t 0.008
£ 0.182

£ 0.794

£ 0.074

+ 0.038

t 0.020

£ 0.023

k 0.065
k 0.632
£ 0.738
£ 1.373
E 0.302

5.99

t 0.334

P-value

0.289
0.343
0.332
0.061
0.830
0.123
0.851
0.106
0.566
0.513
0.036
0.050
0.772
0.577
0.817
0.840

0.454

0.899

0.696

0.520
0.896

0.999
0.437
0.359
0.811
0.846
0.060

t standard error of the mean (N = 15).

P < 0.05 indicated a significant difference between the two groups; P > 0.05
indicated no significant difference between the two groups. CN, no herbal tea
residue; RE, 50% HTR replaced Pennisetum purpureum.
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Metabolite

Ammonia-N (mg/100 mL)
Acetic acid (mmol/L)
Propionic acid (mmol/L)
Isobutyric acid (mmol/L)
Butyric acid (mmol/L)
Isovaleric acid (mmol/L)
Valeric acid (mmol/L)

Propionic acid/Acetic acid

The values were calculated as the mean 4

CN

8.80 4
35.88
8.40 4
0.69
3.89
0.74 4
0.24
0.22 4

£ 1.063
E 2.660
E 0.343
£ 0.109
E 0.299
£ 0.145
t 0.043
£ 0.007

RE

11.43 4
30.58
10.38 4
0.59
3.92
0.64
0.194
0.24

E2.435
E 3.385
t 0.659
t 0.085
t 0.436
£ 0.075
E0.022
t 0.006

P-value

0.396
0.233
0.019
0.457
0.956
0.512
0.325
0.023

t standard error of the mean (N = 15).

P < 0.05 indicated a significant difference between the two groups; P > 0.05
indicated no significant difference between the two groups. CN, no herbal tea
residue; RE, 50% HTR replaced Pennisetum purpureum.
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Items

Observed species
Shannon
Simpson

Chao1

ACE

Good’s coverage
PD whole tree

CN

1179.60+£50.59
6.81+0.28
0.95+0.01
1447.77+£110.81
1426.82+61.86
0.99+0.00
88.93+3.96

RE

1100.47+56.37
6.614+0.28
0.95+0.01

1332.69+68.89

1353.86+64.65
0.99+0.00
87.41+£2.90

P-value

0.305
0.634
0.947
0.385
0.422
0.711
0.759

The values were calculated as the mean + standard error of the mean (N = 15).
P < 0.05 indicated a significant difference between the two groups, and P > 0.05
indicated no significant difference between the two groups. CN, no herbal tea
residue; RE, 50% HTR replaced Pennisetum purpureum.





OPS/images/fmicb-12-821293/fmicb-12-821293-g006.jpg
AMP L26 023 0065 Q28 03 L3 L424 L4 019 011 D25 15 D24 015 017 -0.28 45 0030 032 L34
02) [@©3) {08 (@2 (02 (@2 (03 (005 (04 (08 (02 (D8 (03 {05 {04) (0.2) {003 09 (01 (007
. 024 021 026 0156 00041 026 012 021 032 0084 036 033 032 0099 -0.19 03 017 03 4B
Androstenedione | (%5 5% 02) (08 (1) (02 (06 (03 (@1 (07 (008 (01 01 (06 (04) 01) (04 (@1) (02
Arachidonic |007! @3 016 036 018 028 0010 041 028 032 044 012 016 0.015 0071 -0.29 035 012 042 041
AMMCINDONIC | 7y 2y (04) (009 (04) (02 (0% (004) @2 (01) (003 (06 (04) 09 @7 (02 01) (06) (004) {004)
Caocvlic [ 019 022 014 019 038 014 D17 009 0047 0067 D13 017 nm 038 01 027 03
APIYIC | 5 04) (0.3) (05 (04) (1) (05 (06 (07 (08 (0.06) {0.6) 0.06) (06 (0.2) (0.1)
Cortisol | 2% D11 033 0045 015 0045 D18 008 0055 042 029 0 33 DO 07 034 027
OISOl | 1p 5 06 (0.1) (08 (05) {08 (04 ©7) (06 (004 (@032 {0.1) (1) ©3) @1 @02
Corti 0 28 02 033 018 022 021 012 021 02 032 03 0 26 032 014 -029 -023
AOTTSONE | 17y 1N (02 (01 04 (03 (0.3 (06 {03 @03 (01 (03 0.2) 0. 0.1 (08 (0.2 (0.3
DA |©0053 028 019 028 024 016 0038 034 .02 0% 02 0051 00 0042 00057 024 015 03 027
08 (@02 {04 [@2) (@3 (@4 (% (01 (03 (02 (0 (D8 (08 {0 &) 03 (05 (01 (02
DPA |02 025 011 0.3 4 N . 015 019 037 04
03 [@2) {06 (DOK) {0 &) 04) (008) (008)
0.12 0.14 012
GoP (0 ) {0 &) (0 &)
0.1 0.3 015 02T 025
Glucarate 0 1) {0 1) 06 (02 (02
s . 016 0 42 016 D45 00453
Histamine : 0.4) {0.04) (0.4) (0.03) (0.8)
- | 019 uzs 0 0039 025 0 7% D087 D38 039
Lauric . 0.2 (0.7)
. . ) , 043 03 0043
; 014 26 0056 0078 018 018 01
Phosphocholine {0 5) _ | 0B (07 (D4) (04) {0 &)
Progesterone 0.15 HIF L3 L3 039 0073 001 Q28 LM 029 0017 04 L1 L35 D017 D42 D43 D16 £.21
ges il 5] 007) [0%) (1) 06 ©7 (09 ©2 1) 02 (09 {01 (0 (008 (09 (004 (D0 {05 008 03
A S :
ST FTEFFTIISFTIT TSI ST IF TSI T F IS S
o F S F PSS ST TS F S e & o
& S &£ ¢ & F g &N FHE S TS
& & F 4 & & S ¥ O F & F F &
5“} b ¥ - o & ‘2‘3‘5' & < -9 &
- & ! o g =
v K






OPS/images/fmicb-12-821293/fmicb-12-821293-t001.jpg
Item

Ingredients

Corn (%)

Bean curd residue (%)
Pennisetum purpureum (%)
Herbal tea residue (%)
Premix (%)

Salt (%)

Total (%)

Nutritional level

Dry matter (%)

Crude protein (%)

r Crude fat (%)

Neutral detergent fiber (%)
Acid detergent fiber (%)
Calcium (%)

Phosphorus (%)

Net energy (MJ/kg)

CN

23.7
15.0
60.0
0
1.00
0.30
100

34.6
9.14
2.05
71.2
25.2
0.69
0.22
5.56

RE

23.7
15.0
10.0
50.0
1.00
0.30
100

30.7
9.70
3.00
68.9
27.6
0.63
0.30
5.36

The indicators were calculated on the basis of dry matter. The nutrient contents
of the premix were as follows: Zinc, 70-100 mg/kg; Iron, 50-70 mg/kg; Copper,
80-45 mg/kg; Manganese, 6.25-10 mg/kg; Selenium, 0.3-0.5 mg/kg; lodine, 0.2-
1.00 mg/kg; Vitamin A, 7,000-10,000 IU/kg; Vitamin D, 40,000-90,000 IU/kg;
Vitamin E, 4,000-5,000 mg/kg. Net energy was a calculated value, and others were
measured values. CN, no herbal tea residues; RE, 50% HTRs replaced Pennisetum

purpureum.
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Parameter CN RE P-value
Initial weight (kg) 479.87 £10.99  482.53+6.95 0.24
Live weight at slaughter (kg) 542.91 £ 11.68 547.09 £+ 7.56 0.28
Average daily feed intake (kg) 12.64 + 0.30 12.33+0.28 0.79
Average daily gain (kg) 1.05 £ 0.04 1.08 £ 0.05 0.72
Carcass weight (kg) 307.58 + 18.02 319.01 £ 16.53  0.65
Dressing percentage (%) 56.54 + 0.90 57.26 + 0.46 0.49
Net meat weight (kg) 257.58 + 18.02 267.58 £ 16.71  0.68
Net meat percentage (%) 40.28 +0.38 41.72+£0.48 0.04
Eye muscle area (cm?) 78.82 £5.03 81.70 + 6.09 0.72

The values were calculated as the mean 4

t standard error of the mean (N = 15).

P < 0.05 indicated a significant difference between the two groups; P > 0.05
indicated no significant difference between the two groups. CN, no herbal tea
residues; RE, 50% HTR replaced Pennisetum purpureum.
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Parameter

Drip loss (%)
Cooking loss (%)
Shear force (N)
Meat color
Lightness (L*)
Redness (a%)

Yellowness (b*)

The values were calculated as the mean

CN
5.85 £ 0.304
29.96 &+ 0.7562
65.26 & 3.404
34.96 + 0.662
18.91 £ 0.723
9.50 £ 0.534

RE
4.45 £ 0.233
27.58 £0.443
48.13 £ 2.314
36.91 +£0.55
18.68 £ 0.753
9.85 £ 0.452

P-value

0.001
0.006
0.001

0.032
0.823
0.624

+ standard error of the mean (N = 15). The

shear force was calculated as the average of nine replicates per sample. P < 0.05
indicated a significant difference between the two groups; P > 0.05 indicated no
significant diifference between the two groups. CN, no herbal tea residue; RE, 50%
HTR replaced Pennisetum puroureum.
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Uncul_Clostridiaceae 0.1 (0.05) 0.1 (0.05) 0.1 (0.06) 0.1 (0.03)
Uncul_Lachnospiraceae 2.1 (1.46) 1.4 (0.92) 3.5 (0.96) 1.7 (0.52)
Uncul_Ruminococcaceae 2.8 (0.70) 1.7 (0.75) 2.6(1.12) 1.1(0.49)
Oscillospira 0.0 (0.03) 0.0(0.02) 0.0(0.02) 0.0 (0.04)
Ruminococcus 0.16 (0.176) 0.17 (0.168) 0.03 (0.027) 0.02 (0.035)
Other_Ruminococcaceae 0.17 (0.109) 0.07 (0.037) 0.17 (0.063) 0.12 (0.106)

0.728
0.138
0.533
0.878
0.020
0.588

0.578
0.030
0.015
0.521
0.895
0.106

0.927
0.462
0.342
0.426
0.772
0.858

Values with different superscripts in same row @) differ significantly (P < 0.05) among treatments according to the BH procedure (Benjamini and Hochberg, 1995).

*The phyla of Actinobacteria and Bacteroidetes, only include one core genus, i.e., Uncul_Coriobacteriaceae and Uncul_Bacteroidales, respectively.
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Items Treatments P-value

D+K+ D+K- D-K+ D-K- Prenatal Postnatal Interaction

Performance parameters (all animals)

BW (kg) (20 weeks) 16.2 (1.00) 141 (1.16) 14.5 (1.00) 13.2(0.48) 0.024 0.006 0.456
ADG (g/d) (birth-20 weeks) 92.4 (5.89) 78.5 (6.95) 81.6 (6.99) 75.6 (4.31) 0.046 0.004 0.445
DMI (g/d) (birth-20 weeks) 418 (25.8) 393 (36.7) 371 (26.4) 368 (22.3) 0.050 0.135 0.761
FCE (kg/kg) (birth-20 weeks) 4.8 (0.10) 5.3(0.13) 4.8(0.12) 5.2 (0.14) 0.914 <0.001 0.945
Digestibility trial (n = 3 per treatment)

Intake (g/d)

DM 1036 (2.7) 964 (96.6) 886 (70.2) 863 (8.9) 0.003 0.195 0.500
oM 951 (72.4) 885 (102.2) 814 (81.6) 792 (39.5) 0.112 0.591 >0.999
Digestible OM 655 (19.6) 533 (88.1) 515 (45.0) 460 (21.5) 0.009 0.007 0.409
Apparent digestibility (g/kg)

DM 709 (17.9) 629 (38.4) 657 (4.8) 608 (19.7) 0.077 0.001 0.262
oM 633 (17.3) 554 (37.7) 581 (4.7) 533 (19.4) 0.077 0.001 0.262

DM, dry matter; OM, organic matter.
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Alpha diversity indices Treatments P-value
D+K+ D+K- D-K+ D-K- Prenatal Postnatal Interaction
4 weeks
Chaot 716 (156.2) 629 (228.6) 671 (80.2) 738 (49.6) 0.5655 0.501 0.094
PD_Whole_tree 67.52 (14.22) 58.1° (18.86) 63.6%° (7.80) 68.0% (3.25) 0.455 0.466 0.042
Observed OTU 631 (1568.3) 566 (208.1) 613 (78.9) 662 (27.2) 0.364 0.671 0.149
Shannon index 5.59 (0.628) 5.89 (0.817) 6.30 (0.308) 5.80 (0.261) 0.356 0.830 0.290
Dominance 0.102 (0.049) 0.06% (0.032) 0.04° (0.011) 0.08% (0.014) 0.507 0.918 0.046
8 weeks
Chao1 820 (151.9 829 (161.7) 782 (82.3) 786 (33.3) 0.409 0.853 0.248
PD_Whole_tree 76.2 (11.86) 75.1 (13.31) 701 (7.12) 70.8 (1.67) 0.278 0.178 0.801
Observed OTU 746 (130.2) 734 (170.7) 673 (93.3) 701 (27.6) 0.372 0.430 0.747
Shannon index 6.29 (0.385) 6.01(0.882) 5.32 (0.452) 5.81 (0.654) 0.148 0.851 0.109
Dominance 0.04 (0.012) 0.06 (0.057) 0.09 (0.024) 0.08 (0.059) 0.084 0.361 0.114
14 weeks
Chao1 1016 (69.7) 967 (68.2) 999 (56.8) 984 (79.2) 0.990 0.378 0.631
PD_Whole_tree 90.7 (6.48) 88.6 (5.13) 911 46.18) 89.6 (6.54) 0.699 0.645 0.942
Observed OTU 908 (95.3) 876 (62.3) 908 (72.0) 890 (66.3) 0.751 0.521 0.782
Shannon index 6.17 (0.839) 6.63 (0.155) 6.47 (0.398) 6.43 (0.817) 0.798 0.407 0.619
Dominance 0.07 (0.045) 0.04 (0.003) 0.05 (0.009) 0.06 (0.051) 0.772 0.414 0.888
20 weeks
Chao1 991 (39.0) 970 (37.4) 1035 (124.0) 969 (46.0) 0.669 0.318 0.745
PD_Whole_tree 89.7 (2.68) 89.9 (3.42) 94.3 (8.28) 89.5 (3.62) 0.446 0.440 0.475
Observed OTU 895 (35.6) 883 (42.5) 942 (101.0) 889 (41.5) 0.497 0.398 0.635
Shannon index 6.83 (0.161) 6.17 (0.553) 6.92 (0.189) 6.58 (0.437) 0.209 0.001 0.179
Dominance 0.03 (0.006) 0.07 (0.035) 0.08 (0.005) 0.04 (0.023) 0.200 0.009 0.186

Different letters in the same row (P) indiicate significant differences among treatments (P < 0.05) according to the BH procedure (Benjamini and Hochberg, 1995).
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Index Treatments P-value
D+K+ D+K- D-K+ D-K- Prenatal Postnatal Interaction
4 weeks
Total Bacteria 12.6 (0.17) 12.5(0.18) 12.4 (0.31) 12.3(0.15) 0.247 0.583 0.798
Fungi’ 9.8 (0.19) 9.8 (0.26) 9.7 (0.39) 9.4 (0.21) 0.128 0.408 0.380
Protozoa Nd nd nd nd = = =
F. succinogenes 10.2 (0.81) 9.22 (0.84) 10.3(0.43) 10.3 (0.41) 0.250 0.096 0.218
R. flavefasciens 8.7 (0.50) 8.1 (1.77) 9.1 (0.79) 9.2 (0.64) 0.306 0.732 0.701
R. albus 9.7 (1.87) 7.9(1.52) 9.1 (1.73) 7.9(0.75) 0.872 0.088 0.769
S. ruminantium 11.7 (0.45) 11.5(0.32) 11.6 (0.33) 11.5(0.42) 0.785 0.355 0.788
S. jonesii 8.9 (0.53) 8.0 (1.05) 8.7 (0.38) 8.5 (0.63) 0.806 0.274 0.400
8 weeks
Total Bacteria 12.6 (0.19) 12.6 (0.20) 12.6 (0.19) 12.5 (0.28) 0.671 0.659 0.283
Fungi 9.8 (0.19) 10.3 (1.07) 10.2 (1.15) 9.7 (0.14) 0.727 0.939 0.427
Protozoa nd nd nd nd e - —
F. succinogenes 10.5 (0.59) 10.9 (1.03) 10.9 (0.80) 10.5 (0.54) 0.671 0.659 0.283
R. flavefasciens 8.5 (0.60) 8.2 (0.71) 9.2 (0.73) 9.0 (0.77) 0.727 0.939 0.427
R. albus 9.8 (0.55) 10.3 (1.08) 9.0 (1.30) 8.5 (1.29) 0.105 0.835 0.190
S. ruminantium 11.4(0.23) 11.5(0.39) 11.4(0.23) 11.5(0.44) 0.969 0.652 0.912
S. jonesii 8.7 (0.82) 8.6 (0.93) 9.1 (0.39) 8.9 (0.50) 0.450 0.862 0.972
14 weeks
Total Bacteria 12.9(0.25) 13.1(0.37) 13.2(0.22) 12.9 (0.33) 0.700 0.785 0.205
Fungi 8.0 (0.51) 8.1 (0.50) 8.0 (0.52) 7.6 (0.34) 0.510 0.217 0177
Protozoa 11.12 (0.42) 9.74° (0.31) 10.8% (0.07) 10.5° (0.19) 0.159 <0.001 0.001
F. succinogenes 11.0(0.43) 11.2(0.51) 11.4(0.77) 10.9 (0.58) 0.701 0.817 0.351
R. flavefasciens 9.0 (0.46) 10.1(0.73) 9.8 (0.91) 9.3(1.12) 0.818 0.310 0.083
R. albus 10.1(0.30) 10.8 (0.69) 10.5 (0.63) 10.0 (0.71) 0.535 0.536 0.149
S. ruminantium 12.0(0.29) 12.4 (0.36) 12.4 (0.26) 12.1 (0.40) 0.979 0.505 0.080
S. jonesii 9.4 (0.26) 9.72 (0.15) 9.7 (0.15) 9.5% (0.29) 0.911 0.404 0.033
20 weeks
Total Bacteria 13.0(0.22) 12.9(0.11) 12.9(0.13) 12.9 (0.12) 0.412 0.812 0.401
Fungi 9.8 (0.38) 9.3 (0.35) 9.5 (0.28) 9.4 (0.18) 0.5637 0.117 0.327
Protozoa 11.3(0.38) 10.5 (0.51) 11.1(0.50) 10.7 (0.26) 0.803 0.008 0.510
F. succinogenes 10.6 (0.34) 10.2 (0.20) 10.7 (0.35) 10.6 (0.33) 0.121 0.248 0.296
R. flavefasciens 9.7 (0.68) 9.5 (0.60) 9.6 (1.15) 9.2 (0.49) 0.757 0.265 0.657
R. albus 10.1 (0.54) 9.8 (0.13) 9.9 (0.22) 9.9 (0.73) 0.881 0.455 0.505
S. ruminantium 12.22(0.18) 11.7° (0.16) 11.7° (0.21) 11.8° (0.17) 0.089 0.016 0.005
S. jonesii 8.6%¢ (0.07) 8.5° (0.10) 8.72 (0.09) 8.6° (0.19) <0.001 <0.001 <0.001

Values with different superscripts in same row (P-¢) differ significantly (P < 0.05) among treatments according to the BH procedure (Benjamini and Hochberg, 1995).
1Fungi was determined based on the order Neocallmastigales.
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Taxa

Actinobacteria (Uncul_Coriobacteriaceae®)
Bacteroidetes (Uncul_Bacteroidales®)
Firmicutes

Uncul_Clostridiales
Uncul_Mogibacteriaceae
Uncul_Christensenellaceae
Uncul_Clostridiaceae
Uncul_Lachnospiraceae
Uncul_Ruminococcaceae

Oscillospira

Ruminococcus
Other_Ruminococcaceae

Actinobacteria (Uncul_Coriobacteriaceae®)
Bacteroidetes (Uncul_Bacteroidales®)
Firmicutes

Uncul_Clostridiales
Uncul_Mogibacteriaceae
Uncul_Christensenellaceae
Uncul_Clostridiaceae
Uncul_Lachnospiraceae
Uncul_Ruminococcaceae

Oscillospira

Ruminococcus
Other_Ruminococcaceae

Actinobacteria (Uncul_Coriobacteriaceae®)
Bacteroidetes (Uncul_Bacteroidales®)
Firmicutes

Uncul_Clostridiales
Uncul_Mogibacteriaceae
Uncul_Christensenellaceae
Uncul_Clostridiaceae
Uncul_Lachnospiraceae
Uncul_Ruminococcaceae

Oscillospira

Ruminococcus
Other_Ruminococcaceae

Actinobacteria (Uncul_Coriobacteriaceae*)
Bacteroidetes (Uncul_Bacteroidales®)
Firmicutes

Uncul_Clostridiales
Uncul_Mogibacteriaceae
Uncul_Christensenellaceae

Treatments P-value
D+K+ D+K- D-K+ D-K- Prenatal Postnatal Interaction
4 weeks
0.1 (0.11) 0.1 (0.09) 0.2 (0.18) 0.5 (0.56) 0.267 0.394 0.216
1.7 (1.34) 11.9(8.18) 4.1 (4.40) 7.8 (13.73) 0.614 0.030 0.204
9.5° (2.80) 14.72 (2.93) 18.22 (6.06) 11.62° (7.64) 0.564 0.589 0.032
4.9(2.12) 9.9 (3.47) 8.1 (3.69) 6.4 (4.69) 0.938 0.265 0.083
0.1 (0.04) 0.4 (0.03) 0.1 (0.04) 0.0 (0.01) 0.900 0.089 0.078
0.8 (0.70) 1.5(1.15) 1.3 (1.86) 0.7 (0.91) 0.433 0.605 0.299
0.1 (0.09) 0.1 (0.14) 0.1 (0.06) 0.0 (0.09) 0.412 0.167 0.624
1.4 (1.16) 0.2 (0.40) 1.9(1.59) 1.7 (1.68) 0.218 0.168 0.137
2.1° (1.56) 2.5 (0.90) 6.22 (5.09) 1.5 (1.84) 0.084 0.054 0.043
0.0 (0.03) 0.1 (0.09) 0.0 (0.01) 0.0 (0.04) 0.688 0.553 0.724
0.0 (0.05) 0.4 (0.80) 0.4 (0.39) 1.2 (0.73) 0.060 0.018 0.307
0.0 (0.03) 0.0 (0.01) 0.0 (0.01) 0.0 (0.00) 0.718 0.241 0.786
8 weeks

0.1 (0.13) 0.0 (0.01) 0.1 (0.10) 0.1(0.12) 0.578 0.508 0.445
1.4 (1.58) 1.0(1.52) 1.5(1.84) 0.1 (0.06) 0.841 0.274 0.644
11.7 (3.47) 16.8 (16.69) 11.9(8.73) 10.7 (3.30) 0.510 0.418 0.801
5.3 (1.73) 6.5 (5.22) 7.4 (9.70) 4.6 (1.70) 0.628 0.859 0.567
0.1 (0.07) 0.1 (0.07) 0.1 (0.05) 0.2 (0.24) 0.577 0.403 0.192
0.2 (0.11) 0.3 (0.28) 0.1 (0.05) 0.1 (0.09) 0.017 0.477 0.561
0.32 (0.20) 0.1° (0.11) 0.220 (0.31) 0.2 (0.17) 0.849 0.440 0.012
1.1 (0.96) 0.6 (0.35) 2.4 (1.99) 1.3(0.56) 0.064 0.213 0.447
1.3(1.19) 6.7 (12.21) 0.6 (0.37) 0.8 (0.82) 0.402 0.502 0.473
0.0 (0.02) 0.0 (0.03) 0.0 (0.01) 0.0 (0.02) 0.199 0.967 0.543
3.2 (5.08) 2.1 (2.54) 1.2 (2.01) 3.5 (4.80) 0.872 0.936 0.838
0.0 (0.01) 0.3 (0.61) 0.0 (0.01) 0.0 (0.04) 0.424 0.410 0.407

14 weeks
0.0 (0.01) 0.0 (0.01) 0.0 (0.01) 0.1(0.12) 0.400 0.093 0.150
0.6 (0.55) 0.4 (0.27) 0.3 (0.24) 0.2 (0.13) 0.261 0.861 0.845
10.8 (4.86) 10.7 (4.72) 9.24 (1.475) 11.2 (4.01) 0.855 0.864 0.787
6.4 (1.88) 7.1(3.90) 7.3(1.51) 5.7 (1.49) 0.827 0.224 0.223
0.1 (0.05) 0.1 (0.04) 0.0 (0.02) 0.0 (0.01) 0.986 0.938 0.819
0.2 (0.13) 0.2 (0.13) 0.2 (0.15) 0.2 (0.11) 0.707 0.402 0.642
0.1 (0.10) 0.2 (0.16) 0.0 (0.02) 0.2 (0.18) 0.371 0.045 0.609
282 (273 0.6° (0.191) 0.6% (0.30) 3.0% (3.05) 0.727 0.536 0.006
0.9 (0.29) 2.7 (1.50) 0.9 (0.17) 2.0 (1.59) 0.210 0.001 0.195
0.0 (0.02) 0.1 (0.02) 0.0 (0.01) 0.0 (0.02) 0.099 0.010 0.726
0.4 (0.36) 0.8 (1.09) 0.2 (0.19) 0.8 (0.47) 0.632 0.228 0.669
0.0 (0.03) 0.1 (0.03) 0.0 (0.06) 0.1 (0.06) 0.584 0.086 >0.999

20 weeks
0.0 (0.01) 0.0 (0.01) 0.0 (0.01) 0.0 (0.09) 0.936 0.643 0.544
0.62 (0.19) 0.3° (0.18) 0.4° (0.19) 0.5% (0.25) 0.878 0.161 0.045
14.0 (4.93) 12.9 (4.38) 17.2 (7.44) 10.7 (2.97) >0.999 0.279 0.471
7.9 (4.99) 8.7 (3.79) 10.2 (7.82) 7.1 (2.75) 0.877 0.871 0.434
0.0 (0.03) 0.1 (0.02) 0.1 (0.02) 0.1 (0.09) 0.082 0.008 0.377
0.5 (0.41) 0.6 (0.32) 0.6 (0.28) 0.4 (0.12) 0.914 0.956 0.213
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Phage particle count? Method Morphology Host species Number of Feed used Source

used types animals
NA EM NA Sheep NA Lucerne chaff Hoogenraad et al. (1967)
5 x 107 EM 6 Cattle 1 Alfalfa hay Paynter et al. (1969)
NA EM NA Reindeer NA NA Tarakanov (1972)
2x10"t01 x 108 EM 26 Cattle/sheep 9 Chaffed rice straw and oaten chaff Klieve and Bauchop (1988)
1.4 x 1010 PFGE NA Sheep 1 QOaten chaff and lucerne chaff Klieve and Swain (1993)

aEstimation of free phages total count.

NA — Non-available.
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Host species Richness Method used Number of animals
Cattle 17,993 N of unique viral contigs? 3

Cattle 435,304 CatchAll (Allen et al., 2013) 13

Buffalo 3,239 N of unique viral contigs? il

Cattle ~1000 Chaot 5

Sheep and goat 179 and 1,456 N of unique viral contigs? 8and 8
Moose 810 N of unique viral contigs? b

Sheep 2,466 N of unique viral contigs® 20

Feed used

NA

6 kg of concentrate +
ad libitum lucerne hay

Pasture

Total mixed ration
NA

Wild pasture
Pelleted lucerne

Source

Berg Miller et al. (2012)
Ross et al. (2013)

Parmar et al. (2016)
Anderson et al. (2017)
Namonyo et al. (2018)
Solden et al. (2018)
Hitch et al. (2019)

aNumber of assembled contigs and identified as virus by homology to other known viruses.
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Study Group Bacteria Archaea Ciliate protozoa Anaerobic fungi
week

N Observed Shannon Simpson N Observed Shannon Simpson N Observed Shannon Simpson N Observed Shannon Simpson
OTUs diversity OTUs diversity OTUs diversity OTUs diversity
Week 2 T-group 6 482+ 133 520+050 0924003 6 +4 170060 052+012 5 73+8 220+0.30 069+006 5 438+107 4.00+050 0.88+0.03
C-group 6 411+ 41 5.30 £0.40 0.94+£0.02 5 +1 0.50 £ 0.40 0.18+0.17 O = = = 6 467 +£87 4.40 £ 0.40 0.91 £ 0.02
Week 4 T-group 6 963+315 7.00+0.90 0.97+0.02 6 15+4 230+050 069+010 6 84+ 11 250+060 0.74+0.10 3 440+ 41 4.30+0.00 0.90 + 0.01
C-group 6 597 + 88 6.11 £0.30 097 +0.01 6 8+2 1.60+040 0.48+0.12 O - - - 6 392 + 111 3.60+1.00 0.81+£0.14
Week 6 T-group 6 1,063+516 7.20+1.30 0.97+0.02 6 16+8 210+ 070 061+£0.17 6 89+ 11 240+ 090 0.67+£025 3 431 £117 410+ 050 0.88+0.04
C-group 6 732 £ 93 6.60 £0.50 097 +0.01 6 +3 160+ 060 052+021 3 82424 220+1.10 0.60+0.33 4 313+115 3.00+£1.10 0.71 £0.24
Week 8 T-group 6 1,015+601 6.80+1.60 0.96+0.03 6 13+6 200+040 062+007 6 74+18 1.90+£120 050+030 2 328+33 2.80+0.10 0.64 +0.08
C-group 6 837 & 200 6.60 £0.70 0.96+0.03 6 13+ 6 170+ 020 0.53+013 4 76+19 160+120 042+032 4 2524158 240+0.80 0.61+0.14
p-value Wk <0.001 <0.001 0.002 0.005 0.072 0.207 0.131 0.369 0.414 0.048 0.007 0.003
Trt 0.228 0.421 0.757 0.015 0.003 0.001 0.642 0.499 0.554 0.543 0.238 0.320
Trt x Wk <0.001 0.002 0.019 0.002 0.009 0.012 0.437 0.737 0.796 0.212 0.012 0.011

The number of samples for each group and week is indicated as N. Data are presented as averages + standard deviation. The statistical significance of Treatment (Trt), Week (Wk), and Treatment by Week interaction
(Trt x Wk) was tested with the Kruskal-Wallis rank sum test. The C-group remained defaunated until week 6. The statistical analyses for ciliate protozoa between the groups were performed for week 6 and week 8 data
only. OTU, operational taxonomic unit.
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Total SCFA

(mM)
Genus
Methanobrevibacter 0.12¢
Methanosphaera —0.05
Methanobrevibacter clades
RO 0.03
SGMT 0.01

A:P = acetate to propionate ratio.
tP < 0.70.

*P < 0.05.

P <0.01.

P < 0.001.

Acetate Butyrate

(%) (%)
0.07 0
-014* 001
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Genus

Methanobrevibacter
Methanosphaera
Methanobrevibacter clades
RO

SGMT

DME DCE RME
0.06 0.00 0.10
—-020" -0.08 —-0.23"
—0.14* 012+ —0.26™

008 —-0.15" 0.20™

My Mi
0.12t 0.10
—-0.22" —0.19"
—=D.28"* Qg
0.23* 0.08

DME, daily methane production; DCE, daily carbon dioxide production; RME,
residual methane emissions; MY, methane yield; Ml, methane intensity.

tP < 0.70.
*P < 0.05.
P <0.01.
**P < 0.001.





OPS/images/fmicb-13-855565/fmicb-13-855565-t004.jpg
RME ranking’

Rumen methanogens High Medium Low SEM? P-value
n =80 n =96 n=74

Genus

Methanobrevibacter 94.01 93.64 93.6 0.32 0.27
Methanosphaera 4.932 5229 5.79° 0.39 <0.01
Methanobrevibacter clades

RO 45.26°2 48.07% 53.920 4.57 <0.01
SGMT 52.11 49.6 45.59 4.45 0.08

1 High = RME was > 0.5 SD above the mean; Medium = RME was + 0.5 SD above
and below the mean, Low = RME was > -0.5 SD below the mean.

2 SEM = pooled standard error.

ab |east squares means within main effect and a row with different
superscripts differ.
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Total SCFA Acetate (%) Butyrate Propionate AP
(mM) (%) (%)

Bifidobacterium 0.21* —0.14* 0.18* —0.03 —0.02
Butyrivibrio —0.08 0.05 0.01 —0.16* 0.11
Eubacterium 0.06 —0.05 —0.04 0.04 —0.09
Fibrobacter —0.24* 0.05 0.00 —0.03 0.02
Intestinibaculum —0.08 —0.15* —0.11 0.21**  —0.25"
Mogibacterium —0.07 0.00 0.13t —0.15* 0.11
Olsenella —0.08 —0.04 —0.22* 0.16* —0.16*
Prevotella 0.04 0.02 —0.04 0.10 —0.01
Pseudobutyrivibrio —0.12¢ 0.04 0.02 —0.141 0.09
Ruminobacter —0.04 0.02 —0.05 0.02 —0.01
Ruminococcus 0.10 —0.09 0.05 —0.04 —0.02
Selenomonas 0.04 —0.06 0.03 0.14* —0.09
Sharpea 0.03 -0.10 —0.04 0.03 —-0.13
Succiniclasticum 0.03 0.09 0.09 —-0.15 0.10
Succinivibrio 0.04 0.05 0.02 —0.08 0.05
Treponema —0.18" 0.06 0.00 —0.09 0.06
A:P = acetate to propionate ratio.
tP < 0.10.
*P < 0.05.

*P <0.01.
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—0.08 003 —-0.13" —-0.10 —0.01
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—0.30" 001 -036™ -—-038" —-027"
0.38* 0.07 0.38™* 0.38™* 0.35"*
—0.30" 000 -032" —-029" —-031"
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0.32 0.12¢ 0.27* 0.22** 0.28*
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0.23* 0.12¢ 0.14* 0.09 0.23*

-0256" —-002 —-0.23" —-0.18" —0.24*

—0.05 —-0.01 —-0.09 —-0.10 —0.06
0.13" 0.03 0.14* 0.15* 0.13*
0.12¢ 0.01 0.13* 0.09 0.11+
0.11+ 0.10 0.04 —0.01 0.03

DME, daily methane production; DCE, daily carbon dioxide production; RME,
residual methane emissions; MY, methane yield; MI, methane intensity.

tP < 0.70.
*P </0.05.
*P <0.01.
P < 0.001.
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RME Ranking’

Bacteria genus High Medium Low SEM?2 P-value
n=80 n =96 n=74

Anaeroplasma 0.71 0.77 0.76 0.11 0.59
Bifidobacterium 1.63 1.81 1.72 0.3 0.77
Butyrivibrio 1.35° 1.122 0.80° 0.19 <0.001
Eubacterium 0.55 0.56 0.68 0.07 0.06
Fibrobacter 4.35 4.21 4.08 0.5 0.77
Intestinibaculum 0.378 0.50° 0.86° 0.1 <0.0001
Mogibacterium 1.632 1.16° 0.97° 0.16 <0.0001
Olsenella 0.532 0.748 1.020 0.13 <0.0001
Prevotella 53.15 54.55 55.71 1.74 0.23
Pseudobutyrivibrio 0.692 0.520 0.43° 0.09 <0.001
Ruminobacter 1.77 1.61 1.08 0.43 0.08
Ruminococcus 9.92 9.3 8.65 0.67 0.16
Selenomonas 0.742 0.85% 1.21° 0.15 <0.001
Sharpea 1.272 1,758 1.86° 0.26 0.03
Succiniclasticum 11.48 11.26 10.51 0.69 0.23
Succinivibrio 2.78 2.41 1.84 0.46 0.41
Treponema 1.63 1.61 1.56 017 0.82

1 High = RME was > 0.5 SD above the mean; Medium = RME was + 0.5 SD above
and below the mean; Low = RME was > -0.5 SD below the mean.

2 SEM = pooled standard error.

ableast squares means within main effect and a row with different
superscripts differ.
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Attributes

NHz-N (mg/100 ml)
Total VFA (mM)
VFA (mmol)
Acetate

Propionate
Iso-butyrate
Butyrate
Iso-valerate
Valerate

A/P ratio

Ruminal protozoa
Total (x 107 cells/mi)

Entodiniomorphs (x107 cells/ml)
Holotrichs (x 108 cells/mi)

Withdrawal
Total (x 107 cells/ml)

Entodiniomorphs (x 107 cells/mi)
Holotrichs (x 108 cells/mi)

CTR

19.7¢
68.5

51.9

11.32
0.75
3.49
0.82
0.24
4.569°

9.26°
8.87¢
3.87°

9.21
9.01
0.73

CON

18.8°
68.7

50.5

13.0P
0.63
3.51
0.77
0.23
3.872

6.51P
6.25P
2.542

8.62
8.40
0.78

INT

1£:92
68.4

50.7

12.3°
0.68
3.58
0.80
0.27
4120

5.302
5.082
2192

8.69
8.48
0.75

SEM

0.20
1.29

1.03
0.25
0.04
0.17
0.04
0.01
0.08

0.282
0.275
0.118

0.130
0.123
0.031

P-value

< 0.001
0.997

0.850
0.006
0.516
0.977
0.900
0.077
< 0.001

< 0.001
< 0.001
< 0.001

0.113
0.092
0.743

CTR, control (no oil supplementation); CON, aaily oil feeding; INT, biweekly oil
feeding; NHs-N, ammonia nitrogen; VFA, volatile fatty acid. Mean values bearing
different superscripts in the same row differ significantly (o < 0.05).
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Attributes CTR CON INT SEM P-value

Initial BW (kg) 241 241 241 0.273 0.996
Final BW (kg) 29.9% 33.0° 30.8%° 0.492 0.022
BW gain (kg) 587 8.88 6.63 0.552 0.058
ADG (g/day) 32.72 49.3° 36.92® 3.07 0.024
Intake (g/day)

DM 884 900 893 3.42 0.155
OM 818 832 826 3.11 0.151
CP 96.1 96.7 96.5 0.13 0.157
NDF 507 518 513 2.29 0.152
ADF 295 304 300 1.74 0.153
EE 18.0% 36.2° 36.0° 0.83 < 0.0001
Energy* (MJ/day) 10.32 11.0° 10.7° 0.05 < 0.0001
Apparent digestibility (%)

DM 68.8 672 679 0.29 0.093
OM 69.7 684 68.7 0.28 0.127
CP 67.6 659 656 0.42 0.109
NDF 63.1 61.7 628 0.34 0.210
ADF 48.3 48.0 487 0.48 0.842
EE 78.62 87.6° 88.0° 0.46 < 0.0001
Methane emission

Daily methane (g/day) 23.6° 17.52 18.028> 0.918 0.008
Methane yield (g/kg DMI) 26.7° 19.32 20.32° 0.101 0.004

Methane (g/day) during withdrawal period* 23.3 22.8 24.4 206  0.208

CTR, control; CON, daily oil supplementation; INT, biweekly oil supplementation;
DM, dry matter; OM, organic matter; CR, crude protein (No x 6.25); NDF, neutral
detergent fiber; ADF, acid detergent fiber; EE, ether extract. Mean values bearing
different superscripts in a row differ significantly (o < 0.05). *Estimated using dry
matter intake (g/day) and feed energy (ME MdJ/kg). * Measurement after 30 days of
the withdrawal of oil supplementation.
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Attributes Ingredients/diet

Finger millet straw Concentrate Maize Soybean meal Groundnut cake Wheat bran TMR
oM 910 942 982 914 942 982 928
cP 36.5 193 91.5 447 424 141 101
EE 10.3 32.2 47.4 101 57.9 47.4 20.1
NDF 670 460 514 498 354 514 618
ADF 508 131 93.1 262 224 93.1 357
CF 330 43.9 26.8 941 106 268 255
TA 89.7 58.0 18.3 85.8 57.7 18.3 7.7
NFE 429 579 711 266 262 711 452
ME* (MJ/kg) 11.6 11.6 12.8 9.50 10.7 12.8 1.7

OM, organic matter; CP, crude protein (No x 6.25); EE, ether extract; NDF, neutral detergent fiber; ADF, acid detergent fiber; CF, crude fiber; TA, total ash; TMR, total
mixed ration. Nitrogen-free extract (NFE) was calculated by subtracting the %CP + %EE + %CF + %TA + %moisture from 100. ME is the metabolizable energy, calculated
from the gross energy of feed by multiplying by 0.82. *The energy value of TMR plus oil was 12.24 MJ.
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AU MA SE p-value

Grazing Feedlot Grazing Feedlot B R B xR
DMA C13:0 0.785 0.995 1.104 1.610 0.141 <0.001 0.142 0.366
DMA C13:0 iso 0.548 0.540 1.171 0.599 0.171 0.025 0.113 0.113
DMA C14:0 5.454° 7.845° 10.1142 9.7352 0.536 <0.001 0.097 0.012
DMA C14:0 iso 6.837 6.331 7.865 8.017 0.919 0.017 0.794 0.754
DMA C15:0 5.180° 5.720° 7.0212 6.0460 0.238 <0.001 0.321 0.003
DMA C15:0 ante 2.998 2.788 3.697 3.180 0.644 0.503 0.568 0.781
DMA C15:0 iso 24.628 23.026 6.261 5.389 1.008 <0.001 0.245 0.782
DMA C16:0 30.499 30.682 40.405 38.001 1.274 <0.001 0.370 0.267
DMA C16:1 1.920 1.765 0.796 0.964 0.185 <0.001 0.967 0.423
DMA C16:0 iso 1.649 1.538 4127 4.444 0.299 <0.001 0.814 0.547
DMA C17:0 0.426 0.458 0.320 0.466 0.075 0.455 0.286 0.517
DMA C17:1 1.439 1.140 1.867 1.460 0.258 0.044 0.179 0.805
DMA C17:0 ante 0.615 0.755 1.393 1.449 0.171 <0.001 0.625 0.772
DMA C17:0 iso 0.613 0.699 1.014 0.793 0.102 0.003 0.537 0.163
DMA C18:0 2.853 3.214 3.348 3.382 0.159 <0.001 0.290 0.269
DMA C18:1 cis11 2.584° 2.338° 1.9540 4.2992 0.368 0.012 0.012 0.002
DMA C18:1 cis12 0.870° 0.4649 1.0550 1.7522 0.222 <0.001 0.568 0.024
DMA C18:1 cis9 8.452 7.921 4.793 6.333 0.673 <0.001 0.508 0.162
DMA C18:1 trans11 1.650 1.779 1.694 1.991 0.192 0.109 0.321 0.717

DMA, dimethyl acetal; AU, Aubrac;, MA, Maremmana; SE, Standard Error; B, breed; R, rearing system. a, b, ¢ are the probability of significant effect due to experimental
treatment; means within a row with different letters differ (p < 0.05).
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AU MA SE p-value

Grazing Feedlot Grazing Feedlot B R B xR
SFAs 72.667 76.167 67.674 75.215 1.363 0.045 0.001 0.167
UFAs 21.390 18.683 20.534 17.761 1.309 0.522 0.054 0.981
PUFAs 4.934° 4.559° 8.2542 5.271P 0.529 0.001 0.005 0.025
MUFAs 16.456 14.124 12.280 12.490 0.974 0.007 0.307 0.223
PUFAs n-6 3.539 3.558 5.452 4514 0.426 0.003 0.312 0.293
PUFAs n-3 1.351P 0.961° 27212 0.727° 0.220 0.018 <0.001 0.001
n-6/n-3 2.981° 5.168° 2.436° 8.4672 0.765 0.091 <0.001 0.024
trans 18:1 tot 10.126 8.197 5.244 5.548 0.755 <0.001 0.312 0.167
VA/trans 18:1 tot 0.462 0.401 0.603 0.414 0.034 0.034 0.001 0.081
OCFAs tot 4.719 4.294 4.243 3.236 0.213 0.002 0.003 0.203
OBCFAs tot 6.983 6.131 7.379 5.363 0.370 0.635 <0.001 0.144
OCDMAs tot 2.509 2.071 1.530 0.929 0.142 <0.001 0.001 0.590
DMAs tot 5.221 4.491 5.785 4213 0.287 0.637 <0.001 0.172
BCFAs tot 4.486° 3.907° 6.6212 4.289P 0.394 0.004 0.001 0.041
BCFASs iso 1.723 1.533 2.615 1.813 0.144 <0.001 0.003 0.061
BCFAs ante 2.766 2.380 3.961 2.454 0.152 0.004 0.003 0.054

AU, Aubrac; MA, Maremmana; SE, Standard Error; B, breed; R, rearing system; SFAs, saturated fatty acids;, UFAs, unsaturated fatty acids; PUFAs, polyunsaturated
fatty acids; MUFAS, monounsaturated fatty acids; VA, vaccenic acid;, OCFAs, odd chain fatty acids;, OBCFAs, odd and branched chain fatty acids; OCDMAs, odd chain
dimethyl acetals; DMAs, dimethyl acetals; BCFAs, branched chain fatty acids. a, b, ¢ are the probability of significant effect due to experimental treatment; means within
a row with different letters differ (p < 0.05).
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AU MA SE p-value

Grazing Feedlot Grazing Feedlot B R B x R
C12:0 0.340 0.254 0.197 0.195 0.046 0.045 0.370 0.391
C13:0is0 0.084 0.073 0.067 0.061 0.009 0.144 0.380 0.800
C13:0 ante 0.013 0.015 0.017 0.012 0.002 0.853 0.308 0.085
C13:0 0.113 0.124 0.045 0.045 0.013 <0.001 0.691 0.696
C14:0 iso 0.326 0.247 0.316 0.245 0.029 0.825 0.018 0.894
C14:0 1.495 1.701 1.050 0.964 0.113 <0.001 0.616 0.224
C15:0 iso 0.641 0.609 0.771 0.549 0.048 0.492 0.016 0.068
C15:0 ante 1.964 1.786 1.419 1.156 0.097 <0.001 0.037 0.678
C15:0 1.466 1.323 1.336 1.003 0.089 0.021 0.015 0.313
C16:0 iso 0.361 0.273 0.956 0.647 0.057 <0.001 0.002 0.074
C16:0 ante 0.463 0.284 0.297 0.104 0.066 0.017 0.011 0.921
C16:0 17.719° 16.485° 23.7662 18.795° 0.722 <0.001 <0.001 0.019
C17:0iso 0.335° 0.2940 0.6242 0.3520 0.047 0.001 0.003 0.026
C16:1 cis7 0.116 0.107 0.056 0.059 0.009 <0.001 0.714 0.498
C16:1 cis9 0.150 0.138 0.206 0.090 0.060 0.946 0.310 0.415
C17:0 ante 0.478 0.405 1.089 0.653 0.093 <0.001 0.013 0.072
C17:0 0.764 0.717 0.678 0.575 0.038 0.007 0.070 0.489
C18:0iso 0.072 0.109 0.047 0.051 0.023 0.092 0.403 0.487
c18:0 48.1920 53.3652 37.282¢ 51.6522 1.994 0.005 <0.001 0.035
C18:1 trans6-8 0.694 0.841 0.264 0.371 0.135 0.003 0.375 0.890
C18:1 trans9 0.378 0.451 0.197 0.247 0.066 0.009 0.375 0.870
C18:1 trans10 2.407 2.027 0.597 0.993 0.400 0.002 0.985 0.363
C18:1 trans11 4.889 3.385 3.375 2.424 0.459 0.015 0.015 0.570
C18:1 trans12 0.7862 0.686° 0.4370 0.6222 0.044 <0.001 0.367 0.004
C18:1 cis9 4.836 4312 6.290 5.968 0.310 <0.001 0.202 0.758
C18:1 trans15 0.6842 0.538° 0.291° 0.491P 0.040 <0.001 0.531 < 0.001
C18:1 cis11 0.984 1.098 0.540 0.658 0.095 <0.001 0.253 0.983
C18:1 cis12 0.3532 0.3372 0.216° 0.3232 0.021 0.001 0.044 0.007
C18:1 cis13 0.038 0.028 0.031 0.028 0.003 0.260 0.076 0.265
C18:1 trans16 0.8342 0.6420 0.400° 0.6430 0.045 <0.001 0.598 < 0.001
C19:1 trans7 0.096 0.075 0.062 0.059 0.009 0.012 0.188 0.338
C18:2n-6 3.632 3.635 5.673 4.632 0.454 0.003 0.284 0.281
C20:0 0.8062 0.8242 0.896° 0.717b 0.036 0.824 0.040 0.013
C20:1 cis11 0.102 0.109 0.073 0.063 0.014 0.013 0.902 0.547
C18:3n-3 0.959 0517 1.340 0.369 0.170 0518 <0.001 0.148
C18:2 cisOtrans1 0.046 0.042 0.085 0.032 0.013 0.283 0.047 0.081
C21:0 0.046 0.044 0.057 0.044 0.008 0514 0.357 0.456
C18:4 n-3 0.1510 0.173° 0.255% 0.078° 0.043 0.929 0.094 0.034
C22:0 0.513° 0.465° 0.678° 0.416° 0.037 0.142 <0.001 0.009
C20:3n-6 0.020 0.021 0.045 0.030 0.005 0.001 0.161 0.095
C23:0 0.221 0.155 0.111 0.101 0.026 0.005 0.179 0.312
C24:0 0.606 0.509 0.724 0.525 0.040 0.123 0.001 0.236
C22:4n-6 0.082 0.066 0.086 0.057 0.007 0.702 0.005 0.403
C22:5n-3 0.315° 0.317° 1.3002 0.316° 0.111 <0.001 <0.001 <0.001
Unknown 0.405¢ 0.377¢ 5.4192 2.473b 0.332 <0.001 <0.001 <0.001

AU, Aubrac; MA, Maremmana; SE, Standard Error; B, breed; R, rearing system; Unknown, sum of three unknown peaks. a, b, ¢ are the probability of significant effect
due to experimental treatment; means within a row with different letters differ (o < 0.05).
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Item/Days

Control

Treatment

Recovery SEM

p-value

Day -1 Day3 Day 11 Day 21 Treatment Day
Ruminal pH 6.8 6.6 6.1 6.6 006 0.051 0.001
Total VFA (mM) 94.0 1055 126.1 106.3 250 0.013 0.0038
Acetate, % 45.9 449 416 449 065 0.509 0.027
Propionate, % 279 296 303 289 096 0.180 0.400
Butyrate, % 142 17.2 208 1756 073 0913 0.012
Isobutyrate, % 1 15 1.0 16 009 0435 0.003
Valerate, % 1.9 1.7 1.7 1.7 009 0482 0.946
Isovalerate, % 85 5.2 4.6 53 039 0.658 0.232
Acetate: propionate 1.7 15 1.4 16 006 0.254 0.006
NHz-N, mg/dL 18.8 140 123 18.3 0.95 0.002 0.048
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Gas, CHg,, CH4, mmol/g CH4, mmol/g Total VFA Acetate Propionate DMD NDFD pH NH3-N
mmol/g DM mmol/g DM DDM DNDF
Total fatty acids —0.85" —0.85"* —0.76* —0.76** —0.26 —0.88** 0.89** -0.23 -0.19 013 -0.71*
SFA —0.85" —0.85** —0.76* —0.76** —0.26 —0.88** 0.89** -023 -019 0.13 -0.71*
MUFA —0.85" —0.85"* —0.76* —0.76** —0.26 —0.88** 0.89** -0.23 -0.19 013 -0.71*
PUFA —0.85" —0.85"* —0.76* —0.76** —0.26 —0.88** 0.89** -0.23 -0.19 013 -0.71*
NHz-N 0.81** 0.82** 0.82** 0.81** 0.57** 0.49* —0.81** -0.19 -0.14 -0.30
pH —0.49* —0.46* —0.56* —0.52* -0.10 -0.19 0.30 0.37t 0.26
NDFD -0.12 —0.09 -0.28 -0.34 -0.18 0.16 —0.04 0.86**
DMD -0.05 —0.08 -0.31 —0.30 —0.25 0.24 —0.04
Propionate —0.92** —0.95** —0.90" —0.89** —0.23 —0.87**
Acetate 0.80** 0.83** 0.73** 0.73** —0.10
Total VFA 0.28 0.21 0.26 0.25
CHg, mmol/g DNDF 0.95" 0.96** 0.99*
CH4, mmol/g DDM 0.94** 0.97**
CHg, mmol/g DM 0.97**

SFA, saturated fatty acids; MUFA, mono unsaturated fatty acids;, PUFA, poly unsaturated fatty acids; DDM, digestible dry matter; DNDF, digestible NDF; DMD, dry matter
digestibility; NDFD, NDF digestibility.
TP <0.1;*P < 0.05; **P < 0.005; **P < 0.001.
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Item Control Monensin P, nil seeds treatment (% substrate DM) SEM p-value

4.5 9.0 13.6 18.1 22.6 45.2 Linear Quadratic
Total fatty acids, mg/g DM incubated 34.9 34.9 38.1 41.0 43.7 46.2 48.5 57.9
PUFA 13.3 13.3 14.9 16.4 17.7 19.0 20.2 24.9
MUFA 10.2 10.2 10.8 1.3 11.8 122 12.6 14.3
SFA 1.4 1.4 124 13.3 14.2 15.0 15.7 18.6
pH 6.3 6.4 6.4 6.4 6.4 6.4 6.4 6.4 0.01 0.030 0.175
Gas, mmol/g DM incubated 6.9 5.9 5.9 5.0 5.5 4.5 4.7 3.8 0.17 <0.0001  <0.0001
CHz, mmol/mol gas 162.9 142.9 145.8 127.6 121.0 105.2 1011 88.3 2.57 <0.0001  <0.0001
CHz, mmol/g DM incubated 1.1 0.8 0.9 0.7 0.7 0.5 0.5 0.4 0.03 <0.0001  <0.0001
CH4, mmol/g NDF incubated 2.8 21 2.1 1.6 1.6 12 1.2 0.9 0.08 <0.0001  <0.0001
CHa, mmol/g DDM incubated 21 1.5 1.4 1.0 1.1 0.8 0.8 0.7 0.10 <0.0001  <0.0001
CH4, mmol/g DNDF incubated 6.4 4.7 4.5 3.2 3.3 2.5 2.6 2.0 0.34 <0.0001  <0.0001
Total VFA, mmol/g DM incubated 9.6 10.5 9.4 8.7 9.2 93 10.1 9.2 0.21  0.531 <0.0001
Acetate, % 47.8 46.0 47.9 461 445 39.6 34.6 33.2 1.05 <0.0001 0.338
Propionate, % 26.8 30.0 291 34.0 35.9 38.2 38.4 41.9 0.78 <0.0001  <0.0001
Isobutyrate, % 1.8 1:5 14 15 1.6 1.2 1.1 1z 0.07 <0.0001 0.600
Butyrate, % 17.8 16.0 16.1 13.9 13.3 18.4 24.4 22.3 1.24 <0.0001  <0.0001
Isovalerate, % 4.7 5.6 41 3.6 3.9 2.2 1.2 1:2 0.32 <0.0001 0.304
Valerate, % 1.4 1.0 1.0 0.9 0.9 0.4 0.3 0.3 0.06 <0.0001 0.371
Acetate: propionate 1.8 1.6 17 1.4 12 hat 0.8 0.8 0.05 <0.0001  <0.0001
NHz-N, mg/g DM incubated 41.9 38.6 37.4 27.7 28.7 29.2 34.3 271 0.64 <0.0001  <0.0001
DMD, mg/g DM incubated 550.7 572.0 603.8 634.6 610.7 603.4 587.8 536.2 25.65 0.472 0.052
NDFD, mg/g NDF incubated 437.0 457.4 480.1 504.0 485.4 479.2 466.8 426.4 28.41 0.627 0.073

SFA, saturated fatty acids;, MUFA, mono unsaturated fatty acids; PUFA, poly unsaturated fatty acids;, NDF, neutral detergent fiber; DDM, digestible dry matter; DNDF,
digestible NDF; DMD, dry matter digestibility; NDFD, NDF digestibility.
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Retention Class Analyte name Formula Mw logyg lon
time (min) (g/mol) Intensity
36.70 LCFA Linolenic acid C1gHz002 278.20 6.31
36.64 Glycerophospholipids LPI18:1 Co7H51012P 598.30 5.64
36.80 Glycerophospholipids LPG 18:2 Co4Ha509P 508.30 5.19
37.05 Glycerophospholipids LPC 18:1 CosHs2NO7P 521.30 5.69
39.33 Glycerophospholipids LPC 18:0 CosHs4NO7P 523.40 5.62
39.64 Glycerophospholipids LPI18:0 Co7H53012P 600.30 5.86
42.25 Organosulfonic acid Dioctyl sulfosuccinate CooHzg07S 422.20 5.31
43.84 Organosulfonic acid Dioctyl sulfosuccinate CooHzg07S 422.20 4.77
47.66 LCFA FAHFA 36:4 CasHp204 558.50 5.21
LCFA, long chain fatty acids.
Retention  Class Analyte name Formula MW log1o lon Intensity
time (min) (¢/mol) — —
Positive Negative
1.1 Aminoacids Arginine CgH14N40Oo 174.10 6.64 4.88
1.62 Antioxidant Citrate CgHgO7 192.00 574 4.80
1.80 Alpha-amino acid D-Glutamine CsH1oN2O3 146.10 5.99 512
1.93 Aminoacids N-acetylglutamate C7H11NOs 189.10 5.98 5.98
6.06 Vitamin Vitamin B5 CgH17NOs 219.10 5.50 4.89
6.63 Purine nucleosides N6-Succinyladenosine C14H17N50g 383.10 6.55 6.11
713 Cinnamate ester and a tannin  Chlorogenate C16H180g 354.10 6.26 6.52
9.37 Hydroxycinnamic acids Cis-caffeic acid CgHgO4 180.00 717 5.86
1413 Antioxidant Ferulate C10H1004 194.10 5.07 5.02
14.43 Unknown NCGC00380707-01_C26H42011_(5xi,6alpha,7alpha,9xi, 16xi)-16-  CpgHgoO11 530.30 5.562 5.88
(beta-D-Glucopyranosyloxy)-6,7,17-trihydroxykauran-19-oic acid
15.42 Antioxidant Quercetin-3-O-glucoside Co1Ho0O12 464.10 6.18 6.46
16.03 Unknown NCGC00380707-01_C26H42011_(5xi,6alpha,7alpha,9xi, 16xi)-16- CogHa2011 530.30 6.03 6.50
(beta-D-Glucopyranosyloxy)-6,7,17-trihydroxykauran-19-oic acid
16.05 Antioxidant Quercetin 3-galactoside Co1H20012 464.10 5.42 6.12
16.14 Antioxidant Quercetin-4-O-glucoside Co1H20012 464.10 5.42 6.15
17.49 Polyphenols 1,3-Dicaffeoylquinic acid CosH24012 516.10 714 77
17.50 Polyphenols Dicaffeoyl quinolactone CosH22014 498.10 7.02 713
17.77 Flavonoid glycosides Nepitrin CooH2o012 478.10 5.08 5.40
18.82 Polyphenols 3,5-Dicaffeoylquinic acids CosH24012 516.10 6.93 7.1
18.99 Glycosyloxyisoflavone Tectoridin CooHo014 462.10 573 5.59
32.78 Resinoside Sarasinoside A1 CeoH100N202g  1288.70 574 5.95
33.89 MCFA 9(10)-Epoxy-12Z-octadecenoic acid C1gHz203 296.20 5.35 6.02
34.15 LCFA 9,10-DIHOME C1gHz404 314.20 6.10 6.44
35.67 Glycerophospholipids 1-Linoleoyl-lysophosphatidylserine Co4H44NOgP 521.30 5.12 522
35.73 Glycerophospholipids 1-Palmitoylglycerophosphoinositol CosHagO12P 572.30 4.90 6.00
36.22 MCFA 9(10)-Epoxy-12Z-octadecenoic acid C1gH3203 296.20 4.93 6.31
36.25 LCFA Linolenic acid C1gHz002 278.20 6.63 3.00
36.74 Glycerophoethanolamines LysoPE(16:0/0:0) Co1Hg4NO7P 453.30 6.13 5.92
37.35 Glycerophoethanolamines LysoPE(18:1(92)/0:0) CogH4sNO7P 479.30 6.26 5.96
37.38 Fatty acyls 9-KODE CygH3003 294.20 6.65 5.97
37.39 Fatty acyls 13-KODE C1gHz003 294.20 6.65 5.97
37.60 Fatty acyls Linoelaidic acid C18H3202 280.20 5.75 6.41
37.62 Fatty acyls Bovinic acid C1gH3205 280.20 6.14 6.41
38.23 Unknown Dihydrocelastryl Diacetate C33H4406 536.30 3.08 5.50
39.15 Glycerophoethanolamines LysoPE(18:0/0:0) CogHygNO7P 481.30 5.30 525

MCFA, medium chain fatty acids; LCFA, long chain fatty acids.
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Domain Indices Treatments SEM P-value
W30 PW30 W45 PW45
Bacteria Observed OTUs 123°  121b 16428 1672  10.0  <0.01
Shannon 5.00% 438> 4928 5302 0260 0.15
PD index’ 9.81P 935" 1198 1232 051 <0.01
Evenness 072 063 067 072 0034 025
Archaea Observed OTUs 3b 6@ 62 8@ 0.74 <0.01
Shannon 0.64° 1226 140 2192 0263 0.01
PD index’ 0.11P 0202 0218 0232 0017 <0.01
Evenness 0.33° 0.493 054% 0732 0.087 0.05

1 Faith’s phylogenetic diversity.
ab\Means within a row with different superscripts differ significantly (P < 0.05).
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Items Treatments SEM P-value
W30 PW30 W45 PW45

D-lactate, ng/mL 10242 10812 950° grebe 20.4 <0.01

Rumen papillae

Length, pm 581P 8148 985 13077 153 0.08

Width, pm 323 362 369 383 36.6 0.26

Total VFA, mg/ml 1.5820 2.382 2.502 1.08P 0.314 0.05

a.b.C\eans within a row with different superscripts differ significantly (P < 0.05).
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Class

Saccharide

Saccharide

Saccharide

Saccharide

Peptides

Amino acids
Alkyl-phenylketones
Phenolic glycoside
Coumaric acid esters
Cinnamate ester and tannin
Aromatic amino acid tyrosine
Phenyl propanoid

Terpene glycosides

Lignan glycosides
Flavanones

Flavonoid glycosides

Flavonoid glycosides
Quinic acids
Triterpene saponins
Phenolic glycoside
Triterpene sapogenins
Quinic acids
Triterpene saponins
Triterpene saponins
Unknown

Triterpene glycosides
Triterpene glycosides
Fatty acid esters

Triterpene saponins
Unknown

Monoterpenoids
Monoterpenoids
Unknown

Triterpene saponins
Fatty acyls

Fatty acyls

Triterpene saponins
Triterpene saponins
Macrolide

Fatty acyls
Glycerophospholipids
Unknown

Glycerophospholipids
Glycerophospholipids
Glycerophospholipids

Analyte name

Sorbitol

Gluconate

Raffinose

Sucrose

Glutathione disulfide

Tryptophan

3,4-Dihydroxyacetophenone

Feruloyl Hexoside (isomer of 847)

Osmanthuside H

Chlorogenate

Tyrosine

Coumarin + 10

Cinncassiol D2 glucoside

Liriodendrin

Silydianin
5,7-dihydroxy-6-[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]-8-[3,4,5-
trihydroxy-6-(hydroxymethyljoxan-2-ylJoxychromen-2-one
Isorhamnetin 3-galactoside

4,5-Dicaffeoylquinic acid

Soyasaponin V

Lipedoside A

Soyasaponin Ba

4,5-Dicaffeoylquinic acid

Ginsenoside Ro

3-Glc-Gal-GlcUA-Soyasapogenol B
[(4R,58,6R,6aS,7R,10aR,11bR)-5-acetyloxy-6-hydroxy-10a-methoxy-
4,7,11b-trimethyl-9-oxo-1,2,3,4a,5,6,6a,7,11,11a-
decahydronaphtho[2,1-f][1]benzofuran-4-yllmethyl acetate
3-(Rha(1-2)Glu(1-2)Glu-28-Glu Hederagenin
3-Rha(1-2)Gal(1-2)GluA-Soyasaponenol B
26-(2-Glucosyl-6-acetylglucosyl]-1,3,11,22-tetrahydroxyergosta-5,24-
dien-26-oate

Hederagenin base + O-dHex-Hex-Hex
NCGC00381017-01_C48H78018_beta-D-Glucopyranose,
1-O-[(3beta,5xi,9xi)-3-[(6-deoxy-3-O-beta-D-glucopyranosyl-alpha-L-
mannopyranosyl)oxy]-23-hydroxy-28-oxoolean-12-en-28-yl]
Soyasapogenol B base + O-HexA-HexA-Hex + Me + Acetyl
Soyasapogenol B base + O-HexA-Hex

NCGC00169139-03_C42H66015_1-0O-[(3beta,5xi,9xi, 18xi)-3-(beta-D-
Glucopyranuronosyloxy)-23-hydroxy-28-oxoolean-12-en-28-yl]-beta-D-
glucopyranose

Bayogenin base + O-Hex
5-(oleoyloxy)octadecanoicacid
9-HPODE_RTH

Elatoside K

Camelliasaponin A1
Zearalenone

13-HPODE

LPI18:3
(E,28,3R,4R,5S8)-4-acetyloxy-2-amino-3,5,14-trihydroxyicos-6-enoic
acid

LPI18:2

LPS 21:1
Lysophosphatidylcholine(16:0)

Formula

CsH1406
CeH1207
C1gH32016
Ci2H22014
C20Ha2Ns01282
C11H12N202
CgHgO3
Ci6H2009
C1gH25011
Ci6H1809
CoH11NO3
CoHeO3
CosH42014
C34Hs6018
Ca5H22010
C21H26015

Co2H22012
Co5H24012
CagH78019
CogHas014
CugH78019
Cos5H24012
CugH76019
CugH78019
CosHa608

Cs4HgsO23
CugH78018
Ca2HesO17

CugH78018
CugH78018

Cs1HgoO21
CaoHegO14
Ca2Hee015

CseHs8010
C1gH3204
C1gH3204
Cs3HgaO23
CsgHg2025
C1gH220s
C1gH3204
Co7Ha7012P
Co2Ha1NO7

Ca7H9012P
CoaHsgNO7P

Mw
(9/mol)

182.10
196.10
504.20
342.10
612.20
204.10
152.00
401.11
432.20
354.10
181.10
162.00
530.30
742.30
482.10
518.10

478.10
516.10
958.50
608.20
958.50
516.10
956.50
958.50
464.20

1104.60
942.50
842.40

942.50
942.50

1028.50
796.50
810.40

650.40
312.20
312.20
1088.50
1188.60
318.10
312.20
594.30
431.30

596.30
565.30
495.30

logqg lon
Intensity

5.54
6.58
6.28
6.24
4.61
5.39
4.78
5.15
6.54
6.84
5.18
4.67
6.52
5.09
6.12
5.22

5.38
6.01
5.89
6.04
4.67
5.21
5.12
5.78
5.33

5.78
5.57
5.88

6.37
6.49

5.39
4.89
4.92

4.55
6.15
5.96
5.03
5.40
5.09
6.12
5.75
6.03

6.89
6.27
5.01
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43.14

43.62
44.28
45.15
45.77
45.89
45.94
46.73
47.36
48.54

Unknown

Fatty amide

Ester
Stigmastanes
Unknown
Ergostane steroids
Fatty amide
Stigmastanes
Triterpenoids
Diglycerides

NCGC00380823-01!2-(14-methylpentadecanoylamino)-3-
phenylpropanoic acid

N-Oleyl-Leucine

13S-Hydroxy-97,11E-octadecadienoic acid, methyl ester
Fucosterol

Digalactosyldiacylglycerols-36:6

Campesterol

Erucamide

Sitosterol

Friedelin

Diacylglycerol(18:3n6/18:1n9)

MCFA, medium chain fatty acids; LCFA, long chain fatty acids.

Co5H41NO3

Co4H4sNO3
C19H3403
CogHas0

Cs1Hg4O15
CogHu0
Co2Ha3NO
CagHs00
CaoHs00
Cs9HpsOs

403.30

395.30
310.30
412.40
936.60
400.40
337.30
414.40
426.40
616.50

4.62
4.89
5.70
5.73
5.37
7.64
5.92
4.67
5.53
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Retention
time (min)

1.09
1.13
1.55
2.00
2.71
4.38
4.40
9.22
9.57
13.86
15.13

15.41
16.89
17.93
21.29
22.90
24.11
26.98
27.01
27.50
28.76
29.02
29.02
32.52

32.80
32.85
33.85
33.87
34.32
34.54
34.38
35.42
35.45
35.81
35.86
35.98
36.00
36.35
36.39
36.85
37.48
39.16
39.33
40.86
40.93
41.89
42.18
42.23
42.74

Class

Antioxidant

Saccharide

Pyridine carboxylic acids
Aromatic amino acid
Ribonucleoside

Aromatic amino acid
Aralkylamines

Cinnamate ester and tannin
Phenethyl alcohol glycosides
Hydroxycinnamic acids
Unknown

Flavonoid
Gamma-lactone
Hydroxycinnamic acids
Hydroxycinnamic acids
Alkaloid

Unknown
Triterpenoids
Triterpenoids

Phenolic glycosides
Steroid acids

Fatty acyls

LCFA

Unknown

Coumaric acids and derivatives

Fatty acyls

Amines

MCFA

LCFA

LCFA
Glycerophosphocholines
Oxo fatty acid

LCFA

Monoglyceride

Amines

Unknown
Glycerophosphocholines
Triterpenoids
Glycerophosphocholines
Monoglyceride
Glycerophosphocholines
Fatty amide
Glycerophosphocholines
Monoglyceride

Fatty amide
Glycerophosphocholines
Unknown

Fatty acyls

Chlorins

Analyte name

Betaine

Sucrose

Nicotinic acid
Tyrosine

Adenosine
Phenylalanine
Phenylethanolamine
Chlorogenate
Darendoside A
p-coumaric acid

NCGC00380707-01_C26H42011_(5xi,6alpha, 7alpha,9xi, 16xi)-16-
(beta-D-Glucopyranosyloxy)-6,7,17-trinydroxykauran-19-oic

acid

Quercetin

Marrubiin

Cis-caffeic acid

p-Coumaric acid

Ergocristine

Gabapentin related compound D
Jujubasaponin IV

Echinocystic acid

Wilforlide A

Koetjapic acid

9-KODE
(2)-5,8,11-trihydroxyoctadec-9-enoic acid

NCGC00385219-01_C17H2004_3,6,9-Tris(methylene)-2-
oxododecahydroazuleno([4,5-b]furan-8-yl acetate

1,28-Dicaffeoyloctacosanediol
15-Ketoprostaglandin E1
Phytosphingosine
9(10)-Epoxy-12Z-octadecenoic acid
Vernolic acid

Linolenic acid
Lysophosphatidylcholine(18:3)
12(13)Ep-9-KODE

Linoelaidic acid

2-monopalmitin

Desferrioxamine H
Asperhenamate_120258
1-Linoleoyl-lysophosphatidylcholine
Ganoderic acid eta
1-palmitoyl-lysophosphatidylcholine
Glyceryl linolenate
Oleoyl-lysophosphatidylcholine
Linoleoyl ethanolamide

Stearoyl lysophosphatidylcholine
1-Linoleoylglycerol

Oleoyl Ethanolamide
1-eicosanoyl-sn-glycero-3-phosphocholine
Monoacy! glycerol

Bovinic acid

Pheophorbide A

Formula

CsH11NO»
Ci2H22014
CgHsNO»
CgH11NO3
C10H13Ns04
CgH11NO2
CgH11NO
C16H1809
C19H25014
CoHgOg

CopHa2014

Ci5H1007
CooH2504
CoHgO4
CoHgO3
Ca5H39N505
C1gH29NO3
CusH78018
C30Hag04
C30Ha603
C3oHa04
C1gHz003
C18H3405
C17H2004

Cu6H7008
CooHz20s
C1gHagNO3
C1gH3203
C1gH3203
C1gHz002
CopHigNO7P
C18H3004
C1gHz202
C19H3504
CooHasN4Og
C32H30N204
CapHs0NO7P
C3oHs40g
Co4HsoNO7P
Co1H304
CopHs52NO7P
CooHa7NO2
CoHs4NO7P
Co1HagO4
CooHagNO2
CogHsgNO7P
Co1Hs004
CigHz202
CisHagN4O5

MwW
(g/mol)

117.10
342.10
123.00
181.10
267.10
165.10
137.10
354.10
432.20
164.00
530.30

302.00
332.20
180.00
164.00
609.30
307.20
942.50
472.40
454.30
470.30
294.20
330.20
288.10

750.50
362.20
317.30
296.20
296.20
278.20
517.30
310.20
280.20
330.30
460.30
506.20
519.30
532.30
495.30
352.30
521.30
323.30
528.40
354.30
325.30
5561.40
356.30
280.20
592.30

logqo lon
Intensity

6.05
5.84
5.75
5.23
5.64
5.92
5.66
5.84
6.79
5.44
6.09

5.47
5.61
5.30
5.42
4.86
5.34
4.83
5.87
5.63
5.31
517
5.68
4.80

5.01
5.23
5.39
5.62
6.35
5.99
4.66
4.95
5.98
4.68
6.44
5.75
6.96
6.70
5.77
5.83
7.05
5.68
6.35
6.44
5.19
5.15
5.47
6.74
5.652
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Proximate composition (g/kg DM)

oM 948.0
CP 235.0
EE 129.4
aNDFom'! 421.0
ADFom? 160.0
GE, MJ/kg 20.5
Fatty acid composition (mg/100 g DM)

Caprylic acid (C8:0) 4.69
Capric acid (C10:0) 12.50
Myristic acid (C14:0) 23.81
Pentadecylic acid (C15:0) 4.03
Palmitic acid (C16:0) 2308.26
Palmitoleic acid (C16:1) 44.70
Margaric acid (C17:0) 10.44
Ginkgolic acid (C17:1) 0.61
Stearic acid (C18:0) 795.82
Elaidic acid (trans 9 C18:1) 30.79
Oleic acid (cis 9 C18:1) 2253.04
Trans-linoleic acid (C18:2n6t) 28.42
Linoleic acid (C18:2n6c) 4513.31
Arachidic acid (C20:0) 147.67
Gamma-Linolenic acid (C18:3n6) 60.80
Gondoic acid (C20:1n9) 7.07
Alpha linolenic acid (C18:3n3) 453.34
Heneicosylic acid (C21:0) 6.11
Eicosadienoic acid (C20:2n6) 829
Behenic acid (C22:0) 86.17
Tricosylic acid (C23:0) 2.33
Arachidonic acid (C20:4n6) 10.18
Lignoceric acid (C24:0) 51.39
SFA 3448.53
MUFA 2336.21
Omega-6 4620.99
Omega-3 453.34
Omegab:3 10.19
PUFA 5074.33
Trans fat 1534.24
Total fatty acids (mg/100 g DM) 10863.76

1 Acid detergent fiber expressed excluding residual ash.

2Neutral detergent fiber assayed with a heat stable amylase and expressed
exclusive of residual ash.

OM, organic matter; CP, crude protein; EE, ether extract; GE, gross energy; SFA,
saturated fatty acids; MUFA, mono unsaturated fatty acids; PUFA, poly unsatu-
rated fatty acids.

SFA = C10:0 + C11:0 + C12:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 +
C20:0 + C21.:0 + C22:0 + C24.0.

MUFA = C14:1n5 + C16:1n7 + C17:1n7 + C18:1n7 + C18:1n9 + C20:1n9 +
C22:1n9 + C24:1n9.

Omega-6 = C18:2n6 + C18:3n6 + C20:2n6 + C20:3n6 + C20:4n6 + C22:2n6 +
C22:4n6.

Omega-3 = C18:3n3 + C22:6n3.

PUFA = C18:2n6 + C18:2c9,t11 + C18:3n3 + C18:3n6 + C20:2n6 + C20:3n3 +
C20:3n6 + C20:4n6 + C20:5n3 + C22:2n6 + C22:4n6 + C22:5n3 + C22:6n3.
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Ingredient composition, g/’kg DM

Concentrate

Broken corn 8.4
Wheat 112.2
Sodium bicarbonate 55
Rice bran 44.3
Salt 2.0
Molasses 17.9
Ammonium chloride 1.0
CMS 9.9
Corn flake 132.0
DDGS 70.0
Soybean Hull 1.9
Amaferm’ 0.4
Corn Gluten Feed 132.0
Limestone 21.6
Palm kernel meal 96.8
Mineral-vitamin mixture? 1.3
Roughage

Tall fescue hay 333.0

Chemical Composition, g/kg DM

Diet/Substrate

Organic matter (OM) 942.5
Crude protein (CP) 112.5
Ether extract (EE) 43.5
Neutral detergent fiber (aNDFom)3 400.5
Acid detergent fiber (ADFom)* 202.0
Gross energy (GE, MJ/kg) 18.5

CMS, Condensed Molasses Soluble; DDGS, Dried Distiller’s Grains with Solubles.
1 Amaferm: A fermentation extract of Aspergillus oryzae (Biozyme Enterprises Inc.,
MO, United States).

2Nutrients per kg of additive (Grobic-DC; Bayer HealthCare, Leverkusen, Germany):
Vit. A, 2,650,000 IU; Vit. D3, 530,000 IU; Vit. E, 1,050 IU; Niacin, 10,000 mg; Mn,
4,400 mg; Zn, 4,400 mg; Fe, 13,200 mg; Cu, 2,200 mg; I, 440 mg; Co, 440 mg.
SNeutral detergent fiber assayed with a heat stable amylase and expressed
exclusive of residual ash.

4Acid detergent fiber excluding residual ash.
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Treponema succinifaciens
Schwartzia succinivorans
Truepera radiovictrix
Pontibacter humi
Lentimicrobium saccharophilum
Porphyromonas pogonae
Thermotalea metaliivorans
Treponema bryanti

Mucilaginibacter koreensis

Intestinimonas butyriciproducens

. Vampirovibrio chiorellavorus

Parapedobacter lycopersici
Victivallis vadensis
Soltalea canadensis
Prevotella ruminicola
Pedobacter bauzanensis

Succinivibrio dextrinosolvens

Alkalibacter saccharofermentans

. Prevotella brevis

- Prevotella fusca

Anaeroplasma abactoclasticum
Microbacter margulisiae
Spongiimonas flava

Prevotella oralis

Lutetalea pratensis

Flexilinea flocculi
Lachnobacterium bovis

Monoglobus pectinilyticus

. Mogibacterium neglectum

Gracilibacter thermotolerans

Ruminococcus faecis
Olsenella profusa
Ruminococcus lactaris
Bifidobacterium ramosum
Streptococcus equinus
Ruminococcus bromi
Methanobrevibacter milerae

Lactonifactor longoviformis

. Methanobrevibacter olieyae . Anaeroplasma bactoclasticum

Holdemania massiliensis
Butyrivibrio fibrisolvens
Butyrivibrio proteoclasticus
[Eubacterium] tenue
Corynebacterium poliutisoli
Muricomes intestini
Anaerosphaera aminiphila

Elusimicrobium minutum






OPS/images/fmicb-13-892605/fmicb-13-892605-g003.jpg
Abundance (%)

100 A

751

25|

|
EERE

|
1 | |

-_! .-

T

G 1

Groups

C2 C3 C4 T1 T2 T3 T4 R1 R2 R3 R4

Phyla

[]
[ ]

. Others

Chloroflexi
Planctomycetes
Elusimicrobia
Acidobacteria
Actinobacteria
Euryarchaeota
Tenericutes
Deinococcus-Thermus
Spirochaetes
Candidatus Melainabacteria
Lentisphaerae
Proteobacteria
Firmicutes
Bacteroidetes





OPS/images/fmicb-13-920427/fmicb-13-920427-g007.gif
Most abuncant pathways per makrix over the adaptaton days:

MWIIIII_‘I_“

et =,

PPt A g g





OPS/images/fmicb-13-920427/fmicb-13-920427-g006.gif





OPS/images/fmicb-13-920427/fmicb-13-920427-g005.gif
H

a
L ———
= -






OPS/images/fmicb-13-920427/fmicb-13-920427-g004.gif
I=

PR
S P~ (RIRSRI S —
FESLE L FELLSFS LSS S S





OPS/images/fmicb-13-920427/fmicb-13-920427-g003.gif





OPS/images/fmicb-13-920427/fmicb-13-920427-g002.gif
Jregredtntrac- Doesta

i

o

H

i

u.mg
2

H

i

|

Lereees

il





OPS/images/fmicb-13-920427/fmicb-13-920427-g001.gif
oy Elwﬁmﬂ; |¢¢;aaswt¢%






OPS/images/fmicb-13-920427/crossmark.jpg
(®) Check for updates





OPS/images/fmicb-13-889618/fmicb-13-889618-t004.jpg
NH3-N Acetate Propionate Isobutyrate Butyrate Isovalerate Valerate VFAotal c2:C3

mmol/d mmol/d mmol/d mmol/d mmol/d mmol/d mmol/d mmol/d
TMR 5.402 19.72 7.002 0.402 7.852 1.402 3.082 39.32 2.862
AN2.5 3.39P 17.3° 6.56°4 0.28° 5.27° 0.82° 2.29d 32.5° 2.63°
AN5 2.739 16.4°¢ 6.579 0.26° 5.86° 0.89° 2.97° 32.9° 2.47P°
Fv2.5 3.420 16.7° 6.83% 0.27° 5.35¢ 0.779 2.45° 32.4b° 2.420d
FV5 2.84° 15.49 6.780° 0.26° 5.39° 0.89° 2.98P 31.7° 2.259
Pooled SEM 0.140 0.71 0.335 0.008 0.469 0.069 0.177 0.83 0.062
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

AN, Ascophyllum nodosum; FV, Fucus vesiculosus (both with 2.5 or 5% inclusion level); TMR, total mixed ration.
a-d\eans within a column not showing a common superscript differ (P < 0.05).
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Degraded

EMPS
DM OoM CcP ADFom aNDFom
% mg/g
degraded OM

TMR 4482 4432 3952 1409 24.72 1202
AN2.5 412° 407 306  11.5% 21.8° 109°
AN5 39.5° 39.2° 257° 8.5° 18.7° 100°
FV2.5 40.4°°  40.0°  30.4°  11.1P 20.50° 110b
FV5 3779 373 251°  Q7be 18.9¢ 100°
Pooled SEM  0.66 0.73 0.82 0.99 0.89 10.8

P <0.001 <0.001 <0.001 0.001  <0.001 <0.001

AN, Ascophyllum nodosum;, FV, Fucus vesiculosus (both with 2.5 or 5% inclusion
level); TMR, total mixed ration; DM, dry matter; OM, organic matter; CF crude
protein; ADFom, acid detergent fiber on ash free basis; aNDFom, neutral detergent
fiber on ash free basis; EMPS, estimated microbial protein synthesis.

a=9d\feans within a column not showing a common superscript differ (P < 0.05).
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Parameter Day Treatment Pooled SD P-value

CON LT ST Treatment Time Interaction
pH 10 6.77 6.80 6.81 0.02 0.007 <0.001 0.009
14 6.772 6.66° 6.6620 0.03
18 6.76% 6.702 6.69° 0.02
22 6.81 6.76 6.76 0.01
26 6.77 6.72 6.73 0.01
30 6.79 6.95 6.8 0.03
34 6.79 6.74 6.79 0.02
38 6.82 6.78 6.81 0.02
NHz-N (mM) 10 6.77 7.07 6.55 0.17 <0.001 <0.001 <0.001
14 7.128 9.05P 9.77° 0.42
18 6.712 9.75P 9.97° 0.26
22 6.282 9.17° 9.56° 0.29
26 6.667 9.42° 9.87° 0.40
30 6.822 9.61P 7.522 0.12
34 6.742 8.62° 7.652 0.31
38 6.632 8.70° 7.26% 0.57
SCFA total (mmol/day) 10 27.62 26.8 24.83 1.39 0.185 <0.001 0.005
14 29.112 33.5020 37.05° 3.07
18 27.31 334 32.98 1.67
22 23.76% 30.73° 28.072 1.77
26 24.872 31.91P 30.658 2.23
30 26.13 26.70 23.13 1.65
34 26.29 29.37 27.08 1.49
38 22.42 27.75 21.60 1.65

ST, short-term group; LT, long-term group; CON, control group. Data are presented as means and pooled SD. Statistical analysis was performed by repeated measure-
ments two-way ANOVA (NHz-N and SCFA) or mixed-effects analysis (pH), followed by Tukey post hoc test. Significant differences within a row are indicated by
different superscripts.
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Parameter Day Treatment Pooled SD P-value

CON LT ST Treatment Time Interaction
Acetate (%) 10 58.23 57.69 59.77 0.52 <0.001 <0.001 <0.001
14 58.622 48.66° 47.98P 0.79
18 57.592 48.48° 49.40° 0.72
22 59.872 51,210 50.51P 0.88
26 59.742 51.94P 54.50° 1.18
30 57.842 54.89° 56.98% 0.42
34 50.342 54.5° 56.08° 0.80
38 58.322 53.48P 57.152 1.33
Propionate (%) 10 31.43 31.76 31.33 0.47 0.095 <0.001 <0.001
14 32.192 32.85% 35.63° 0.91
18 34.09 34.02 33.92 0.71
22 32,128 33.41ab 34.97° 1.14
26 33.03 35.43 35.14 1.03
30 34.35 34.94 34.35 0.85
34 32.052 36.27° 34.5580 0.65
38 32.92 37.64° 34.242 0.76
Butyrate (%) 10 7.96 712 6.26 0.74 0.091 <0.001 0.005
14 7.842 10.88° 9.59% 0.86
18 7.992 11.14P 11.20P 0.64
22 7.802 9.89% 10.19° 0.61
26 7.022 9.59P 8.59% 0.68
30 7.43 8.99 7.70 0.63
34 7.76 8.59 7.76 0.47
38 8.15 8.18 7.06 0.78
Valerate (%) 10 0 0 0 0 <0.001 <0.001 0.004
14 0 0.15 0 0.08
18 0? 0.80° 0.21a 0.12
22 02 0.83° 0.77° 0.26
26 0? 1,320 0.78° 0.26
30 0? 0.96° 0.202 0.15
34 0? 0.65° 0.71° 0.20
38 0? 0.71° 0.542 0.24
Isovalerate (%) 10 2.37 3.43 2.65 0.45 0.004 <0.001 <0.001
14 1.352 7.46° 6.8° 0.45
18 0.322 5.56° 5.27° 0.82
22 0.212 4.66° 3.56° 0.54
26 0.20 1.72 0.98 0.32
30 0.38 0.22 0.74 0.60
34 0.85 0 0.91 0.52
38 0.62 0 1.02 0.45

ST, short-term group; LT, long-term group; CON, control group. Data are presented as means and pooled SD. Significant differences within a row are indicated by
different superscripts.
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Day Treatment Pooled SD
CON LT ST

LAM

Christensenellaceae 10 0.37 0.30 0.43 0.14
17 0.642 0.30° 0.31° 0.06
24 0.73 0.57 0.50 0.10
31 1.05 0.62 0.70 0.29
38 1.10 0.82 0.75 0.29

Prevotellaceae 10 16.4 1561 15.9 3.47
17 13.5 17.4 20.5 3.01
24 13.8 17.2 17.8 2.44
31 20.32 31.7° 18.220 1.76
38 1518 2420 1802 1.76

Succinivibrionaceae 10 13.71 11.44 12.34 4.31
17 12.328  4.01% 3.02° 2.30
24 11.53 8.45 8.76 5.37
31 8.69 1.64 4.50 2.35
38 8.69 1.64 4.50 2.35

SAM

Victivallaceae 10 0.59 0.59 0.69 0.14
17 0.582 0.16° 0.17% 0.09
24 0.84 0.39 0.33 0.16
31 0.86 0.17 0.53 0.25
38 0.86 0.23 0.82 0.15

ST, short-term group; LT, long-term group; CON, control group. Data are mean
relative abundances (%) and pooled SD. Families that differed significantly by
multiple t-test (P < 0.05, Benjamini-Hochberg correction, FDR = 1%). Different
superscript indicate significant differences within a row.
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OTU1L:Methanomicrobium mobile DSM 1539
OTUZ2L:Unclassified archaeon ISO4-G1

OTUS3L: Methanomicrobium mobile DSM 1539
OTUA4L:Unclassified archaeon ISO4-G1
OTUS5L:Unclassified archaeon ISO4-G1
OTU7L:Candidatus Methanoplasma termitum Mpt1
OTU9L:Methanobrevibacter millerae DSM 16643
OTU11L.Candidatus Methanoplasma termitum MpT1
OTU12L:Unclassified archaeon 1ISO4-G1
OTU13L:Unclassified archaeon 1ISO4-G1
OTU14L:Methanomassiliicoccales archaeon RumEn M2
TU16L:Unclassified archaeon ISO4-G1
OTU17L:Unclassified archaeon 1ISO4-G1
OTU181L:Unclassified archaeon I1SO4-G1
OTU19L:Thermoplasmatales archaecon BRNA14 |
TU191L:Unclassified archaeon [ISO4-G1
OTU20L:Candidatus Methanoplasma termitum MpT1
OTU21L:Methanobrevibacter thaueri DSM 11995
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OTU24L:Methanobrevibacter sp. YE315-
OTU25L:Unclassified archaeon ISO4-G1+
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OTU27L:Candidatus Methanoplasma termitum MpT1+
OTU28L:Methanimicrococcus blatticola DSM 13328+
OTU29L:Methanobrevibacter sp. YE315-
OTU30L:Methanobrevibacter thaueri DSM 11995+
OTU31L:Unclassified archaeon ISO4-G1+
OTU32L:Methanobrevibacter sp. YE315
OTU33L.:Methanobrevibacter olleyae YLM1
OTU34L:Unclassified archaeon ISO4-G1
OTU37L:Methanobrevibacter sp. YE315

OTU39L: Methanobrevibacter thaueri DSM 11995
OTU40L:Methanosphaera sp. BMS
OTU42L:Unclassified archaeon ISO4-G1
OTU44L:Unclassified archaeon 1ISO4-G1
OTU45L.:Candidatus Methanoplasma termitum MpT1
OTU47L: Methanobrevibacter sp. YE315
OTUB0L:Methanobrevibacter smithii TS95D
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OTU1S:Methanomicrobium mobile DSM 1539
OTU2S:Methanomicrobium mobile DSM 1539
OTU3S:Unclassified archaeon 1SO4-G1
OTU4S:Unclassified archaeon ISO4-G1
OTUS5S: Unclassified archaeon 1ISO4-G1
OTUT7S:Methanobrevibacter millerae DSM 16643
OTUS8S:Candidatus Methanoplasma termitum MpT1
OTU9S:Candidatus Methanoplasma termitum Mpt1
OTU10S:Unclassified archaeon 1SO4-G1
OTU11S:Methanomassiliicoccales archaeon RumEn M2
OTU13S:Unclassified archaeon 1ISO4-G1
OTU14S:Unclassified archaeon 1SO4-G1
OTU15S:Methanomassiliicoccales archaeon RumEn M2
OTU17S:Candidatus Methanoplasma termitum MpT1
OTU18S:Thermoplasmatales archaeon BRNA1
OTU19S:Unclassified archaeon 1SO4-G1
OTU20S:Unclassified archaeon 1ISO4-G1
OTU21S:Methanobrevibacter thaueri DSM 11995
OTU22S:Unclassified archaeon 1SO4-G1
OTU23S:Methanobrevibacter sp. YE315
0OTU24S:Candidatus Methanoplasma termitum MpT1
OTU28S:Methanomassiliicoccales archaeon RumEn M2
OTU30S:Methanobrevibacter sp. YE315
OTU31S:Unclassified archaeon 1SO4-G1
OTU32S:Unclassified archaeon 1ISO4-G1
OTU35S:Methanobrevibacter olleyae YLM1
OTU36S:Unclassified archaeon 1ISO4-G1
OTU37S:Unclassified archaeon 1SO4-G1
OTU38S:Methanobrevibacter thaueri DSM 11995
OTU39S:Unclassified archaeon 1ISO4-G1
OTU40S:Methanosphaera sp. BMS
OTU41S: Unclassified archaeon 1SO4-G1
OTU43S:Methanobrevibacter sp. YE315
OTU44S:Methanobrevibacter thaueri DSM 11995
OTU45S:Unclassified archaeon 1ISO4-G1
OTU47S:Candidatus Methanoplasma termitum MpT1
OTU48S:Methanimicrococcus blatticola DSM 13328
OTUS1S:Methanobrevibacter smithii TS95D
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Total gas CH4 CH4/degraded OM

(mL/d) (% of total gas) (mL/g)
TMR 13862 16.92 36.72
AN2.5 1238P 16.62° 35.1ab
AN5 1114° 15.4° 30.5°
FV2.5 1177b° 16.620 35.9%
FV5 11140 16.3° 32.6°°
Pooled SEM 35.9 2.01 4.66
P <0.001 <0.001 0.017

AN, Ascophyllum nodosum;, FV, Fucus vesiculosus (both with 2.5 or 5% inclusion
level);, TMR, total mixed ration.

a=CMeans within a column not showing a common superscript differ (P < 0.05).
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DM oM CA CP ADFom aNDFom EE CHBr3 TPC

% % % % % % % na/kg
Phloroglucinol equivalent
g/100 g sample

A. nodosum 93.0 70.0 30.0 10.7 18.6 241 2.0 8.0 7.9
F. vesiculosus 89.5 75.0 25.0 9.3 25.0 19.8 1.8 <0.8 7.4
Treatments

T™MR 91.8 94.0 6.0 17.8 14.8 29.6 2.9 n.a. n.a.
AN2.51 91.8 93.4 6.6 17.6 14.9 29.5 2.8 - =
ANS5! 91.8 92.8 7.2 17.4 15.0 29.3 2.8 - -
Fv2.57 91.7 93.6 6.4 17.6 15.0 29.4 2.8 - -
FV5! 91.7 93.1 6.9 17.4 15.3 29.1 2.8 - -

AN, Ascophyllum nodosum; FV, Fucus vesiculosus (both with 2.5 or 5% inclusion level); TMR, total mixed ration; DM, dry matter; OM, organic matter; CA, crude ash;
CR, crude protein; ADFom, acid detergent fiber on ash free basis; aNDFom, neutral detergent fiber on ash free basis; EE, ether extract; CHBrs, bromoform; TPC, total
phenolic content; n.a., not analyzed.

TValues are calculated with respective proportions of TMR and seaweed based on the analyzed values of the ingredients.
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PO1
CO 95% ClI (UL-LL) FO 95% ClI (UL-LL) P-val
002 (0014-0041) 151 (0.875-2502) <0.0001
000 (0002-0.004) 0.86 (0.584-1277) <0.0001
025 (0.161-0.392) 1.48 (0.945-2.308) <0.0001
0.78 (0.321-1.893) 39.31 (16.199-96.412) <0.0001
1838 (7.415-45541) 0.35 (0.142-0874) <0.0001
0.87 (0.443-1.701) 0.86 (0.440-1.686) 0.9852
0.00 (0.003-0.006) 1.17 (0.758-1.808) <0.0001
0238 (0.162-0319) 1.66 (1.185-2.331) <0.0001
0.01 (0.005-0.036) 0.40 (0.1562-1.063) <0.0001
0.09 (0.056-0.142) 294 (1.836-4.697) <0.0001
0.01 (0.006-0.012) 0.41 (0.277-0.595) <0.0001
596 (3.206-11.04) 1.96 (1.054-3.630) 0.0150
0.19  (0.114-0.302) 0.73 (0.451-1.196)  0.0004
6.69 (3.899-11.127) 0.67 (0.398-1.136) <0.0001
0.30 (0.220-0.408) 0.94 (0.690-1.281) <0.0001
000 (0008-0.008) 271 (1.555-4.712) <0.0001
0.07 (0.043-0.107) 1.89 (1.204-2.970) <0.0001
127 (0813-1981) 097 (0.624-1520) 03932
055 (0.308-0985) 210 (1.176-3.767) 0.0027
0.00 (0.002-0.006) 0.74 (0.410-1.321) <0.0001
378 (0.824-17.337) 009 (0.020-0421) 0.0017
0.00 (0.001-0.008) 1.82 (0.785-4.195) <0.0001
221 (1.634-2.981) 095 (0.705-1.286) 0.0006
001 (0.007-0.020) 0.89 (0.587-1470) <0.0001
0.28 (0.160-0.490) 0.80 (0.459-1.411) 0.0114
PO2
CO 95% ClI (UL-LL) FO 95% CI (UL-LL) HQ 95% ClI (UL-LL) LQ 95% CI (UL-LL) P-T1 P-T2
250 (1.858-3613) 828 (2351-4572) 172  (1282-2395) 49 (3546-6806) 0.309 0.000
088 (0526-1.488) 090 (0588-1522) 063  (0.376-1064) 13 (0.752-2.129) 0950 0.063
107 (0.716-1.597) 1.33 (0.892-1.989) 0.87 (0.582-1.298) 1.6 (1.098-2.447) 0.429 0.030
3527 (30.002-41.453) 85.13 (20.884-41.201) 87.82 (32.174-44.455) 32.8 (27.867-38.504) 0972 0205
0.06 (0.034-0.093) 0.06 (0.039-0.106) 0.11 (0.069-0.189) 0.0 (0.019-0.053) 0.706 0.001
285 (1.997-4.065) 2.16 (1512-3078) 292  (2.045-4.162) 21 (1.477-8007) 0262 0.192
182 (1312-2511) 260 (1.883-8.602) 146  (1058-2014) 82 (2347-4491) 0.116 0002
427 (3.432-5.324) 4.62 (3.707-5.751) 3.62 (2904-4.505) 55 (4.381-6.796) 0.610 0.012
057 (0377-0851) 053 (0351-0.792) 022  (0.144-0324) 14 (0.921-2.080) 0.798 <0.0001
6.65 (6.607-7.656) 7.67 (6.562-8.961) 5.74 (4913-6.709) 88 (7.489-10.225) 0.152 0.001
092 (0.624-1.357) 093 (0.634-1.377) 1.41 (0.965-2.077) 0.6 (0.414-0.900) 0.955 0.005
1.86 (1.449-2.382) 217 (1.696-2.789) 2.26 (1.763-2.897) 1.8 (1.395-2.293) 0.361 0.180
113 (0.835-1.530) 1.05 (0.778-1.425) 1.61 (1.187-2.173) 0.7 (0.548-1.003) 0.734 0.001
0.34 (0.225-0.502) 0.27  (0.180-0.403) 0.72 (0.479-1.069) 0.1  (0.085-0.189) 0.431 <0.0001
107 (0.897-1.284) 1.16 (0.973-1.393) 1.00 (0.839-1.201) 1.2 (1.040-1.490) 0.511 0.093
0.59 (0.336-1.022) 0.62 (0.356-1.083) 1.34 (0.767-2.333) 0.3 (0.156-0.474) 0.881 0.000
193 (1559-2382) 200 (1.691-2585) 241  (1949-2979) 1.7 (1352-2067) 0577 0019
136 (1.048-1.727) 1.15 (0.896-1.476) 1.21 (0.939-1.647) 1.3 (1.000-1.647) 0.364 0.715
1.14  (0.943-1.371) 099 (0.822-1.194) 0.90 (0.750-1.090) 1.2 (1.033-1.502) 0.290 0.020
078 (0635-0962) 0.68 (0548-0831) 059  (0.478-0723) 09 (0.730-1.105) 0.309 0.007
0.01 (0.005-0.018) 0.01 (0.007-0.024) 0.02 (0.012-0.040) 0.0 (0.003-0.011) 0.565 0.006
009 (0.039-0196) 004 (0.017-0.082) 042  (0.189-0.943) 00 (0.003-0.017) 0.127 <0.0001

P-int

0.692
0.981
0.651
0.620
0.990
0.224
0.305
0.254
0.512
0.090
0.636
0.341
0.454
0.561
0.036
0.672
0.946
0.925
0.448
0.136
0.377
0.079
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Succiniciasticum
Selenomonas 1
Mollicutes RF9

Bacteroidales BS11 gut group
Bacteroidales RF16 group
Bacteroidales S24-7 group
Prevotella 1

Prevotella 7

Prevotellaceae UCG-001
Prevotellaceae UCG-003
Rikenellaceae RCY gut group
Fibrobacter

Christensenellaceae R-7 group
Butyrivibrio 2

Lachnospiraceae NK3A20 group
Pseudobutyrivibrio

Roseburia

[Eubacterium] coprostanoligenes group

Ruminiclostridium 9

Ruminococcaceae NK4A214 group

Ruminococcaceae UCG-014
Ruminococcus 1
Saccharofermentans
Erysipelotrichaceae UCG-002
Kandleria

Succiniclasticum
Selenomonas 1

Molicutes RF9

1.2
0.00
0.01

co

3.66
0.89
370
33.59
0.06
2.60
264
371
1.01
7.26
061
0.69
1.02
0.34
128
0.12
2.87
0.67
1.97
1.02
0.00
0.12
266
0.85
1.46

(0.959-1.682)
(0.003-0.006)
(0.012-0.019)

1.04
0.01
0.01

95% CI (UL-LL) FO
(3.085-4.331)  3.77
(0.644-1218)  0.73
(3.034-4.510)  3.40

(20.770-37.902) 82.74
(0.040-0.093  0.08
(2.148-3.141)  2.56
(2.146-3252) 242
(3.260-4.225)  3.69
(0.732-1.398)  1.10
(6.358-8.301)  9.17
(0.466-0.796)  0.62
(0.572-0.836)  0.86
(0826-1271) 092
(0.283-0.418  0.27
(1.009-1.494)  1.23
(0.066-0.204)  0.13
(2.502-3208)  2.98
(0581-0843 0,61
(15192552  1.75
(0.887-1.167)  1.00
(0.002-0.007)  0.00
(0.044-0.345)  0.10
(2.152-3207)  2.18
(0.545-1.335)  0.71
(1.182-1.799  1.33

11.199-2.034)
(0.004-0.008)
(0.010-0.015)

95% Cl (UL-LL)

(3.180-4.465)
(0.532-1.006)
(2.789-4.146)

(20.019-36.945)
(0.052-0.120)
(2.116-3.003)
(1.965-2.978)
(3.240-4.195)
(0.795-1.518)

(8.025-10.479)
(0.471-0.804)
(0.710-1.087)
(0.738-1.136)
(0.222-0.327)
(1.013-1.501)
(0.071-0.220)
(2.594-3.418)
(0.481-0.763)
(1.352-2.271)
(0.871-1.147)
(0.001-0.003)
(0.085-0.277)
(1.761-2.698)
(0.451-1.106)
(1.077-1.633)

1.09
0.01
0.01

(0.824-1.445)
(0.007-0.012)
(0.010-0.016)

P03

HQ  95% CI (UL-LL)
371 (3.180-4.395)
082 (0594-1.129)
358 (2.937-4.366)
32,68 (28.966-36.879)
008 (0.050-0.116)
245  (2028-2.965
263 (2.182-3232)
364 (3.197-4.140)
104 (0.749-1.431)
874 (7.647-0.985)
067 (0.509-0.869)
073 (0.608-0.888)
106 (0.852-1311)
029 (0.237-0.349)
115 (0.943-1.397)
013 (0.075-0.234)
307  (2671-3520)
062 (0.492-0.781)
164 (1.268-2.121)
097 (0846-1.113)
001 (0.002-0.005)
011 (0.040-0311)
220 (1.776-2.721)
071 (0.456-1.118)
136 (1.106-1.677)

1.8
0.0
0.0

LQ  95% CI (UL-LL)

371 (3.183-4.400)
079 (0577-1.001)
351 (2881-4.282)
33.65 (29.824-87.971)
006 (0.042-0.097)
271 (2241-3276)
243 (1978-2.997)
376 (3.306-4.281)
107 (0.776-1.483)
762 (6.672-8.712)
056  (0.431-0.736)
081 (0.668-0.976)
089 (0.715-1.101)
032 (0.266-0.392)
132 (1.084-1.605)
011 (0.062-0.192)
279 (2.430-3.203)
065 (0519-0.824)
211 (1626-2.731)
105 (0.914-1.202)
0.00  (0.001-0.005)
011 (0.088-0.307)
264 (2.133-3.269)
084  (0539-1.321)
142 (1.152-1.746)

(1.350-2.367)
(0.002-0.004)
(0.011-0.018)

0531
0.269
0.213

P-T1

0.795
0.385
0.538
0.758
0.383
0.907
0.539
0.937
0.712
0.018
0.645
0.109
0.450
0.078
0972
0.840
0.705
0.530
0515
0.851
0.061
0.757
0.181
0.543
0517

0.017
<0.0001
0.607

P-T2

0.993
0.894
0.888
0.725
0.526
0.447
0.599
0.706
0.873
0.147
0.370
0.472
0.247
0.385
0.310
0.608
0.325
0.738
0.166
0.419
0.794
0.986
0.219
0.590
0.776

0165
0.228
0.782

P-int

0.198
0.026
0.173
0.839
0.823
0.154
0.508
0.754
0.686
0.404
0.645
0.607
0.034
0.059
0.386
0.133
0.810
0.901
0.053
0.117
0.336
0.122
0.053
0.133
0.870

Ditary treatments corresponded to phase 1 (P01) concentrate (CO) vs. pasture (FO) diets and phase 2 (P02) high-quality (HQ) vs. low-quality (LQ) pastures, with
measurements in POT (9 weeks), PO2 (19 weeks), and phase 3 (P03; 41 weeks) when all calves were offered a common pasture diet.

bMeasured effect corresponded to the 35 bacterial genera with a relative abundance > 0.50% across rumen samples.

“Dietary treatments in each phase were evaluated as follows: a one-way ANOVA in P01 to analyze FO vs. CO diets and a 2 x 2 factorial ANOVA in P02 and P03 to
evaluate FO vs. CO and HQ vs. LQ dietary treatment effects and their interactions.
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Species PO1

CO 95% CI(UL-LL) FO 95% CI(UL-LL) P-val

Methanomassilicoccales Group 10 sp. 0.15  (0.053-0.451)  0.61 (0.210-1.789)  0.073
Methanobrevibacter.boviskoreani.clade 64.03 (47.111-87.013) 0.05  (0.036-0.067) <0.001
Methanobrevibacter.gottschalkii.clade — 2.53  (1.332-4.812) 57.40 (30.195-109.124) <0.001
Methanobrevibacter.ruminantium.clade 0.81  (0.272-2.416) 24.36 (8.177-72.556) <0.001

Methanosphaera sp. A4 8.58 (4.322-17.029) 0.05 (0.027-0.106) <0.001
Methanosphaera sp. Group 5 435 (2.719-6.954) 1.73 (1.084-2.772)  0.009
Methanosphaera sp. ISO3_F5 0.07 (0.032-0.144) 4.35 (2.062-9.194) <0.001
P02
Species CO 95%CI(UL-LL) FO 95% CI(UL-LL) HQ 95% CI(UL-LL) LQ 95% CI (UL-LL) P-T1 P-T2 P-int

Methanomassilicoccales Group 10 sp.  1.69  (0.889-3.201) 1.48  (0.777-2.799) 056  (0.297-1.070) 4.41 (2.325-8.372) 0.761 <0.001 0.966
Methanobrevibacter boviskoreani.clade 0.06 (0.023-0.149) 0.03  (0.012-0.075) 0.04  (0.014-0.088) 0.05 (0.020-0.128) 0.294 0.564 0.586
Methanobrevibacter gottschalkii.clade 58.91 (51.408-67.507) 65.36 (57.035-74.896) 58.16 (50.750-66.643) 66.21 (57.775-75.867) 0.274 0.176 0.787
Methanobrevibacter.ruminantium.clade 10.25 (5.966-17.622) 10.356 (6.020-17.782) 10.61 (6.172-18.229) 10.00 (5.820-17.191) 0.981 0.875 0.847

Methanosphaera sp. A4 0.08 (0.034-0.184) 0.06  (0.024-0.133) 0.13  (0.055-0.299) 0.04 (0.015-0.082) 0.577 0.036 0.327
Methanosphagera sp. Group 5 9.03 (5.219-15.626) 5.76  (3.327-9.960) 14.94 (8.636-25.853) 3.48 (2.011-6.020) 0.240 <0.001 0.373
Methanosphagera sp. ISO3_F5 3.34 (1.885-5.9226) 3.36  (1.894-5.948) 6.13  (3.460-10.870) 1.83 (1.032-3.241) 0.991 0.005 0.323
Species P03

CO 95% CI(UL-LL) FO 95%CI(UL-LL) HQ 95% CI(UL-LL) LQ 95% CI(UL-LL) P-T1 P-T2 P-int

Methanomassilicoccales Group 10 sp.  4.65  (3.189-6.787) 4.60 (3.154-6.712) 355  (2.433-6.179) 6.03 (4.133-8.797) 0.966 0.052 0.882
Methanobrevibacter.boviskoreani.clade 0.04  (0.025-0.066) 0.03  (0.021-0.056) 0.05  (0.030-0.080) 0.03 (0.018-0.046) 0.628 0.113 0.016
Methanobrevibacter.gottschalkii.clade  64.56 (60.961-68.375) 64.22 (60.635-68.008) 62.89 (59.380-66.602) 65.93 (62.249-69.819) 0.892 0.239 0.937
Methanobrevibacter.ruminantium.clade 11.94 (9.892-14.405) 11.99 (9.933-14.464) 15.35 (12.719-18.521) 9.32 (7.725-11.2560) 0.975 <0.001 0.833

Methanosphaera sp. A4 0.04 (0.009-0.133) 0.04  (0.009-0.130) 0.04  (0.010-0.143) 0.03 (0.009-0.121) 0.982 0.860 0.674
Methanosphaera sp. Group 5 3.01 (2.116-4.283) 244  (1.717-3.476) 240  (1.689-3.420) 3.06 (2.151-4.354) 0.393 0.324 0.200
Methanosphaera sp. ISO3_F5 6.92 (56.061-9.453) 10.27 (7.517-14.042) 8.93 (6.531-12.200) 7.96 (5.825-10.881) 0.077 0.595 0.668

aDijetary treatments corresponded to phase 1 (PO1) concentrate (CO) vs. pasture (FO) diets and phase 2 (P02) high-quality (HQ) vs. low-quality (LQ) pastures, with
measurements in PO1 (9 weeks), PO2 (19 weeks), and phase 3 (P03; 41 weeks) when all calves were offered a common pasture diet.

P Measured effect corresponded to the seven archaeal species with a relative abundance > 1.00% across rumen samples.

CDietary treatments in each phase were evaluated as follows: a one-way ANOVA in PO1 to analyze FO vs. CO diets and a 2 x 2 factorial ANOVA in PO2 and P03 to
evaluate FO vs. CO and HQ vs. LQ dietary treatment effects and their interactions.
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Feed PO1 P02 P03

WMP Pasture? Concentrate HQ La Pastured
Pasture®  Pasture®

Dry 952 187 93.8 215 37.7 14.9
matter

(%)°

Crude 24.1 14.8 19.8 19.8 7.3 19.2
protein’

ME 10.5 13.8 10.9 7.6 11.2
(MJ/kg

DM)9

NDFP = 495 16.2 47.9 64.2 53
ADF! = 25.4 5.9 252 35.7 27
Lignin/ - 1.8 = 3.8 42 29
Lipids® 28.4 1.1 2.3 2:3 1.1 2.8
Ash! 5.5 6.4 6.2 8.8 55 10.3
Soluble  41.5"  19.3 8 9.3 9 11.4
sugars™

Starch® - - 36.8 - - -

aPasture was composed of ryegrass/white clover mixed sward. Chemical composi-
tion of pastures was scanned using near-infrared reflectance spectroscopy (NIRS;
Corson et al., 1999).

PCalves were grazed in irrigated pastures. Chemical composition of pastures was
scanned using near-infrared reflectance spectroscopy (NIRS; Corson et al., 1999).
®Calves were grazed in unirrigated pastures. Chemical composition of pastures
was scanned using near-infrared reflectance spectroscopy (NIRS; Corson et al.,
1999).

dPasture was composed of ryegrass/white clover mixed sward. Chemical
composition of pastures was scanned using near-infrared reflectance spectroscopy
(NIRS; Corson et al., 1999).

eMethod 945.15; AOAC, 2010.

fMethod 992.15; AOAC, 2010.

IMetabolizable energy content of pellets was calculated using the equation
ME = DOMD% x 0.16 (Alderman and Cottrill, 1996).

"Neutral detergent fiber; Method 7.074; AOAC, 1990.

iAcid detergent fiber; method 7.074; AOAC, 1990.

iLignin; method 7.074; AOAC, 1990.

KMethod 954.02; AOAC, 1990.

Method 942.05; AOAC, 2012.

MPaul, A.A and Southgate, D.A. The Composition of Foods. 4th Edition, 1978.
"Lactose.

SMethod 996.11; AOAC, 2010.
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PO1 P02 P03

FO CO SEM P-T1 FO CO SEM HQ LQ SEM P-T1 P-T2 P-int FO CO SEM HQ LQ SEM P-T1 P-T2 P-int
DMI 089 2.1 0.039 <0.01 350 331 0.202 3.98 2.83 0.202 052 <0.01 0.81 3.91 0.168 420 3.81 0.168 0.4 0.12 0.87
(kg/day)
LW (kg) 82.0 75.6 1.751 0.02 123.1 111.3 2.859 121.7 112.8 2.931 <0.01 0.03 0.78 192.7 182.5 3.974 206.9 168.3 4.073 0.08 < 0.01 0.59
PCHy4 14.59 18.20 1.265 0.06 67.84 62.90 2.321 74.78 56.97 2.321 0.15 <0.01 0.41 121.6 117.8 4.428 124.6 114.7 4428 055 0.13 0.46
(g/dayy
yCH, (g/kg 16.21 8.66 0.690 < 0.01 20.60 19.42 1.412 18.87 21.16 1.412 056 027 0.91 29.81 30.41 0.901 29.91 30.32 0.901 0.65 0.75 0.68
of DMI?
pHy 0.123 0.211 0.063 0.33 0.101 0.062 0.020 0.114 0.049 0.020 0.18 0.03 0.76 0.033 0.036 0.022 0.034 0.035 0.022 0.93 0.97 0.67
(g/dayy
yHs (g/kgy  0.143 0.101 0.035 0.41 0.027 0.019 0.005 0.029 0.017 0.005 0.26 0.11 0.15 0.008 0.009 0.005 0.007 0.009 0.005 0.91 0.82 0.44
SCFA 70.1 101.6 6.150 <0.01 63.5 64.7 3.831 73.8 54.4 3.831 082 <0.01 028 745 71.0 5894 762 69.4 5894 0.68 043 0.18
(mM)
Acetate (%) 62.48 45.05 1.080 < 0.01 70.31 70.6 0.386 68.55 72.36 0.386 0.6 < 0.01 0.8 67.96 67.89 0.548 68.02 67.84 0.548 0.93 0.82 0.26
Propionate 21.83 39.14 1.061 < 0.01 17.51 17.19 0.295 17.98 16.72 0.295 0.45 <0.01 0.75 16.53 16.63 0.427 16.41 16.75 0.427 0.87 0.58 0.92
(%)
Butyrate ~ 12.04 10.99 0.801 0.37 9.19 8.95 0.255 9.41 873 0255 052 0.7 11.64 0.276 11.77 11.58 0.276 0.87 0.65 0.14
(%)
Valerate (%) 1.35 3.53 0.179 <0.01 0.94 1.00 0.039 1.20 0.74 0.039 0.32 <0.01 1.02 0.038 0.99 1.02 0.038 0.49 067 0.43
Caproate  0.45 0.68 0.097 0.11 029 0.34 0.027 0.28 0.35 0.027 0.17 0.07 0.13 0.008 0.13 0.11 0.008 0.43 0.7 0.72
(%)
Isobutyrate  0.92 0.28 0.042 <0.01 0.89 0.92 0.023 1.22 058 0.023 045 < 0.01 1.27 0.054 1.28 1.29 0.054 0.74 0.84 0.25
(%)
Isovalerate  0.94 0.33 0.082 <0.01 0.87 1.00 0.039 1.35 0.53 0.039 0.03 < 0.01 1.42 0.065 1.41 1.41 0.065 0.88 0.96 0.28

(%)

Results are the means and standard error of the means (SEM), P-value for treatment effect for FO vs.

(P-int).

. CO (P01), treatment effect for HQ vs. LQ (P02) and their interactions

aDietary treatments corresponded to phase 1 (PO1) concentrate (CO) vs. pasture (FO) diets and phase 2 (P02) high-quality (HQ) vs. low-quality (LQ) pastures, with
measurements in PO1 (9 weeks), PO2 (19 weeks), and phase 3 (P03; 41 weeks) when all calves were offered a common pasture diet.
PDMI (kg/day) was measured in two consecutive days during gas emission measurements.

CLW (kg) was analyzed adjusting LW to initial LW.

dMethane (CH.) and hydrogen (Ha) production in two consecutive days (g/day) and yield per kilogram of DMI (y; g/kg DMI) measured.
®Total concentrations (mM) and individual proportions (%) of short-chain fatty acids (SCFA).
fDietary treatments in each phase were evaluated as follows: a one-way ANOVA in PO1 (9 weeks) to analyze FO vs. CO diets and a 2 x 2 factorial ANOVA in PO2 and
PO3 to evaluate FO vs. CO and HQ vs. LQ dietary treatment effects and their interactions.

9Methane production per animal (g of CHa/day).

"Methane yield (g of CHa/kg of DMI).
nydrogen production per animal (g of Ho/day).
IHydrogen yield (g of Ho/kg of DMI).

kShort-chain fatty acids.
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PO1

CO 95%CI(UL-LL) FO 95%CI(UL-LL)  P-val
Actinobacteria  1.01  (0.635-1.623) 067  (0.420-1.073) 0.226
Bacteroidetes 4045  (33.032-49.542) 52.93 (43.219-64.821)  0.074
Cyanobacteria 013  (0.068-0.244) 031  (0.164-0.591) 0.064
Fibrobacteres ~ 0.01  (0.005-0.034) 040  (0.158-1.017) < 0.0001
Firmicutes 4873 (39.936-50.466) 4045 (33.149-49.361)  0.199
Proteobacteria 049  (0.307-0.781) 043  (0.267-0.679) 0.676
Tenericutes 029  (0176-0.486) 0.89  (0.536-1.485) 0.005
F:BY 120  (0.786-1.846)  0.76  (0.499-1.171) 0.131

P02

CO 95%CI(UL-LL) FO  95% CI (UL-LL) HQ 95% Cl (UL-LL) LQ 95%CI(UL-LL) P-T1  P-T2  P-int
Actinobacteria 0.73 ~ (0.5647-0.986)  1.03  (0.771-1.389) 1.04 (0.774-1.395)  0.73  (0.545-0.982) 0.102  0.094  0.820
Bacteroidetes ~ 55.23  (51.252-59.508) 5546 (51.467-59.759)  53.59  (49.782-57.744) 57.15 (53.040-61.585) 0.935 0218  0.627
Cyanobacteria 076 (0.552-1.039) 057  (0.412-0.776) 0.34 (0.245-0.462) 127  (0.927-1.746)  0.188 <0.0001 0.576
Fibrobacteres 057  (0.377-0.851)  0.53  (0.351-0.792) 0.22 (0.144-0.324)  1.38  (0.921-2.080) 0.798 <0.0001 0.512
Firmicutes 35.67 (32.431-39.233) 35.80 (32.551-39.378)  89.02  (35.480-42.921) 82.73 (20.754-35.994) 0.955 0013  0.437
Proteobacteria  1.09  (0.797-1.499) 124  (0.901-1.695) 1.02 (0.741-1.394)  1.33  (0.969-1.822) 0.572 0226  0.072
Tenericutes 179 (1.454-2.209) 149  (1.211-1.840) 1.56 (1.265-1.922)  1.72  (1.392-2.115) 0.212 0508  0.728
F:B9 065  (0547-0.763)  0.65  (0.546-0.763) 0.73 (0.616-0.861)  0.57  (0.485-0.677) 1.000  0.047  0.509

P03

CO 95%CI(UL-LL) FO  95% CI (UL-LL) HQ 95% Cl (UL-LL) LQ 95%CI(UL-LL) P-T1  P-T2  P-int
Actinobacteria 0.6 (0.460-0.776) 062  (0.475-0.801) 0.71 (0.550-0.926)  0.52  (0.398-0.670) 0.858  0.082  0.338
Bacteroidetes ~ 54.27 (51.198-57.522) 531  (60.092-56.279)  53.19  (60.178-56.376) 54.17 (51.110-57.423) 0.586  0.646  0.289
Cyanobacteria 036  (0.266-0.495) 032  (0.235-0.438) 0.35 (0.260-0.484)  0.33  (0.241-0.449)  0.571  0.727  0.571
Fibrobacteres ~ 1.01  (0.732-1.398) 1.1 (0.795-1.518) 1.04 (0.749-1.431)  1.07  (0.776-1.483) 0712  0.873  0.686
Firmicutes 36.88 (34.191-39.787) 38.57 (35.756-41.608) 37.8 (35.042-40.778) 37.63 (34.887-40.597) 0.394 0932 0243
Proteobacteria 119 (0.978-1.458) 112  (0.916-1.365) 1.31 (1.076-1.605)  1.02  (0.832-1.241)  0.631  0.072 0914
Tenericutes 227  (1.975-2.613) 202  (1.756-2.324) 2.19 (1.902-2.516) 2.1 (1.824-2.413) 023 0663 0882
F:BY 068  (0595-0.776)  0.73  (0.636-0.830) 0.72 (0.622-0.812)  0.69  (0.608-0.794) 0.469  0.803  0.259

aDijetary treatments corresponded to phase 1 (P01) concentrate (CO) vs. pasture (FO) diets and phase 2 (P02) high-quality (HQ) vs. low-quality (LQ) pastures, with

measurements in PO1 (9 weeks), PO2 (19 weeks), and phase 3 (P03; 41 weeks) when all calves were offered a common pasture diet.
PMeasured effect corresponded to the seven most abundant ruminal bacterial phyla.

CDietary treatments in each phase were evaluated as follows: a one-way ANOVA in PO1 to analyze FO vs. CO diets and a 2 x 2 factorial ANOVA in PO2 and P03 to

evaluate FO vs. CO and HQ vs. LQ dietary treatment effects and their interactions.
dFirmicutes: Bacteroidetes ratio.
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Day Treatment Pooled SD
CON LT ST
LAM
Methanobacteriaceae 10 2.18 2.42 2.36 0.562
17 1.51 3.25 1.63 1.32
24 1.432 8.80% 14.29° 4,02
31 1.87 3.39 1.05 1407
38 7.99 7.00 2.74 3.00
Methanomicrobiaceae 10 60.42 61.04 63.74 5.60
17 66.682 8.24P 4.94P 3.22
24 61.36%  34.54% 16.36° 9.88
31 54.57 48.16 55.82 15.44
38 16.86 14.60 27.87 9.80
Methanosarcinaceae 10 0.01 0.01 0.01 0.01
17 0.012 0.07° 0.10% 0.07
24 0.16 0.03 3.97E-03 0.10
31 0.35 2.20E-03 2.46E-03 0.19
38 1.39 1.66E-03 0.06 0.59
Thermoplasmatales 10 37.39 36.53 33.89 5.24
incertae sedis
17 31.80° 88.44P 93.33° 3.99
24 37.062 56.6320 69.35° 11.79
31 43.21 48.44 43.13 15.08
38 73.76 78.40 69.33 9.63
SAM
Methanobacteriaceae 10 0.74 0.52 0.63 0.28
17 0.70% 2.24P 3.22 1.78
24 1.64 7.55 10.30 4.06
31 1.28 6.24 145 2.73
38 6.07 9.21 2.03 4.65
Methanomicrobiaceae 10 90.99 91.34 90.26 2.61
17 90.022 8.42b 10.86P 4.43
24 90.24*  62.86%°  54.98° 11.93
31 77.91 73.19 72.83 9.59
38 37.78 38.83 41.96 15.51
Methanosarcinaceae 10 2.13E-03 2.79E-04 1.52E-03 8.45E-04
17 2.35E-03 0.06 0.05 0.09
24 0.01 0 2.10E-03 0.01
31 0.06 0 3.42E-03 0.04
38 0.25 4.69E-03 0.01 0.09
Thermoplasmatales 10 8.27 8.14 9.1 1.92
incertae sedis
17 9.282 89.28° 85.87° 6.13
24 8.112 29.592b 34.720 9.59
31 20.76 20.57 25.42 77
38 55.90 51.96 56.00 12.49

ST, short-term group; LT, long-term group; CON, control group. Data are mean
relative abundances (%) and pooled SD. Families that differed significantly by
multiple t-test (P < 0.05, Benjamini-Hochberg correction, FDR = 1%). Different
superscript indicate significant differences within a row.
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Taxa- Phylum

Firmicutes

Bacteroidetes

Proteobacteria

Spirochaetae

Tenericutes

Fibrobacteres

Actinobacteria

Cyanobacteria*

Treatment

Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt

2

44.03
36.61
36.17
37.00
2.53
8.09
0.15
0.35
0.12
0.06
0.01
0.03
0.78
0.33
0.01
0.01

4

37.35
29.24
41.46
46.13
4.71
9.57
0.51
0.77
0.24
0.23
0.04
0.09
0.62
0.76
0.01
0.01

6

41.97
45.48
38.54
37.59
1.10
3.36
2.90
1.80
0.34
0.34
0.22
0.04
0.42
0.24
0.06
0.02

Time (week)

8

36.52
47.67
39.92
36.73
5.11
227
4.21
2.14
0.37
0.60
0.27
0.17
0.49
0.60
0.11
0.04

10

46.37
42.04
36.51
43.25
4.59
2.59
1.70
2.63
0.62
0.81
0.76
0.86
0.49
0.90
0.28
0.05

14

48.82
44.23
38.57
42.96
2.85
2.31
0.68
1.28
1.44
1.84
0.65
0.21
0.59
0.44
0.75
0.07

24

53.30
50.59
40.22
41.73
0.68
0.56
0.77
0.91
1.42
1.49
0.39
0.58
0.48
0.55
0.36
0.27

49

30.99
30.10
58.75
59.61
2.30
2.09
0.89
0.93
1.34
1.38
1.03
1.63
0.50
0.36
0.91
0.95

SED

5.066

5.133

0.417

0.172

0.096

0.053

0.065

0.030

P-Tx

0.301

0.264

0.482

0.685

0.625

0.751

0.574

0.001

P-value

P-Tm

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.1256

<0.001

P-Int

0.100

0.540

0.052

0.264

0.771

0.048

0.126

0.0038

Calves were arranged in a control (Ctrl) and treatment (Trt) group. Results? are natural log back transformed means and standard error of the differences (SED), P-value
for treatment (P-Tx), time (P-Tm) and interaction (P-Int). Significance of pairwise comparisons (Benjamini-Hochberg test) between treatments are shown in bold at

each sampling time.

TChloroform (CF) and 9, 10-anthraquinone (AQ) were applied to the concentrate and partial mixed ration diet (PMR) until week 12.

2Abundant bacterial phyla were defined as organisms with an average proportion >0.05%.

SSampling times were from 2 to 49 weeks. Calves during the rearing time were fed as follows: milk twice a day and ad libitum control and treatment concentrates at
weeks 2 and 4; milk once a day and ad libitum control and treatment concentrates and PMR diet at weeks 6, 8 and 10; concentrates step-down weaned and PMR diets
fed ad libitum until week 14; and grazing a mixed sward of ryegrass/clover as one mob at weeks 24 and 49.
4A repeated measurement analysis was carried out to determine the effect of methane inhibitors on the bacteria community structure at the phylum level and their

carry-over effects.

*Environmental bacterial phylum.
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Taxa- Genus

Prevotella 1

Christensenellaceae R-7 group

Rikenellaceae RC9 gut group

Ruminococcus 2

Sharpea

Bacteroidales BS11 gut group

Bacteroidales S24-7 group

Ruminobacter

Ruminiclostridium 9

Lachnospiraceae UCG 005

Treponema 2

Roseburia

p-2534-18B5 gut group

Lachnospiraceae NK3A20 group

Succinivibrio

Succiniclasticum

Ruminococcus 1

Ruminococcaceae UCG 014

Succinivibrionaceae UCG 002

Ruminococcaceae NK4A214 group

Ruminiclostridium 5

Prevotellaceae UCG 001

Prevotellaceae UCG 003

Selenomonas 1

Fibrobacter

Pseudobutyrivibrio

Mollicutes RF9

Prevotella 7

Kandleria

Succinimonas

Ruminococcaceae UCG 005

Eubacterium coprostanoligenes group

Erysipelotrichaceae UCG 002

Atopobium

Lachnospiraceae uncultured

Prevotellaceae NK3B31 group

Sphaerochaeta

Lachnospiraceae NK4A136 group

Ruminococcaceae UCG 002

Bacteroidales RF16 group

Eubacterium ventriosum group

Treatment

Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt
Ctrl
Trt

2

18.36

21.82
0.34
0.33
0.13
0.55
2.62
0.52
3.55
5.46
0.13
0.09
0.09
0.11
0.02
0.03
0.03
0.04
0.39
0.24
0.02
0.06
2.05
4.08
0.01
0.01
0.01
0.02
0.68
1.96
0.21
0.70
0.45
0.18
0.35
0.14
0.06
0.02
0.36
0.09
0.31
0.08
0.06
0.23
0.07
0.07
0.27
0.50
0.01
0.03
0.13
0.19
0.04
0.05
0.68
0.54
0.00
0.00
0.02
0.09
0.15
0.06
0.03
0.03
0.00
0.00
0.41
0.13
0.15
0.18
0.01
0.17
0.10
0.19
0.05
0.10
0.04
0.25
0.01
0.01
0.02
0.02

4

19.61
27.44
1.00
0.57
0.99
1.93
1.19
0.41
1.41
2.18
1.59
1.08
0.62
0.29
0.04
0.13
0.05
0.06
0.37
0.09
0.09
0.21
0.82
2.35
0.01
0.04
0.02
0.18
0.77
0.55
1.09
2.47
0.60
0.37
0.43
0.29
0.03
0.64
0.27
0.31
0.93
0.04
0.48
0.51
0.05
0.16
0.23
0.35
0.04
0.09
0.16
0.14
0.17
0.25
0.10
0.21
0.00
0.00
0.02
0.02
0.19
0.09
0.12
0.10
0.01
0.00
0.19
0.30
0.14
0.15
0.05
0.43
0.23
0.29
0.18
0.14
0.19
0.37
0.01
0.02
0.04
0.01

6

20.21
13.03
4.44
3.85
2.04
5.32
1.91
4.25
0.61
0.93
2.95
1.23
2.80
2.05
0.02
0.85
017
0.20
0.02
0.21
0.88
1.42
0.23
1.25
0.02
5.13
0.08
1.09
0.03
0.03
0.76
2.24
1.18
0.70
0.85
0.80
0.03
0.11
0.82
0.58
1.35
0.08
0.65
0.24
0.39
0.34
0.16
0.12
0.22
0.04
0.15
0.15
0.26
0.28
0.01
0.03
0.01
0.00
0.02
0.02
0.57
0.16
0.52
0.28
0.03
0.01
0.28
0.09
0.57
0.23
0.04
0.19
0.34
0.21
0.14
0.40
0.36
0.68
0.03
0.13
0.06
0.01

Time (week)

8

19.24
1.7
4.63
8.38
3.14
6.12
2.85
1.99
0.53
0.92
2.25
2.16
4.44
1.90
1.18
0.62
0.20
0.45
0.02
0.07
2.00
1.59
0.06
0.15
0.19
1.41
0.36
1.76
0.05
0.01
1.51
1.82
1.44
1.01
1.07
1.80
0.10
0.06
0.86
0.63
0.77
0.11
0.45
0.28
0.49
0.46
0.10
0.23
0.27
0.17
0.19
0.29
0.32
0.55
0.01
0.01
0.02
0.01
0.02
0.03
0.70
0.54
0.70
0.38
0.01
0.01
0.35
0.40
0.20
0.33
0.02
0.05
0.66
0.30
0.20
0.29
0.27
0.66
0.25
0.18
0.05
0.02

10

18.14

23.91
5.38
6.37
2.75
5.02
4.22
3.24
1.79
214
1.69
1.49
2.08
2.52
2.43
0.66
0.35
1.08
0.01
0.01
0.96
1.76
0.07
0.14
0.23
0.53
1.28
1.61
0.08
0.06
0.81
1.99
1.74
1.36
1.58
0.97
0.06
0.09
0.91
0.57
0.39
0.18
0.51
0.39
1.49
0.49
0.16
0.39
0.76
0.86
0.16
0.27
0.60
0.76
0.01
0.01
0.07
0.02
0.02
0.04
0.43
0.52
0.71
0.37
0.05
0.01
0.39
0.67
0.15
0.22
0.08
0.04
0.29
0.44
0.29
0.33
0.25
0.52
0.47
0.10
0.04
0.02

14

18.93
19.84
4.56
8.41
413
9.31
3.87
2.03
0.07
0.26
3.05
1.31
1.06
2.43
0.42
0.32
2.42
1.59
0.01
0.01
0.43
0.81
0.24
0.1
0.07
0.74
1.70
3.28
0.02
0.01
0.65
1.07
1.85
1.42
1.77
0.95
0.09
0.04
0.76
0.63
0.99
0.22
0.95
0.33
1.14
0.60
0.29
0.35
0.65
0.21
0.75
0.53
1.22
1.79
0.01
0.01
0.02
0.03
0.01
0.02
0.62
0.35
1.08
0.53
0.01
0.09
0.51
0.29
0.17
0.30
0.09
0.02
0.18
0.21
0.51
0.67
0.33
0.76
0.85
0.11
0.05
0.04

24

28.10
29.09
3.79
4.46
2.04
2.24
0.43
0.44
0.01
0.00
1.62
1.76
1.96
2.11
0.02
0.02
5.86
4.54
0.01
0.01
0.65
0.76
1.48
0.85
0.10
0.1
1.22
1.23
0.00
0.00
0.98
1.10
3.17
2.44
1.23
111
0.05
0.02
2.75
2.52
0.28
0.32
0.89
1.05
0.87
1.26
3.41
2.87
0.39
0.58
1.93
2.07
1.12
1.13
0.44
0.23
1.93
1.83
1.00
1.00
0.53
0.57
0.96
1.04
0.05
0.02
0.30
0.31
0.21
0.21
0.20
0.19
0.09
0.06
0.60
0.46
0.49
0.38
0.57
0.66
0.04
0.04

49

39.13
39.91
5.43
5.26
4.64
4.53
0.27
0.25
0.01
0.01
2.49
3.02
1.81
2.39
0.03
0.03
0.32
0.28
0.03
0.02
0.72
0.77
0.46
0.41
0.02
0.02
1.14
1.18
0.02
0.02
1.56
1.47
1.65
1.71
0.97
0.93
0.07
0.07
2.38
2.48
0.24
0.24
1.67
212
2.60
2.48
0.91
0.87
1.08
1.63
1.42
1.41
0.88
0.84
0.03
0.03
0.03
0.03
0.01
0.01
0.58
0.45
0.91
0.91
0.00
0.00
0.32
0.21
0.25
0.26
0.27
0.23
0.04
0.03
0.38
0.36
0.37
0.34
1.28
1.33
0.06
0.05

SED

4.280

0.780

0.637

0.354

0.231

0.324

0.333

0.079

0.204

0.018

0.153

0.171

0.100

0.186

0.050

0.237

0.247

0.171

0.018

0.197

0.076

0.125

0.150

0.130

0.081

0.115

0.119

0.027

0.047

0.027

0.075

0.100

0.004

0.060

0.043

0.024

0.042

0.059

0.073

0.070

0.007

P-Tx

0.945

0.608

0.007

0.074

0.644

0.392

0.876

0.363

0.508

0.484

0.284

0.081

0.000

0.001

0.604

0.004

0.009

0.167

0.615

0.031

<0.0001

0.630

0.676

0.059

0.751

0.559

0.106

0.771

0.985

0.436

0.015

0.136

0.884

0.254

0.482

0.275

0.764

0.338

0.001

0.073

0.092

P-value

P-Tm

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.261

<0.0001

0.273

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.002

0.015

0.029

0.001

<0.0001

<0.0001

<0.0001

<0.0001

0.274

P-Int

0.007

0.544

0.515

0.288

0.855

0.846

0.281

0.016

0.662

0.017

0.867

0.001

<0.0001

0.010

0.526

0.151

0.666

0.827

0.011

0.044

0.001

0.034

0.105

0.294

0.048

0.869

0.985

0.755

0.759

0.824

0.291

0.417

0.116

0.036

0.172

0.002

0.572

0.584

0.033

0.000

0.714

Results* are natural log back transformed means and standard error of the differences (SED), P-value for treatment (P-Tx), time (P-Tm) and interaction (P-Int). Significance

of pairwise comparisons (Benjamini—-Hochberg test) between treatments are shown in bold at each sampling time.

TCalves were arranged in a control (Ctrl) and treatment (Trt) group. Chloroform (CF) and 9,710-anthraquinone (AQ) were applied to treated partial mixed ration diet

(PMR) until week 12.

2Abundant bacterial genera were defined as organisms with an average proportion >0.5%.
3Sampling times were from 2 to 49 weeks. Calves during the rearing time were fed as follows: milk twice a day and ad libitum control and treatment concentrates at
weeks 2 and 4; milk once a day and ad libitum control and treatment concentrates and PMR diet at weeks 6, 8 and 10, concentrates step-down weaned and PMR diets

fed ad libitum until week 14, and grazing a mixed sward of ryegrass/clover as one mob at weeks 24 and 49.

4A repeated measurement analysis was carried out to determine the effect of methane inhibitors on the bacteria community structure at the genus level and their

carry-over effects.
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Starter concentrate

Maize

Barley

Peas

Soya

Molasses

Sodium bicarbonate
Salt

Calf pre-mix
Bovatec
Rumasweet palatant

a/kg

108
432
173
205
54
20
5.0
1.0
0.6
0.2

PMR diet

Chopped hay
Barley
Soya
Molasses
Di-calcium-phosphate
Salt
Mineral/vitamin mix

a/kg

500
290
100
100
5.5
3.0
1.5
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Diet Milk Starter PMR Pasture Pasture
replacer' concentrate  diet Wk242  Wk49?
Dry matter? 97.0 88.7 82.8 17.6 20.2
Crude protein® 227 20.8 133 21.8 18.9
wscH 49.5* 56.1 5.1 11.6 8.7
NDF® 0.0 15.5 43.8 43.3 49.3
Ether extract® 20.6 1.7 1.1 35 2.1
Ash’ 6.2 5.9 5.6 9.5 9.2

aChemical composition of pastures was scanned using the scanned by near-

infrared reflectance spectroscopy (NIRS; Corson et al., 1999).

1 Manufacturers data.

2Method 945.15; AOAC, 2010.
3Method 992.15; AOAC, 2010.

“Water soluble carbohydrates (WSC); (Paul and Southgate, 1978).

5Neutral detergent fiber (NDF); method 7.074; AOAC, 1990.
8Method 954.02; AOAC, 1990.
"Method 942.05; AOAC, 2012.

*Lactose.
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Rearing period (weeks) P-val

Treatment 1 2 3 4 5 6 7 8 9 10 14 24 49 SED P-Tx P-Tm  P-Int

Concentrate (kg) Ctrl 0.11 024 037 054 067 068 075 074 081 082 - - - 0046 0.117 <0.001 0.090
Trt 009 021 034 046 053 057 061 066 075 0.83 - - -

PMR (kg) Ctrl . = - 017 021t 037 054 073 104 121 238 - - 0062 0.022 <0.001 0.150
Trt - - - 015 021 030 043 057 083 1.09 233 - .

Pasture (kg) Ctrl = = B - - - f - - - - 305 684 0466 0.524 <0.001 0.360
Trt - - - - - - - - - - - 287 728

Total DMI (kg) Ctrl 0.11 024 037 065 088 105 129 147 18 203 238 305 6.84 0.193 0396 <0.001 0.572
Trt 0.09 021 034 059 075 087 104 123 158 193 233 287 728

DM was calculated for starter concentrate, partial mixed rations (PMR), pasture and total DM in dairy calves. Results® are the means and standard error of the differences
(SED), P-value for treatment (P-Tx), time (P-Tm) and interaction (P-Int). Significance of pairwise comparisons (Tukey post hoc analysis) between treatments are shown in
bold at each sampling time.

TThe treatment involved dosing a mix of 9,10-anthraquinone (AQ) and chloroform (CF) at 500 and 50 mg/kg of feed, respectively, from arrival until week 12 of the rearing
period, after which both groups were on the same control diet.

2Repeated measurements were used to analyze the long-term effects of the methane inhibitors in the rumen function of calves.

*Calves were introduced to PMR diet during week 4, where 4 control and 3 treated calves did not consumed PMR; therefore, the mean of the total DMI does not
correspond to the sum of the means of concentrate and PMR.
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Rearing period (weeks) P-value

Treatment 2 4 6 8 10 14 24 49 SED P-Tx P-Tm P-Int

Methane production (g/d) Ctrl 1.53 7.44 19.04 2580 44.04 50.81 63.80 14540 3.037  <0.001 <0.001 <0.001
Trt 0.69 1.04 1.50 3.81 270 12.28 58.76 143.13

Methane yield (g/kg DMI) Ctrl 5.16 1572 2580 2399 20.20 21.08 22.33 21.86 2.161 <0.001 <0.001 <0.001
Trt 4.58 4.38 227 3.85 1.41 5.39 21.08 20.26

Hydrogen production (g/d) Ctrl 0.17 0.14 0.42 0.07 0.02 0.04 0.08 0.29 0.388 <0.001 <0.001 <0.001
Trt 0.35 0.82 2.48 3.29 5.93 4.35 0.09 0.44

Hydrogen yield (g/kg DMI) Ctrl 0.98 0.38 0.89 0.07 0.01 0.02 0.03 0.07 0.437  <0.001 <0.001 <0.001
Trt 1.68 2.64 3.41 2.93 297 1.88 0.02 0.06

SCFA (mM) Ctrl 8160 77.36 7626 8046 8548 80.17 75.47 74.39 7.190 0.313 0.667 0.723
Trt 7257 8439 7800 7313 7950 71.69 7447 72.57

Acetate (%) Ctrl 53.67 54.50 62.92 61.86 62.66 67.21 67.56 69.61 2.131 <0.001 <0.001 <0.001
Trt 48.71 44.82 47.77 47.71 4911 5246 67.73 69.22

Propionate (%) Ctrl 26.01 2653 2223 2322 2236 17.73 18.63 17.68 21156 <0.001 <0.001 0.001
Trt 32.90 35.45 27.78 28.76 33.73 25.54 18.47 18.15

Butyrate (%) Ctrl 15618 1346  10.09 10.06 10.67 10.55 9.80 8.42 2.198 0.154 0.011 0.246
Trt 1283 1282 14.05 1489 1112 13.82 9.77 8.48

Caproate (%) Ctrl 1.17 0.64 0.68 0.67 0.78 0.58 0.38 0.25 0.267 0.027 <0.001 <0.001
Trt 0.93 0.76 1.81 1.94 1.14 0.74 0.33 0.25

Valerate (%) Ctrl 2.72 255 1.89 1.62 1.69 1.47 113 1.06 0.366 <0.001 <0.001 <0.001
Trt 3.06 3.87 4.80 3.94 3.48 2.79 113 1.08

Isobutyrate (%) Ctrl 0.64 1.06 0.97 1.1 0.75 1.07 1.09 1.36 0.120 0.914 <0.001 0.462
Trt 0.71 0.92 1.18 1.20 0.61 0.95 1138 1.33

Isovalerate (%) Ctrl 0.62 1.27 1.23 1.46 1.09 1.39 1.41 1.61 0.432 0.075 <0.001 <0.001
Trt 0.87 1.36 2.62 1.56 0.81 3.69 1.45 1.54

Results® are the means and standard error of the differences (SED), P-value for treatment (P-Tx), time (P-Tm) and interaction (P-Int). Significance of pairwise comparisons
(Tukey post hoc analysis) between treatments are shown in bold at each sampling time.

"The treatment involved dosing a mix of 9, 10-anthraquinone (AQ) and chloroform (CF) at 500 and 50 mg/kg of feed, respectively, from arrival until week 12 of the rearing
period, after which both groups were on the same control diet.

2Rumen Function was defined as: methane and hydrogen production (g/d) and yield (g/kg DMI), and total concentrations (mM) and individual proportions (%) of short
chain fatty acids (SCFA) in dairy calves.

3Repeated measurements were used to analyze the long-term effects of the methane inhibitors in the rumen function of calves.
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Values were measured 4 h after the morning feeding, during adaptation to a high concentrate diet. The animals were divided in two groups, of which one received a phytogenic feed additive (PHY), while the other served as control (CON).

* Least square means.

CON

105
67.9°
182
1.8
214
2.58%
1.89%
371
265
011

*The largest standard error of the mean.

3P-values for the effect of day, phytogenic treatment (PHY) and the day x treatment interaction (Day*PHY).

Day 1

PHY

842
591
143
9.21°
1.89°
2.46°
172%
386
258
012

CON

21°
77.9
208"
139
234
2849
198
374
286
0.07

Day2

PHY

27
818"
22.4°
147"
248"
293
212
370
327
0.07

CON

143
922
270
155
277
269
188
343
276
008

Day3

PHY

124
816
26
130
231
240
177
369
192
o011

b Values with different superscripts indicate a significant difference (P < 0.05) between consecutive days.
¥ Values with different superscripts indicate a tendency for difference (0.05 < P < 0.10) betw

n consecuti

CON

147
94.7
273
173"
2.56
240

164

345
27
0.1

Day4

PHY

1B
865
28"
149"
244

235

171
3840
241

024

CON

1635
96.0°
307
24.0°
255
252
175
3.02°
2638
020

Day5s

PHY

153
96.0"
27.19
219"
273
262
177
355
272
009

CON

1280
75.0°
252
204
239
1.90°
137
301
16.5
0.03

Day 6

PHY

142
845"
274
2
2.57
204
133
318

25
015

SEM?

7.26
519
1.56
1.09
0.18
021
0.14
0.16
312
0.16

Day

<0.01
<0.01
<0.01
<0.01
0.01
<0.01
<0.01
<0.01
005
027

P-values®

PHY

011
042
012
017
071
0.90
0.92
0.10
099
020

Day'PHY

008
017
004
o011
012
068
040
040
006
0.14
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P-values®

Intake, kg ! Day 1 Day2 Day3 Day4 Day5 Day6 SEM? Day PHY Day*PHY
Dry matter 124 13 19 17 133 138 065 <001 097 073
Starch 0.98" 133 185 224 305 355 012 <0.01 053 076
Non fiber carbohydrates 250 268 3240 357 453 500 020 <001 088 081
Neutral detergent fiber 616" 524" 511 460 479 450 0.8 <001 081 070
Ruminal pH !

Minimum pH 632 6.10° 6.10° 598" 589" 576> 0.06 <001 071 095
Maximum pH 676 674" 6.58° 661° 648" 639 0.05 <001 0.56 071
Time below pH 5.8 (min/d) 333 250 183 128 1618 320 689 001 023 049
Acidosis index* 235 021 114 207 339" 164> 541 001 061 082

Cows were divided in two groups supplemented or not with a phytogenic feed additive (PHY). The percentage of concentrate was incremented daly, starting from 10% on day 1 o reach 60% on day 6.
* Data shown as least square means.

2 The largest standard error of the mean.

3 P-values for the effect of day, phytogenic treatment (PHY) and the day x treatment interaction (Day” PHY).

# Acidosis index was determined by calculating the time that raminal pH was below 5.8 per kg DML

@ Values with different superscripts indicate a significant difference (P < 0.05) between consecutive days.

¥ Values with different superscripts indicate a tendency for difference (0.05 < P < 0.10) between consecutive days.
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Relative abundance

Taxa- Genus Treatment
Methanobrevibacter gottschalkii clade Ctrl
Trt
Methanobrevibacter ruminantium clade Ctrl
Trt
MethanomassilicoccalesGroup12 sp. ISO4-H5 Ctrl
Trt
Methanosphaera sp. ISO3-F5 Ctrl
Trt
MethanomassilicoccalesGroup10 sp. Ctrl
Trt
Methanosphaera sp. Group5 Ctrl
Trt
MethanomassilicoccalesGroup4 sp. MpT1 Ctrl
Trt

2

46.52
31.59
2.75
26.58
0.11
7.48
2.03
1.03
0.05
0.65
0.13
0.54
0.19
1.53

4

49.71
45.54
4.55
7.74
0.33
7.52
2.99
0.98
0.10
0.09
0.21
1.66
0.39
0.53

6

52.03
14.89
4.80
2.74
1.63
15.37
2.73
0.22
0.02
0.06
0.11
0.05
0.38
0.01

Time (week)
8 10
45.77 46.54
21.23 36.53
13.07 16.97
7.06  7.37
096 1.36
15.02 8.22
1.73  3.04
0.68 0.67
0.07 0.2
0.07 0.15
0.06 0.1
0.05 0.19
0.51 0.81
0.06 1.24

14

59.39
40.96
10.05
3.81
1.51
4.72
2.18
0.07
0.15
0.03
0.07
0.02
1.14
0.02

24

59.89
56.46
15.56
23.07
0.07
0.06
7.01
8.91
1.48
0.72
2.24
2.80
0.09
0.12

49

48.63
46.19
11.72
16.78
0.13
0.17
16.97
16.51
9.08
7.96
2.46
1.78
0.81
0.96

SED

156.849

3.943

1.460

1.631

0.470

0.281

0.199

P-Tx

0.028

0.843

<0.001

0.004

0.397

0.202

0.051

P-value

P-Tm

0.061

0.016

<0.001

<0.001

<0.001

<0.001

<0.001

P-Int

0.183

0.011

<0.001

<0.001

0.137

0.569

<0.001

Results* are natural log back transformed means and standard error of the differences (SED), P-value for treatment (P-Tx), time (P-Tm) and interaction (P-Int). Significance

of pairwise comparisons (Benjamini-Hochberg test) between treatments are shown in bold at each sampling time.

TCalves were arranged in a control (Ctrl) and treatment (Trt) group. Chloroform (CF) and 9,10-anthraquinone (AQ) were applied to treated partial mixed ration diet

(PMR) until week 12.

2Abundant archaeal species were defined as organisms with an average proportion >1.0%.
3Sampling times were from 2 to 49 weeks. Calves during the rearing time were fed as follows: milk twice a day and ad libitum control and treatment concentrates at
weeks 2 and 4, milk once a day and ad libitum control and treatment concentrates and PMR diet at weeks 6, 8 and 10, concentrates step-down weaned and PMR diets
fed ad libitum until week 14; and grazing a mixed sward of ryegrass/clover as one mob at weeks 24 and 49.
4A repeated measurement analysis was carried out to determine the effect of methane inhibitors on the archaeal community structure at the species level and their

carry-over effect.





