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Understanding the relationship between ingested plant material and the attached microbiome is essential for developing methodologies to improve ruminant nutrient use efficiency. We have previously shown that perennial ryegrass (PRG) rumen bacterial colonization events follow a primary (up to 4 h) and secondary (after 4 h) pattern based on the differences in diversity of the attached bacteria. In this study, we investigated temporal niche specialization of primary and secondary populations of attached rumen microbiota using metagenomic shotgun sequencing as well as monitoring changes in the plant chemistry using mid-infrared spectroscopy (FT-IR). Metagenomic Rapid Annotation using Subsystem Technology (MG-RAST) taxonomical analysis of shotgun metagenomic sequences showed that the genera Butyrivibrio, Clostridium, Eubacterium, Prevotella, and Selenomonas dominated the attached microbiome irrespective of time. MG-RAST also showed that Acidaminococcus, Bacillus, Butyrivibrio, and Prevotella rDNA increased in read abundance during secondary colonization, whilst Blautia decreased in read abundance. MG-RAST Clusters of Orthologous Groups (COG) functional analysis also showed that the primary function of the attached microbiome was categorized broadly within “metabolism;” predominantly amino acid, carbohydrate, and lipid metabolism and transport. Most sequence read abundances (51.6, 43.8, and 50.0% of COG families pertaining to amino acid, carbohydrate and lipid metabolism, respectively) within these categories were higher in abundance during secondary colonization. Kyoto encyclopedia of genes and genomes (KEGG) pathways analysis confirmed that the PRG-attached microbiota present at 1 and 4 h of rumen incubation possess a similar functional capacity, with only a few pathways being uniquely found in only one incubation time point only. FT-IR data for the plant residues also showed that the main changes in plant chemistry between primary and secondary colonization was due to increased carbohydrate, amino acid, and lipid metabolism. This study confirmed primary and secondary colonization events and supported the hypothesis that functional changes occurred as a consequence of taxonomical changes. Sequences within the carbohydrate metabolism COG families contained only 3.2% of cellulose activities, on average across both incubation times (1 and 4 h), suggesting that degradation of the plant cell walls may be a key rate-limiting factor in ensuring the bioavailability of intra-plant nutrients in a timely manner to the microbes and ultimately the animal. This suggests that a future focus for improving ruminant nutrient use efficiency should be altering the recalcitrant plant cell wall components and/or improving the cellulolytic capacity of the rumen microbiota.
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INTRODUCTION

Due to a growing population and increased demand for livestock products by developing countries, current projections estimate that global demand for meat and milk will have doubled by 2050 compared to the start of the twenty-first century (Foresight, 2011). Ruminants supply much of our red meat and nearly all our milk supplies globally. Therefore, there is a real challenge to ensure sustainability and efficiency of ruminant production given that land is also at a premium due to increasing bioenergy crop production. A major hurdle in increasing ruminant productivity is that the conversion of plant to microbial protein is inefficient. As little as 30% of the ingested nitrogen is utilized by ruminants for milk or meat production, and the non-incorporated nitrogen is excreted to the environment as urea or ammonia (MacRae and Ulyatt, 1974; Dewhurst et al., 1996; Kingston-Smith et al., 2008, 2010).

The rumen, via it's complex microbiome is responsible for the breakdown of plant material and the functional capacity of the microbiome defines the amount, quality, and composition of meat and milk produced, whilst also defining the release of nitrogen and greenhouse gases to the environment (Edwards et al., 2008a; Kim et al., 2009; Kingston-Smith et al., 2010; Brown Kav et al., 2012; Huws et al., 2014a). The process of colonizing ingested plant material by the rumen microbiome is rapid (Cheng et al., 1980; Miron et al., 2001; Russell and Rychlik, 2001; Koike et al., 2003a; Edwards et al., 2007, 2008b; Huws et al., 2013, 2014b, 2016), and eventually these populations form mature biofilms encompassed in self-produced polymeric substances (EPS) (Akin, 1976; Cheng et al., 1980, 1981; McAllister et al., 1994; Huws et al., 2013; Leng, 2014). We have previously shown that bacterial diversity attached to fresh perennial ryegrass (PRG) incubated within the rumen is different prior to 4 h and post 4 h of incubation, thus demonstrating that colonization undergoes primary (up to 4 h) and secondary (after 4 h) events, respectively (Huws et al., 2013, 2014b, 2016). Nonetheless, the functionality of the primary and secondary colonizers in terms of plant degradation and availability of nutrients to the host remains unclear.

In this study, we investigated the diversity and function of the attached microbiota using metagenomic based shotgun Illumina sequencing to gain insight into their function and importance in terms of plant degradation and subsequent nutrient availability to the microbes and ultimately the ruminant. Temporal changes in plant chemistry were also monitored using Fourier transform infrared spectroscopy (FT-IR) to confirm that microbial gene abundances were related to substrate changes within the plant itself. Understanding temporal bacterial-driven plant degradation and factors controlling these events will promote the development of novel strategies to increase ruminant production in order to meet the increasing demand for meat and milk.

MATERIALS AND METHODS

Growth and Preparation of Plant Material

PRG (Lolium perenne cv. AberDart) was grown from seed in plastic seed trays (length 38 cm × width 24 cm × depth 5 cm) filled with compost (Levingtons general purpose). The trays were housed in a greenhouse under natural irradiance with additional illumination provided during the winter months (minimun 8 h photoperiod). A temperature of 22/19°C day/night was maintained and plants were watered twice a week. Plants were harvested after 6 weeks and cut 3 cm above soil level, before washing in cold distilled water and cutting with scissors into 1 cm sections. Sub-samples of plant material were freeze-dried and stored at −20°C for metagenomic sequencing, plant dry matter (DM) and Fourier transform mid-infrared spectroscopy (FT-IR) analysis (0 h samples).

In vitro Incubations

Cut PRG (7.5 g) was added to Duran bottles (250 mL) together with anaerobic incubation buffer (135 mL pre-warmed to 39°C; Van Soest, 1967) and rumen fluid inoculum (15 mL, strained through two layers of muslin and held under CO2 at 39°C; rumen fluid was taken from three cannulated cows grazed mainly on fresh forage and pooled before inoculation). Rumen fluid was obtained from cannulated cows under the authority of Licenses under the UK Animal Scientific Procedures Act, 1986. Bottles were incubated in a horizontally rotating rack at 100 rpm and 39°C (Incubator-shaker, LA Engineering, UK). Bottle contents were harvested at 0.25, 0.5, 1, 2, 4, 8, and 24 h. At each time interval bottle contents were harvested by vacuum filtration through filter paper (11 μm2 pore size; ®QL100, Fisher Scientific, Leicestershire, UK). Retained plant material was washed with phosphate buffered saline (PBS; 50 mL) to remove loosely attached bacteria, before attached bacteria were removed by incubation overnight in gluteraldehyde (3 % v/v in PBS) at 4°C (Azeredo et al., 1999). The remaining plant material from which colonizing bacteria had been removed was retrieved by squeezing contents of overnight gluteraldehyde incubations through one layer of muslin. Plant residues within the muslin were then freeze-dried and weighed to allow calculation of percentage plant degradation. Absence of remaining attached bacteria was also checked using Quantitative PCR (QPCR), as described below, to validate the method of detachment of attached microbes. The plant material was subsequently finely ground with the aid of a reciprocal shaking system in the presence of liquid nitrogen (particle size <0.5 mm) for Fourier transform infrared spectroscopy (FT-IR) analyses. The suspension of previously attached bacteria (supernatant retrieved post squeezing of overnight gluteraldehyde incubations) was centrifuged (10,000 x g, 10 min), before the pellet was freeze-dried for subsequent QPCR and metagenomic sequencing. The experiment was repeated on three separate occasions (n = 3) within the same week.

DNA Extraction, QPCR and Metagenomic Sequencing

DNA extraction and total bacterial 16S rDNA QPCR were completed as described by Huws et al. (2013) and Huws et al. (2016) using the primers 5′-GTG STG CAY GGY TGT CGT CA-3′ (Forward) and 5′-GAG GAA GGTGKG GAY GAC GT-3′ (Reverse) (Maeda et al., 2003). The presence of primary and secondary bacterial colonizing events were initially corroborated using denaturing gradient gel electrophoresis (DGGE) as described by Huws et al. (2013) before taxonomy and function of the primary and secondary attached microbiome was further investigated by sequencing. Essentially, 1 (primary colonizers) and 4 h (secondary colonizers) DNA samples from the attached microbiome were sequenced using Illumina HiSeq DNA was normalized to 0.2 ng/μL and 1 ng used to create metagenomic libraries using the Nextera® XT DNA kit (Invitrogen, San Diego, USA) following manufacturer guidelines. Sample libraries were sequenced at 2 × 151 bp using an Illumina HiSeq 2500 rapid run, following standard manufacturer's instructions at the IBERS Aberystwyth Translational Genomics Facility. Reads of 126 bases were merged and first trimmed to remove the Nextera library adapters then trimmed at the 3′-end when a sliding window over four bases fell below an average Phred Q score of 30. Sequences are deposited and publically available within Metagenomic Rapid Annotation using Subsystem Technology (MG-RAST) [Identification numbers 4653312.3 (1 h), 4653313.3 (1 h), 4653314.3 (1 h), 4653315.3 (4 h), 4653316.3 (4 h), and 4653317.3 (4 h)].

Metagenomic Sequence Analysis

Sequencing files containing the merged, quality trimmed reads, were uploaded to MG-RAST (Meyer et al., 2008) as FASTQ files. The MG-RAST best hit organism abundance function was employed against the RDP comparison pipeline, using constraints of 97% sequence similarity and a maximum e-value of 1 × 10−5 and minimum sequence alignment of 15, to assign taxonomy to sequences. The MG-RAST functional abundance hierarchical abundance function was employed against the COG database to assign function, based on a maximum e-value of 1 × 10−5, minimum identity cut-off of 60% and minimum sequence alignment of 15. Normalized taxonomic and functional abundance data were exported as excel files for statistical analysis. Heatmap and bar chart visualization of gene function data was completed within MG-RAST. Eukaryotic rRNA sequences were removed from the analysis (these made up on average 51.6% of the reads obtained and were mainly 18S rDNA from PRG); the COG database does not annotate eukaryote sequences allowing an analysis of taxonomy and function of the rumen prokaryotic microbiota only (Li et al., 2016).

Fourier Transform Infrared Spectroscopy (FT-IR)

Mid infrared spectra reflecting plant chemical composition were obtained at each time point by attenuated total reflectance (ATR) FT-IR analysis using a Bruker Equinox 55 spectrometer (Bruker Optics Ltd., Coventry, UK) equipped with a deuterated tryglycine sulfate detector and a Golden Gate ATR accessory (Specac Ltd., Orpington, UK). Spectra were acquired over the range 4000 to 500 cm−1 as a mean of 32 scans and at a spectral resolution of 4 cm−1 using OPUS software (version 4.2, Bruker Optics Ltd., Coventry, UK).

Statistical Analysis

For plant degradation, QPCR data, taxonomy, and COG gene abundance data, significant differences between groups was determined using one-way analysis of variance (ANOVA) followed by Duncan's multiple range tests to detect significant differences between groups where appropriate (Duncan, 1955) using the GenStat program (Tenth Edition, VSN International Ltd., Hemel Hemstead, UK; Payne et al., 2007). Taxonomy and function based PCoA plots, function based-bar charts, heatmaps, and KEGG pathways were generated in MG-RAST. T-test were conducted within MG-RAST using level 2 COG based bar chart data in order to compare differences in gene abundances for the broad classifications within primary and secondary colonization events. FT-IR spectra were converted to text files using OPUS and imported to Matlab for statistical and chemometricanalysis using Matlab (version 6.5.1) and the Matlab Statistics Toolbox (version 4, The Mathworks, Cambridge, UK). Spectra were analyzed for underlying structure correlating with incubation time by principal component analysis (PCA) (Martens and Naes, 1989; Mariey et al., 2001; Sheng et al., 2006) and significant differences between spectra from different time points were detected using multivariate one-way analysis of variance model (MANOVA). In all instances the threshold of statistical significance was set at P < 0.05.

RESULTS

Plant Dry Matter Disappearance and Attached Bacterial 16S rDNA Abundance

Residual plant digestibility data (with microbes removed) showed that by 4 h 13.6% of the plant material had been degraded with this increasing to 76.2% by 24 h (Table 1). Post incubation of PRG under rumen-like in vitro conditions, rumen bacteria attached quickly to the plant material, and bacterial 16S rDNA abundance increased rapidly and continued to rise for the duration of the experiment; by 4 h attached bacterial 16S rDNA concentration had increased by 1.9X, and by 24 h by 2.6X compared with 0 h concentrations (Table 1).


Table 1. Plant dry matter degradation and concentration of attached bacterial 16S rDNA following incubation of fresh perennial ryegrass in the presence of rumen fluid.
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Sequencing Data

Post quality control of sequences we obtained on average 0.9 GB/sample, with a mean sequence length of 163 bp (Supplementary Table 1). Rarefaction curves showed that all samples approached a plateau, suggesting reasonable sequence coverage (Supplementary Figure 2).

Taxonomy of the Primary and Secondary Attached Microbiota

Principal coordinate axis (PCoA) plots showed that bacterial diversity differed between 1 and 4 h of colonization (Figure 1). DGGE was also undertaken on samples for all time points and confirmed the presence of primary (up to 4 h) and secondary (post 4 h) bacterial colonization events (Supplementary Figure 1). Phyla level taxonomy showed that the most abundant attached phyla were Firmicutes (66–72% of total read abundances) and Bacteroidetes (15–20% of total read abundances) (Table 2). No significant changes (P > 0.05) in read abundances were evident at a phyla level between primary (1 h) and secondary (4 h) colonization events (Table 2). On an order level, Clostridiales (46–51% of total read abundances), Selemonadales (18% of total read abundances), and Bacteroidales (14–15% of total read abundances) were the most abundant, with the remaining orders representing <3% on average of the total read abundances (Table 3). No significant changes (P > 0.05) in read abundances were evident at an order level between primary (1 h) and secondary (4 h) colonization events (Table 3). Family level taxonomy showed that the most abundant classified families were Lachnospiraceae (25–33% of total read abundances), Veillonellaceae (18% of total read abundances), Prevotellaceae (11–12% of total read abundances), Eubacteriaceae (5–10% of total read abundances), Clostridiaceae (5–7% of total read abundances), and Ruminococcaceae (3–4% of total read abundances), with the remaining families representing <3% on average of total read abundances (Table 4). Significant (P < 0.05) increases in Bacillaceae, Lachnospiraceae, Porphyromonadaceae, and Prevotellaceae were seen during secondary colonization events compared with their rDNA gene abundances present during primary colonization (Table 4). On a genera level, Butyrivibrio (20–23% of total read abundances), Selenomonas (17–18%), Prevotella (10–13%), Eubacterium (5–10%), Pseudobutyrivibrio (4–6%), and Ruminococcus (3%) were the most abundant, with the remaining genera representing <3% on average of total read abundances (Table 5). Significant (P < 0.05) increases in Acidaminococcus, Bacillus, Blautia, Butyrivibrio, and Prevotella, were also seen during secondary colonization events compared with their rDNA gene abundances present during primary colonization (Table 5).
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FIGURE 1. Principal coordinates analysis (PCoA) analysis of taxonomical classifications of attached bacteria present after 1 and 4 h of rumen incubation. Rep: Replicate.




Table 2. Comparison of the primary (1 h) and secondary (4 h) colonizing bacterial phyla attached to perennial ryegrass.
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Table 3. Comparison of the primary (1 h) and secondary (4 h) colonizing bacterial orders attached to perennial ryegrass.
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Table 4. Comparison of the primary (1 h) and secondary (4 h) colonizing bacterial families attached to perennial ryegrass.
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Table 5. Comparison of the primary (1 h) and secondary (4 h) colonizing bacterial genera attached to perennial ryegrass.
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Functionality of the Primary and Secondary Attached Microbiota

When assessing bacterial functional gene abundance at 1 and 4 h post rumen incubation, PCoA plots showed that bacterial function differed between 1 and 4 h of colonization (Figure 2). Bar charts generated within MG-RAST based on hierarchical functional categories showed that genes attributed broadly within metabolism, information, storage, and processing and cellular processes and signaling were significantly (P > 0.05) more abundant within secondary colonizing bacteria than they were within the population of primary colonizers (Figure 3A). The COG level 2 heatmap corroborated the difference in functionality seen within the primary and secondary colonizing bacteria (Figure 3B). The heatmap also illustrated that the primary functions of the attached microbiota were amino acid transport and metabolism, carbohydrate transport and metabolism, general function, lipid transport, and metabolism (Figure 3B). Further prospecting of amino acid transport and metabolism COG families showed that 51.6% of the COG families showed significant (P < 0.05) increases in abundance from primary (1 h) to secondary (4 h) colonization events (Table 6). No COG families decreased in significantly in their abundance from primary (1 h) to secondary (4 h) colonization events (Table 6). Further prospecting of carbohydrate transport and metabolism COG families showed that 43.8% of the COG families showed significant (P < 0.05) increases in abundance, whilst only 0.01% significant (P < 0.05) decreased in abundance between primary (1 h) to secondary (4 h) colonization events (Table 7). Only 3.2% of total reads pertained to cellulases (Table 7). Further prospecting of lipid transport and metabolism COG families showed that 50.0% of the COG families showed significant (P > 0.05) increases from primary (1 h) to secondary (4 h) colonization events (Table 8). No COG families decreased significantly in abundance from primary (1 h) to secondary (4 h) colonization events (Table 8). COG families with a low abundance (<1) were omitted from Tables 6–8. KEGG pathway analysis (Figure 4) corroborated that most functional pathways were present within PRG attached bacteria at both 1 and 4 h post rumen incubation with only a few being uniquely found in the attached bacteria at 1 or 4 h of incubation only (Table 9).
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FIGURE 2. Principal coordinates analysis (PCoA) analysis of functional classifications of attached bacteria present after 1 and 4 h of rumen incubation. Rep: Replicate.
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FIGURE 3. MG-RAST generated bar chart showing differences in gene abundances within primary and secondary perennial ryegrass bacterial attachment events following rumen like incubation [Blue, red, and turquoise bars (triplicate data) show gene abundances for bacteria attached to perennial ryegrass following 4 h of rumen like incubation (secondary colonization) and green, purple, and yellow bars (triplicate data) show gene abundances for bacteria attached to perennial ryegrass following 1 h of rumen like incubation (primary colonization)] with the numbers in brackets denoting significance level when primary and secondary colonizing bacteria gene abundances were compared using t-tests (A). MG-RAST generated heatmap of COG level 2 absolute gene abundances within primary (1 h) and secondary (4 h) perennial ryegrass attached bacteria following rumen like incubation (the more intense the green color, the more abundant those COG families are with red denoting low abundance COG families) (B).




Table 6. Amino acid transport and metabolism clusters of orthologous genes (COG) categories showing significant read abundance differences within the primary (1 h) and secondary (4 h) bacteria attached to perennial ryegrass.
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Table 7. Carbohydrate metabolism clusters of orthologous genes (COG) categories showing significant read abundance differences within the primary (1 h) and secondary (4 h) bacteria attached to perennial ryegrass.
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Table 8. Lipid metabolism and transport clusters of orthologous genes (COG) categories showing significant read abundance differences within the primary (1 h) and secondary (4 h) bacteria attached to perennial ryegrass.
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FIGURE 4. Kyto encyclopedia of genes and genomes (KEGG) pathways exhibited by perennial ryegrass attached rumen bacteria following 1 and 4 h of rumen incubation. Blue lines show pathways present by plant attached bacteria following 1 h of rumen incubation. Red lines show pathways present by plant attached bacteria following 4 h of rumen incubation. Pink/Purple lines show pathways present by plant attached bacteria at both 1 and 4 h of rumen incubation. Boxes 1–7 have been denoted in order to formulate Table 9 listing pathways in blue and red in order to note unique pathways present at one incubation time only.




Table 9. Perennial ryegrass attached rumen bacterial functional Kyto encyclopedia of genes and genomes (KEGG) pathways present following either 1 or 4 h of rumen incubation only, and in relation to boxed areas shown in Figure 5.
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Plant Chemical Changes

Analysis of FT-IR spectra of residual plant material taken over time, showed that the scores for the first 20 principal components (together accounting for 95% of variance) were significantly different between spectra from different time points (P < 0.001), with plots of the scores for PC1 vs. PC2 (Figure 5) and PC2 vs. PC3 (Figure 6) showing clear clustering between spectra from samples incubated for up to 2 h compared with those incubated for longer periods. It should be noted that the circles drawn to denote clustering have been constructed by eye for ease of interpretation, and not using any statistical methodology. PC 1 accounted for 34.7% of total variance, PC2 accounted for 15.7%, and PC3 10.2%. The spectra for all samples at various time points were similar (Supplementary Figure 3). Analysis of the loadings for PC 1 showed positive contributions (i.e., a decrease in chemical content) from variables at 950 and 1035 cm−1; the first one of which has been reported to be associated with cellulose or possibly galactan (Kacurakova et al., 2000; Alonso-Simon et al., 2004; Supplementary Figure 3), and the second to pectin or xyloglucan (Kacurakova et al., 2000; Alonso-Simon et al., 2004; Supplementary Figure 3). Negative contributions (i.e., and increase in chemical content) to PC1 were present at 1393 and 1598 cm−1, possibly being attributable to the amino amide I absorption of proteins (Schmitt and Flemming, 1998; Supplementary Figure 3). The loadings of PC2 showed similarities with PC1 but additional positive contributions were detected at 1029 cm−1, a region that has also been associated with cellulose content (Kacurakova et al., 2000; Alonso-Simon et al., 2004; Supplementary Figure 3) and 1664 cm−1, which is in the amide I absorption region of amino groups. PC2 was negatively correlated with absorptions at 1394 and 1591 cm−1 (Supplementary Figure 3), PC 2 was positively correlated with absorbances at 2908 and 2850 cm−1, which have been associated with the asymmetric and symmetric stretching on CH2 moieties in fatty acids (Schmitt and Flemming, 1998; Supplementary Figure 3). The loadings for PC3 show positive contributions at 1359 cm−1, corresponding to a CH2 stretch of cellulose (Kacurakova et al., 2000), and several peaks relating to hemicellulose components and pectin at 979, 995, 1045, and 1080 cm−1 (Supplementary Figure 3). PC3 was also negatively correlated with peaks at 161 and 1529 cm−1, corresponding to amide 1 and amide 11 in proteins (Schmitt and Flemming, 1998; Supplementary Figure 3).
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FIGURE 5. Score plot of principal components PC 1 vs. PC 2 for plant material from which the attached microbes had been removed. Score data sets are of 60 spectra from three analytical replicates and at least two spectral analyses. Circles indicate clusters.
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FIGURE 6. Score plot of principal components PC 2 vs. PC 3 for plant material from which the attached microbes had been removed. Score data sets are of 60 spectra from three analytical replicates and at least two spectral analyses. Circles indicate clusters.



DISCUSSION

In this study, we demonstrate that colonization of PRG by rumen bacteria is biphasic with primary (up to 4 h) and secondary (post 4 h) events observed based on changes seen in attached bacterial diversity. We also demonstrate that these changes in diversity correlate with changes in functional capacity and changes in the metabolome of PRG itself. Thus, despite the resilience and redundancy observed within the rumen microbiome it is apparent, on a DNA level, that diversity and function are linked.

In terms of temporal diversity of the bacteria attached to PRG, the phyla Firmicutes and Bacteroidetes dominated and changes in phyla level diversity were not evident over time. In our previous study investigating changes in diversity of bacteria attached to PRG (16S rRNA based) over time within the rumen, we also noted that Firmicutes and Bacteroidetes dominated, but Fibrobacteres sequence abundances were higher than noted in this study (4% compared with an average of 0.6% in this study; Huws et al., 2016). Piao et al. (2014) when investigating diversity (16S rDNA sequencing) of rumen bacteria attached to switchgrass also noted dominance of Firmicutes and Bacteroidetes irrespective of time. On an order level we found that the Clostridiales, Selemonadales, and Bacteroidales were the most abundant, and changes in order level diversity were not evident over time. Previously we also noted that Clostridiales, Selemonadales, and Bacteroidales were dominant, but also reported that 16S rRNA read abundances of Fibrobacterales, Coriobacterales, and Spirochaetales were also reasonably abundant, representing 4, 3, and 2% of the total sequences reads, respectively (Huws et al., 2016). In this study, read abundances for Fibrobacterales, Coriobacterales, and Spirochaetales were represented 0.6, 1.5, and 1.5% of total reads, respectively. The study conducted by Piao et al. (2014) on the bacteria attached to switchgrass over time also showed similar results to those in our study. On a family level we found that the most abundant classified families were Lachnospiraceae, Veillonellaceae, Prevotellaceae, Eubacteriaceae, Clostridiaceae, and significant (P > 0.05) increases in Bacillaceae, Lachnospiraceae, Porphyromonadaceae, and Prevotellaceae were seen during secondary colonization events compared with abundances present during primary colonization. Previously we also noted that Lachnospiraceae, Veillonellaceae, Prevotellaceae, and Ruminococcaceae were dominant, but we also reported that 16S rRNA read abundances of Fibrobacteraceae and Coriobacteriaceae were reasonably abundant, representing 5 and 2% of the total sequence reads, respectively (Huws et al., 2016). In this study read abundances for Fibrobacteraceae, and Coriobacteriaceae represented 0.6 and 1.5% of total reads, respectively. Thus, Coriobacteriaceae read abundances were reasonably similar between both studies but Fibrobacteraceae were lower in this study. We also found that read abundance for Eubacteriaceae and Clostridiaceae were higher in this study than our previous study (Huws et al., 2016). Again, the study conducted by Piao et al. (2014) on bacteria attached to switchgrass showed similar results to this study in terms of the most abundant families. In this study, we saw increases in Bacillaceae, Lachnospiraceae, Porphyromonadaceae, and Prevotellaceae during secondary colonization compared with abundances present during primary colonization. We noted increases in Lachnospiraceae only between primary and secondary colonization events in our previous study (Huws et al., 2016). On a genus level we found that the most abundant classified genera were Butyrivibrio, Selenomonas, Prevotella, Eubacterium, Pseudobutyrivibrio, and Ruminococcus, with significant (P > 0.05) increases in Acidaminococcus, Bacillus, Blautia, Butyrivibrio, and Prevotella seen during secondary colonization compared with abundances present during primary colonization. In our previous study we also noted that Butyrivibrio, Selenomonas, Prevotella, Pseudobutyrivibrio, dominated the attached microbiota irrespective of time (Huws et al., 2016). We also found that Olsenella and Fibrobacter were reasonably dominant previously, which was not apparent in this study. The previous study also indicated that Pseudobutyrivibrio increased in abundance during the secondary phase of colonization. Again, the study conducted by Piao et al. (2014) showed similar results to those in this study in terms of the most abundant bacterial genera attached to switchgrass over time. The similarities between our in vitro study and these in sacco studies (Piao et al., 2014; Huws et al., 2016) demonstrate that in vitro rumen incubations are reasonably representative of attachment events that occur within the rumen itself. Also, the use of shotgun metagenomic sequencing in these studies, as compared with results from other studies using 16S rRNA (RNA and DNA) based sequencing illustrates that non-amplification based techniques are beneficial for taxonomical identification as well as allowing insight into the functionality of the rumen microbiota.

In terms of the temporal functional capacity of the attached bacteria, there was a clear difference between the function of the primary attached bacteria and that of the secondary attached bacteria. The main functions seen were broadly within the COG categories metabolism, information, storage and processing, and cellular processes and signaling with gene abundances in all three of these categories being higher at 4 h of colonization compared with abundances at 1 h of colonization. Specifically, amino acid, carbohydrate, and lipid storage and transport were the main functionalities demonstrated by the attached bacteria (all residing within the function metabolism). Most of the genes within amino acid, carbohydrate and lipid storage and transport functional categories were increased in abundance during secondary colonization. KEGG pathway analysis showed that most pathways were present within PRG attached bacteria following both 1 and 4 h of rumen incubation, thus this coupled with the COG abundance data suggests that secondary colonization events is associated largely with increases in abundance of genes present during primary colonization. These increases correlate with increases in the genera Acidaminococcus, Bacillus, Butyrivibrio, and Prevotella suggesting that these are the bacteria responsible for the increase in amino acid, carbohydrate and lipid metabolism seen during secondary colonization. Acidaminococcus are asaccharolytic but have the capacity of producing ammonia (Eschenlauer et al., 2002). Butyrivibrio spp. are also known for their proteolytic, biohydrogenating, and carbohydrate degradation within the rumen context (Hobson and Stewart, 1997; Krause et al., 2003). Rumen Prevotella spp. are often referred to as amylolytic and proteolytic, but they also have carbohydrate metabolic capacity (Gardener et al., 1995; Krause et al., 2003; Accetto and Avguštin, 2015; Kishi et al., 2015). Interestingly, the number of COG carbohydrate families classifying as cellulases was on average only 3.2% of the total normalized reads within those sequences classified as COG families involved in carbohydrate metabolism. Conversely in the study by Hess et al. (2011), 23% of the glycosyl hydrolases identified in the switchgrass attached bacteria post 24 h of rumen incubation were putative cellulases. The sequencing depth in the study by Hess et al. (2011) was 268 GB whereas we obtained on average 0.9 GB which may explain the differential in identifiable cellulases, coupled with the use of different forages substrates. Nonetheless, it is more likely a consequence of the fact that Hess et al. (2011) harvested bacteria from 24 h incubations when fermentation will be at a very advanced state compared to our study. Indeed, DM degradation in this study show that by 24 h 76% of the plant material was degraded as compared to 35% at 8 h of incubation. Irrespective, our data is suggestive that changing the cell wall characteristics of the plant material to focus on decreasing recalcitrance of structural carbohydrates may allow more efficient breakdown of the cell wall and increase speed of bioavailability of intra-plant nutrients to the microbes and the ruminant. Conversely, developing novel strategies to increase the cellulases, particularly endocellulase, capacity of the microbiota may result in more efficient breakdown of the cell wall and increases speed of bioavailability of intra-plant nutrients to the microbes and the ruminant.

Multivariate analysis of the FT-IR spectra corroborated the metagenomic data by showing increases in carbohydrates, amino acids, and lipid metabolism from primary to secondary colonization. The plant protein and lipid changes may have occurred within the plant itself irrespective of having an attached microbial community as we know that fresh forage is capable of degrading its own protein and lipids within the first 2 h of ruminal incubation (Kingston-Smith et al., 2003, 2008; Lee et al., 2004). A recent publication by Kingston-Smith et al. (2013) used FT-IR to investigate the metabolite fingerprint of the interactome generated during colonization of fresh PRG. In that work, richness of the spectra derived from a combination of metabolic activities of plant and bacterial chemistries (forage plus attached bacteria) meant that analysis of the resultant metabolite profiles did not demonstrate clear differences between 2 and 4 h although a slight change from 8 h onwards was noted. Hence, the results reported here further our understanding of forage degradation by illustrating the changes in plant chemistry that are specifically associated with sequential microbial colonization events when fresh forage is incubated under rumen-like conditions.

In conclusion, the data obtained in this study illustrate that temporal changes in the diversity of bacteria attached to PRG, between primary (up to 4 h) and secondary (post 4 h) colonization events, correlate with increases in amino acid, carbohydrate and lipid storage and transport functional capacity. This data suggests that these changes in gene abundance result in increased metabolism of plant amino acids, carbohydrates and lipids during secondary colonization events. The data suggests that the capacity of the rumen microbes to degrade the more recalcitrant components of the plant cell wall may be the rate limiting factor in increasing bioavailability of nutrients to the microbes and ultimately the ruminant during the first 4 h post-ingestion. Future strategies to increase ruminant nutrient use efficient should investigate the benefits of reducing the recalcitrant nature of the plant cell wall and/or increasing the cellulolytic capacity of the rumen microbiome within early colonization events in particular.
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ABC-type polar amino acid transport system, ATPase component
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