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Diurnal patterns of ruminal fermentation metabolites and microbial communities are not commonly assessed when investigating variation in ruminal CH4 production. The aims of this study were to monitor diurnal patterns of: (i) gaseous and dissolved metabolite concentrations in the bovine rumen, (ii) H2 and CH4 emitted, and (iii) the rumen microbiota. Furthermore, the effect of dietary inclusion of linseed oil on these patterns was assessed. Four rumen cannulated multiparous cows were used in a cross-over design with two 17 days periods and two dietary treatments: a control diet and a linseed oil supplemented diet [40% maize silage, 30% grass silage, 30% concentrate on dry matter (DM) basis for both diets; fat contents of 33 vs. 56 g/kg of DM]. On day 11, rumen contents were sampled for 10 h after morning feeding to profile gaseous and dissolved metabolite concentrations and microbiota composition. H2 and CH4 emission (mass per unit of time) was measured in respiration chambers from day 13 to 17. A 100-fold increase in ruminal H2 partial pressure (contribution to the total pressure of rumen headspace gases) was observed at 0.5 h after feeding. This peak was followed by a decline to basal level. Qualitatively similar patterns after feeding were also observed for H2 and CH4 emission, ethanol and lactate concentrations, and propionate molar proportion, although the opposite pattern was seen for acetate molar proportion. Associated with these patterns, a temporal biphasic change in the microbial composition was observed as based on 16S ribosomal RNA with certain taxa specifically associated with each phase. Bacterial concentrations (log10 16S ribosomal RNA gene copies based) were affected by time, and were increased by linseed oil supplementation. Archaeal concentrations (log10 16S ribosomal RNA gene copies based) tended to be affected by time and were not affected by diet, despite linseed oil supplementation decreasing CH4 emission, tending to decrease the partial pressure of CH4, and tending to increase propionate molar proportion. Linseed oil supplementation affected microbiota composition, and was most associated with an uncultivated Bacteroidales taxon. In summary, our findings support the importance of diurnal dynamics for the understanding of VFA, H2, and CH4 production.
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INTRODUCTION

The rumen is home to a complex microbial ecosystem that enables ruminants to degrade a wide variety of feed components and metabolites. In this ecosystem, hydrolytic and fermentative bacteria convert carbohydrate polymers to saccharide monomers and ferment these monomers into metabolites such as volatile fatty acids (VFA), CO2, and H2. Methanogenic archaea then produce CH4, primarily from CO2 and H2 (Morgavi et al., 2010). As CH4 emitted into the environment contributes to global warming, abatement of the production of this gas in ruminants is one of the main targets of greenhouse gas mitigation practices for the livestock industry (Hristov et al., 2013).

Variation in enteric CH4 production has often been related to diet composition. Best fit empirical models reported by Moraes et al. (2014) identified fat content as one of the key dietary variables in predicting enteric CH4 emissions of distinct cattle categories. In line with dietary fat content as a key predictor, Grainger and Beauchemin (2011) reported that a 10 g/kg dry matter (DM) increase in dietary fat decreased CH4 yield from cattle by 1 g/kg DM ingested. Although Grainger and Beauchemin (2011) did not find an effect of the type of fatty acid in the diet on the decrease in CH4 yield, Patra (2013) reported that C18:3 had marked inhibitory effect on CH4 emission compared with other dietary fatty acids. Variation in enteric CH4 production has also been predicted to vary with the type of dietary carbohydrates, the consequent molar proportions of VFA (primarily acetate, propionate and butyrate) produced and H2 yield. Such effects have been included in several mechanistic models (e.g., Mills et al., 2001; Bannink et al., 2010). Nevertheless, with these empirical and mechanistic approaches, the diurnal dynamics of rumen microbial metabolism has commonly been ignored when assessing rumen fermentation end products, despite peaks in VFA (Hatew et al., 2015), H2 and CH4 occurring shortly after feed consumption (Rooke et al., 2014).

In a recent theoretical study, Van Lingen et al. (2016) investigated the sensitivity of the NAD+/NADH ratio to H2 partial pressure (PH2) in the rumen, and proposed the NAD+/NADH ratio, rather than PH2 directly, as a key-controller of fermentation end products, because it contributes to the redox homeostasis. Bannink et al. (2006), who estimated coefficients for VFA molar proportions based on substrate fermentation, previously suggested that incorporation of cofactor dynamics may be of importance for representing VFA molar proportions in non-steady state conditions. Model predictions of CH4 produced, which is driven by the H2 yield associated with the VFA molar proportions, may also benefit from the incorporation of cofactor dynamics. Similar to fermentation end products, the rumen microbiota itself is also affected by time after feeding, with the concentration of viable rumen bacteria initially declining after feeding and then increasing (Leedle et al., 1982). Furthermore, the composition of metabolically active bacteria adherent to ruminally incubated forage has recently been shown to be biphasic in time (Huws et al., 2016). Little is known about how ruminal archaeal populations are affected by time after feeding, as in recent years more emphasis has been placed on the effect of diet composition and daily feed intake on ruminal archaea and CH4 emission.

Studies of in vivo diurnal patterns that report simultaneously dissolved metabolite concentrations (e.g., ethanol, VFA, and lactate) and partial pressures of H2, CO2, and CH4 in the rumen along with emissions of H2 and CH4 are limited, particularly in combination with microbiota composition analysis. An integrated approach may provide additional insight into rumen metabolic dynamics, and factors influencing the production of CH4. The aim of this study was therefore to monitor the diurnal patterns of H2 and CH4, dissolved metabolites and microbiota in the rumen, as well as H2 and CH4 emission, and assess whether the dietary inclusion of linseed oil affected these patterns.

METHODS AND MATERIALS

Experimental Design, Cows, Diets, Sampling, and Measurements

The experiment was conducted at the animal research facilities of Wageningen University & Research (Wageningen, the Netherlands). All experimental procedures were approved by the Institutional Animal Care and Use Committee of Wageningen University & Research and carried out under the Dutch Law on Animal Experimentation.

Four rumen fistulated multiparous Holstein-Friesian cows (364 ± 20 days in milk, 22.0 ± 6.0 kg of milk/day, containing 4.54 ± 0.91% of fat and 4.03 ± 0.67% of protein; mean ± SD) were blocked in pairs according to lactation stage, parity, and milk production. Blocks were balanced over treatment sequence in a 2 × 2 crossover design with repeated measurements within each period. Cows were fed either a control diet (CON; 40% corn silage, 30% grass silage, and 30% concentrates on DM basis; crude fat content of 33 g/kg DM) or a diet for which the concentrate of the control diet was supplemented with linseed oil (LSO; proportions of corn silage, grass silage, and concentrates unchanged, crude fat content of 56 g/kg DM; concentrate ingredient composition is presented in Table S1). There were two experimental periods of 17 days each, and a 28 day washout period between the two experimental periods to prevent potential carryover effects. Cows were fed equal portions and milked twice daily (6 a.m. and 4 p.m.). Concentrate was in meal form and manually mixed into the roughage mixture at the moment of feeding.

Diets were supplied ad libitum during the first 8 days of each period to let the cows adapt to the treatment diets and for recording of the individual feed intake. From day 9 to 17, dry matter intake (DMI) within a block was restricted to 95% of the ad libitum DMI of the animal consuming the lowest amount of feed during days 5–8, while ensuring that cows never received <80% of their voluntary DMI. Samples of grass silage, corn silage, and both concentrates were obtained when fresh feed was prepared (i.e., twice weekly). Samples of grass silage and corn silage were obtained when fresh feed was prepared (i.e., twice weekly). One pooled sample of each of the concentrates was obtained and represented the whole experiment. These samples were stored at −20°C pending analyses. On day 11 of each period, 60 mL of rumen gas was sampled and feed left in the feeding bins was weighed at set time intervals (0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, and 10 h after feeding), and 60 mL of rumen fluid was also sampled (0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 10 h after feeding). Fistula lids were customized with a stopcock to sample rumen headspace gas, and a Teflon hose to sample rumen fluid. The Teflon hose was equipped with a perforated plastic tail that was wrapped in two layers of burlap with a pore size of 2 mm to separate fluid from particulate matter, and held at the ventral sac of the rumen with a 1.5 kg lead weight. Both gas and fluid samples were taken with a 60 mL BD Luer-Lok syringe. Gas samples were stored in N2 flushed under-pressure serum bottles and analyzed within 72 h after collection. Fluid samples were stored at −80°C and −20°C pending microbial and HPLC analysis, respectively, whereas pH was measured immediately after sampling.

Housing and Respiration Chambers

From the start of every experimental period cows were housed in tie-stalls, and then from 3 p.m. on day 13 until 9 a.m. on day 17 the cows were housed in one of four respiration chambers for recording of gaseous emissions of H2 and CH4. In each chamber temperature was 16°C and relative humidity was 65%. The chambers were equipped with thin walls with windows, to allow audio-visual contact in order to minimize the effect of social isolation on cow behavior and performance. Cows were exposed to 16 h of light per day, from 5.30 a.m. to 9.30 p.m. The ventilation rate within each chamber was 58 m3/h to ensure that the H2 peak after feeding was within reach of the H2 analyzer (i.e., 0–100 ppm). Exhaust air of the four chambers was sampled at 12 min intervals. Every fifth interval was increased to 15 min for sampling of the inlet air. A H2 gas analyzer with an electro chemical cell (MGA3000, ADC Gas Analysis Ltd, Hoddesdon, England, UK) was setup in series with the O2-, CO2-, and CH4-analyzers to determine the H2-concentration in sampled air. Gas concentrations and ventilation rates were corrected for pressure, temperature, and humidity to arrive at standard temperature pressure dew point volumes of inlet and exhaust air. Calibration gases were sampled for analysis instead of the inlet air once per day. The analyzed and actual values of these calibration gases were used to correct the measured gas concentrations from the inlet air and exhaust air of all compartments. Before the present experiment started, chambers were checked by releasing known amounts of CO2 in each compartment and comparing these values with the data from the gas analysis system to calculate the recovery, with recovered amounts being between 99 and 101%. All other aspects of the experimental setup of the respiration chambers were as described by van Gastelen et al. (2015), except for the fact that gas measurements during milking and feeding were retained in the dataset.

Feed Composition Determination

Prior to analysis, feed samples were prepared as described by Hatew et al. (2015) and oven dried at 60°C, except for the ammonia analysis in the silages for which fresh samples were used. Dried feeds were analyzed for DM, neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), ash, N (crude protein content calculated as N × 6.25), starch, sugars, and gross energy (GE) as described by Hatew et al. (2015), and for crude fat based on NEN-ISO 1735 (ISO 1735, 2004) with modifications as described by Klop et al. (2017).

Analysis of Concentrations of Gaseous and Dissolved Metabolites

Gaseous metabolites were separated with a Compact GC gas chromatograph (Global Analyzer Solutions, Breda, The Netherlands) containing two lines. One line, which contained a Carboxen 1010 pre-column (Supelco, 3 m × 0.32 mm) followed by a Molsieve 5A column (Restek, 25 m × 0.32 mm), was used for H2 analysis. The following settings were applied: He carrier gas, 200 kPa pressure, 20 mL/min split flow rate and an oven temperature of 90°C. A Pulsed Discharge Detector held at 110°C was used for quantification. The other line, which contained a single Carboxen 1010 column (Supelco, 15 m × 0.32 mm), was used for detection of CO2 and CH4. This column had the following settings: He carrier gas, 200 kPa pressure, 10 mL/min split flow rate and an oven temperature of 80°C. A thermal conductivity detector held at 110°C was used for quantification.

Rumen fluid samples were centrifuged (10,000 g for 14 min) after which the metabolites dissolved in the supernatants were separated by a Spectrasystem HPLC (Thermo Scientific, Breda) equipped with a Metacarb 67H column (Agilent, 300 × 65 mm). Column temperature was 45°C, except for the determination of ethanol that was performed at 25°C. A 5 mM sulfuric acid solution was used as an eluent. Flow rate was set at 0.8 mL/min. Metabolites were quantified with a Refractive Index detector. Minimum detectable concentrations of ethanol and lactate were 0.74 and 0.25 mM, respectively. Total VFA concentration was calculated as the sum of the concentrations of acetate, propionate, butyrate, valerate, and isovalerate.

DNA Extraction

For performing quantitative PCR (qPCR) analysis for the quantification of total bacterial and archaeal concentrations, total genomic DNA (gDNA) was extracted from rumen fluid samples using a protocol involving a combination of bead beating, Stool Transport, and Recovery (STAR) buffer (Roche Diagnostics Nederland BV, Almere, The Netherlands) and the Maxwell® 16 Instrument (Promega, Leiden, The Netherlands). The method was developed from the previously described method of Salonen et al. (2010) by (i) changing the repeated bead beating buffer to the STAR buffer and then (ii) proceeding with the lysate directly into a customized Maxwell® 16 Tissue LEV Total RNA Purification Kit cartridge (XAS 1220). Briefly, cells were pelleted by centrifugation at 15,000 g for 10 min at 4°C from 1 mL of rumen fluid, resuspended in 700 μL of STAR buffer and transferred to a sterile screw-capped 2 mL tube (BIOplastics BV, Landgraaf, The Netherlands) containing 0.5 g of zirconium beads (0.1 mm; BioSpec Products, Inc., Oklahoma, USA) and 5 glass beads (2.5 mm; BioSpec Products). The sample was then treated in a bead beater (Precellys 24, Bertin technologies, Montigny-le-Bretonneux, France) at a speed of 5.5 m/s for 3 × 1 min, followed by incubation at 95°C with agitation (15 min and 300 rpm). The lysis tube was then centrifuged (13,000 g for 5 min at 4°C), and the supernatant transferred to a 2 mL microcentrifuge tube. STAR buffer (300 μL) was added to the remaining contents of the lysis tube, and all the previous steps starting with bead-beating repeated again. An aliquot (250 μL) of the combined supernatants from the sample lysis was then transferred into the custom Maxwell® 16 Tissue LEV Total RNA Purification Kit cartridge. The remainder of the extraction protocol was then carried out in the Maxwell® 16 Instrument according to the manufacturer's instructions. The quantity and purity of the resulting DNA was assessed using a NanoDrop ND-1000 spectrophotometer (NanoDrop® Technologies, Wilmington, DE, USA).

RNA Extraction and cDNA Synthesis

RNA was extracted for use as a template for rumen microbiota composition analysis. This was due to (i) its ability to reflect the more metabolically active microbes and (ii) its more rapid degradation, relative to DNA, increasing the ability to assess differences in community composition occurring between relatively short (<1 h) time point intervals. As with the DNA extracts, cells were pelleted by centrifugation at 15,000 g for 10 min at 4°C from 1 mL of rumen fluid. The cell pellet was resuspended in 500 μL Tris-EDTA buffer (Tris-HCl pH 7.6, EDTA pH 8.0). Total RNA was extracted from the resuspended pellet according to the Macaloid-based RNA isolation protocol (Zoetendal et al., 2006) with the use of Phase Lock Gel heavy (5 Prime GmbH, Hamburg, Germany) during phase separation. The aqueous phase was purified using the RNAeasy mini kit (QIAGEN Benelux BV, Venlo, The Netherlands), including an on-column DNAseI (Roche) treatment as described previously (Zoetendal et al., 2006). Total RNA was eluted in 30 μL Tris-EDTA buffer. RNA quantity and quality were assessed using a NanoDrop ND-1000 spectrophotometer and an Experion RNA StdSens analysis kit (Bio-Rad Laboratories BV, Veenendaal, The Netherlands) respectively. Absence of contaminating DNA was confirmed by performing a PCR directly on the RNA extract using the first step PCR of the Universal 16S rRNA gene MiSeq protocol (see Section qPCR). Subsequently, total RNA (2.5 μg) was reverse transcribed using random hexamer primers with the Maxima H Minus First Strand cDNA synthesis kit (Fisher Scientific, Landsmeer, The Netherlands) following the manufacturer's guidelines. Non-template control reactions were also performed. cDNA preparations and control reactions were cleaned using a DNA Clean & Concentrator-5 kit (Zymo Research Europe GmbH, Freiburg, Germany) according to the manufacturers protocol.

qPCR

For absolute quantification of bacteria and archaea, SYBR green qPCR assays were performed with sample DNA extracts using an iCycler iQ real-time detection system (Bio-Rad Laboratories BV). All qPCR analyses were carried out in triplicate with a reaction volume of 10 μL, using optical-grade PCR plates and sealing film. The reaction mixture contained 2 × iQ SYBR green PCR mixture (Bio-Rad Laboratories B.V.), 200 nM (final concentration) of each primer (Table 1), and 2 μL of either the DNA template or PCR grade water. The bacterial amplification program consisted of an initial denaturation at 94°C for 10 min followed by 35 cycles of 94°C for 20 s, 60°C for 30 s, and 72°C for 30 s. The archaeal amplification program consisted of an initial denaturation at 94°C for 10 min followed by 40 cycles of 94°C for 10 s, 60°C for 30 s, and 72°C for 30 s. The fluorescent products were detected at the last step of each cycle. Following amplification, melting temperature analysis of PCR products was performed to determine the specificity of the PCR. The melting curves were obtained by slow heating at 0.5°C/s increments from 60 to 95°C, with continuous fluorescence collection. Standard curves (102–108 amplicon copies/μL) for the assays were prepared using purified PCR amplicons amplified from gDNA of Ruminococcus albus (bacterial qPCR standard) and Methanosarcina mazei (archaeal qPCR standard) with the primers and annealing temperatures indicated in Table 1.


Table 1. 16S rRNA targeted primers and annealing temperatures (Tm) used in this study.
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Microbial Composition Analysis

For 16S rRNA based microbial composition profiling, barcoded amplicons from the V4 region of 16S rRNA were generated from cDNA using a 2-step PCR strategy. PCRs were performed with a SensoQuest Labcycler (Göttingen, Germany) using an adaptation of the cycling conditions of Walters et al. (2015) due to the use of the 2-step protocol (Tian et al., 2016) and the Phusion enzyme. The first PCR step was performed in a total volume of 50 μL containing 1 × HF buffer (Finnzymes, Vantaa, Finland), 1 μL dNTP Mix (10 mM; Promega), 1 U of Phusion® Hot Start II High-Fidelity DNA polymerase (Finnzymes), 500 nM each of the primers UniTag1-515f and UniTag2-806rB (Table 1) and 10–20 ng of sample cDNA. The cycling conditions for the first step consisted of an initial denaturation at 98°C for 3 min, 25 cycles of: 98°C for 10 s, 50°C for 20 s, and 72°C for 20 s, and a final extension at 72°C for 10 min. The size of the PCR products (~330 bp) was confirmed by agarose gel electrophoresis on a 2% (w/v) agarose gel containing 1 × SYBR® Safe (Invitrogen, Carlsbad, CA, USA).

The second PCR step was then employed to add an eight nucleotide sample specific barcode to the 5′- and 3′-end of the PCR products. This step was performed as previously described by Tian et al. (2016). Incorporation of the sample specific barcodes, yielding a PCR product of ~350 bp, was confirmed by agarose gel electrophoresis. Control PCR reactions were performed alongside each separate amplification with (i) the non-template control from the cDNA preparation and (ii) no addition of template, and consistently yielded no product. PCR products were then purified using HighPrep™ (MagBio Europe Ltd, Kent, United Kingdom) and quantified using a Qubit in combination with the dsDNA BR Assay Kit (Invitrogen). Purified PCR products were mixed in equimolar amounts into pools together with defined synthetic mock communities which allow assessment of potential technical biases (Ramiro-Garcia et al., 2016). Pools then underwent adaptor ligation followed by sequencing on the HiSeq platform with addition of 20% PhiX (GATC-Biotech, Konstanz, Germany).

The 16S rRNA cDNA gene sequencing data was then analyzed using NG-Tax, an in-house pipeline (Ramiro-Garcia et al., 2016). Paired-end libraries were filtered to contain only read pairs with perfectly matching barcodes, and those barcodes were used to demultiplex reads by sample. Operational taxonomic units (OTUs) were defined using an open reference approach, and taxonomy was assigned to those OTUs using a SILVA 16S rRNA gene reference database (Quast et al., 2013). The 16S rRNA sequence data generated in this study is deposited in the European Nucleotide Archive under the study accession number PRJEB17837.

Statistical Analysis

Metabolites and Microbes in the Rumen

Prior to statistical analyses, values of lactate concentration, PH2 and bacterial and archaeal concentrations and the ratio of archaeal to bacterial concentrations, were log10-transformed. If a boxplot identified an outlier that could be related to the feed intake pattern of a cow, data points were removed. Gaseous and dissolved metabolite and microbial concentrations and pH in the rumen were subjected to a repeated-measures ANOVA using the following model:

[image: image]

where yijkl represents the measurement from cow l at sampling number i given treatment j at period k; μ represents the overall mean; τi represents fixed effect of the ith sampling moment, i = 1, 2, …, 14 for rumen gases and pH, i = 3, 4, 5, 6 for lactate concentration, i = 2, 3, …, 6 for ethanol concentration, and i = 1, 2, …, 10 for all other dissolved metabolite and microbial concentrations; δj and πk represent the fixed effects of diet (j = 1, 2) and period (k = 1, 2), respectively; γl represents random effect of cow (l = 1, 2, 3, 4); eijkl represents the residual error. With this non-repeated crossover design, potential carryover or residual effects due to the diet fed in the preceding period cannot be identified (Tempelman, 2004), and therefore no sequence effect was included in the model. Correlations of repeated measurements within period, fitted to a cow × period interaction, were modeled with a spatial power, exponential or spherical matrix structure. In case of non-positive definite random-effect or residual covariance matrix, either the random effect of cow and/or the spatial correlation structure were removed from the model. Matrix structure was evaluated using Akaike information criterion (AIC). Degrees of freedom were estimated using the Kenward-Roger approximation. Multiple comparisons were performed according to the Tukey-Kramer method. Data from sampling times with <5 values above the minimum detectable concentration were excluded from the analysis, which applied to lactate and ethanol concentrations. Analyses were carried out using PROC GLIMMIX in SAS (SAS Institute Inc., 2008). All results are reported as least squares means. Significance of effects was declared at P ≤ 0.05 and tendencies to significance at 0.05 < P ≤ 0.10.

Gaseous Emissions

Translocation of cows to chambers may affect the gas emission profile of that particular day and therefore only data obtained between morning feedings on day 14 and 17 were evaluated. Since cows were fed at 10 and 14 h intervals every day, values of H2 and CH4 emission observed between morning and evening feeding, and evening and morning feeding were fitted to time separately. Values of H2 emission rate were log10-transformed to stabilize variance. Gas emission rates were evaluated using the following double-exponential and hyperbolic nonlinear models:
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with
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where β is the vector of fixed effects, where β1 is the asymptote, β2 is a linear multiplier, β3 and β4 represent the increase and decline of gas emission after feeding, respectively; bi is the vector of random effects of the cow × period interaction, with i = 1, …, 8 and its covariance matrix Ψ1; bi,j is the vector of random effects of portion nested within the cow × period interaction, with j = 1, 2, 3, and its covariance matrix Ψ2; eijk is the residual error with variance covariate υijk (gas emission rate for the power function, gas emission rate or time from feeding for the exponential function) and unrestricted parameter ω (i.e., may take any real value, the variance increases or decreases with the variance covariate). Effect of dietary treatment on emission profile was evaluated by stepwise replacement of the four fixed-effects parameters (β1…, β4) according to:
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with [image: image] if diet is control and [image: image] if diet is linseed, and δn1 and δn2 the control and linseed diet main effects, respectively. Inclusion of treatment fixed effect and random effects, and random-effects covariance structure and residual variance were modeled using AIC. Model parameters for control and linseed diet were compared using Tukey's pairwise comparison. Analyses were carried out using nlme (Pinheiro and Bates, 2000) and multcomp (Hothorn et al., 2008) packages in R statistical software.

Microbiota Composition

Microbial composition summary plots and Principal Coordinate Analysis (PCoA) of the weighted unifrac distance matrix of the OTU was performed using a workflow based on Quantitative Insights Into Microbial Ecology (QIIME) v1.2 (Caporaso et al., 2010). Permutational Multivariate Analysis of Variance (PERMANOVA; Anderson, 2001) was used to assess the significance of changes in the rumen microbiota composition with respect to the factors: time (10 levels), diet (2 levels: CON and LSO) and the factor interaction period × diet (4 levels). PERMANOVA was also used to test the effect of time by categorizing time points based on the concentration of rumen metabolites being either “high” (0.5–4 h; total concentration of VFA+lactate+ethanol ≥ 90 mM or a maximum in gas partial pressure) or “low” (0, 6–10 h; every other case). PERMANOVA and Bonferroni corrected multiple comparisons were applied on the weighted unifrac distance matrix using the Matlab Fathom toolbox (Jones, 2015). Redundancy analysis (RDA) was performed using Canoco 5 (Šmilauer and Leps, 2014) to assess the relationship between genus-level phylogenetic groupings of the OTU and time or diet.

RESULTS

Composition of Diets and Feed Intake

The composition of the grass silage, corn silage and the concentrates as well as total mixed ration is shown in Table 2. On day 11 of both experimental periods, cows started ingesting their portions immediately after morning feed delivery with the highest intake consistently occurring during the first 0.5 h after feeding (Figure S1). Small differences between cows in the time taken to finish their portions were observed, particularly with cow 2 in period 1 which took longer to finish its portion (8 h) compared to the other cows (2–6 h). Portion size, which is half of the daily DMI, was 9.1 ± 0.2 kg of DM and no refusals were found from any of the cows. During the chamber measurement days, 9.0 ± 0.3 kg of DM of the portions were ingested and feed refusals (0.1 ± 0.2 kg of DM) only occurred with cow 2.


Table 2. Analyzed composition of grass silage, corn silage, and treatment concentrates [without linseed oil (CON) and with linseed oil (LSO)] and calculated composition of total mixed diets [g/kg dry matter (DM), unless stated otherwise].
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Headspace Gases, Dissolved Metabolites, and Microbial Numbers

In response to feeding, PH2 increased from 2.4 · 10−4 to 2.2 · 10−2 bar in 0.5 h and then steadily decreased to and did not significantly differ from the 0 h level at 10 h (Figure 1). A similar pattern was observed for PCO2 which increased from 0.54 to 0.69 bar during the first 0.5 h and then decreased and did not differ from the 0 h level from 3 h onwards, with the numerically lowest PCO2 of 0.53 bar at 10 h. The profile of PCH4, however, showed a decrease from 0.29 to 0.18 bar over the first 0.5 h and then increased to values not different from 0 h level at 2, 2.5, 3, 7, and 9 h. From 4 to 10 h, PCH4 was between 0.22 and 0.25 bar and did not significantly differ from the values observed at 2, 2.5, and 3 h. In contrast to PH2 and PCO2, which were not affected by diet (Table S2), PCH4 tended to be lower for cows fed the linseed diet (2.4 · 10−1 ± 4.8 · 10−3 bar for CON vs. 2.3 · 10−1 ± 4.8 · 10−3 bar for LSO). No time × diet interaction was observed for any of the gaseous metabolites (P > 0.567). Rumen fluid pH was 7.0 at feeding, decreased to 6.3 by 2 h, remained relatively constant until 5 h and then increased to 6.7 at 10 h (Figure 1). The largest decrease was between 0.5 and 1 h and pH-values were significantly different from 0 h level from 1 to 8 h. Rumen fluid pH was not affected by diet (P = 0.538) and no time × diet interaction was observed (P = 0.902).
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FIGURE 1. Partial pressure of (A) H2, (B) CO2, (C) CH4 in the rumen headspace, and (D) pH of rumen fluid over the first 10 h after feeding. Values represent least square mean (LSM) ± standard error, with different letters indicating significant differences in time (P < 0.05).



No ethanol was detected at 0 h after feeding but its concentration increased to a maximum of 5.4 mM at 1 h. After this maximum ethanol concentration steadily decreased, falling below the detection limit by 4 h (Figure 2A). No lactate was detectable at 0 and 0.5 h, and a numerical maximum of 2.7 mM was observed at 1 h, after which concentrations decreased to below the detection limit by 4 h (Figure 2B). After feeding, total VFA concentration increased from 69 mM at 0 h to its numerical maximum of 123 mM after 3 h with the values at 2 and 2.5 h not significantly differing from the numerical maximum (Figure 2C). The molar proportion of acetate decreased from 68 to 62% over the first 1.5 h post feeding and then recovered toward the 0 h level after 3 h from feeding (Figure 2D). Propionate proportion showed the opposite pattern in time and significantly increased from 16% to its numerical maximum of 22% at 1.5 h, after which it declined to a proportion not significantly different from the 0 h level (Figure 2E). The proportion of butyrate showed a different pattern with a steady increase after feeding, from 11% at 0 h to a peak of 15% at 6 h after feeding (Figure 2F). Propionate proportion tended to be greater (0.61 ± 0.35%) and ethanol concentration tended to be lower (−1.3 ± 0.6 mM) for LSO compared to CON. No effects or tendencies for diet (P > 0.536) to affect the other dissolved metabolites assessed were observed and no time × diet interaction was observed for any of the dissolved metabolites.
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FIGURE 2. Concentrations of (A) ethanol, (B) lactate, (C) total VFA, and proportions of (D) acetate, (E) propionate and (F) butyrate in rumen fluid over the first 10 h after feeding. The “#” indicates that the metabolite concentration was non-detectable. Values represent least square mean (LSM) ± standard error, with different letters indicating significant differences in time (P < 0.05). Values of lactate concentration are back-transformed and plotted on a log scale.



In response to feeding the bacterial concentration (log10 16S rRNA gene copies per mL rumen fluid) increased significantly from 0 to 0.5 h, and at 4 h was significantly lower than at 0.5, 1, and 3 h (Figure 3A). Linseed oil supplementation increased the bacterial concentration (10.4 vs. 10.3 log10 16S rRNA gene copies/mL; P < 0.001); no time × diet interaction was observed (P = 0.899). The archaeal concentration (log10 16S rRNA gene copies/mL) tended to be affected by time after feeding (P = 0.077), with the 3 and 4 h observations significantly different from each other (P = 0.014). No diet effect (P = 0.385) and time × diet interaction (P = 0.941) on the archaeal concentration were observed. The ratio of archaea to bacteria varied from 0.11 to 0.22 (Figure 3B) and tended to be affected by time from feeding (P = 0.089), with no significant differences between time points (P ≥ 0.138). Neither a diet effect (P = 0.611) nor a time × diet interaction was observed (P = 0.934) for the archaea to bacteria ratio.


[image: image]

FIGURE 3. (A) Log10 transformed bacterial (closed squares) and archaeal (open symbols) 16S rRNA gene concentration and (B) back-transformed archaea to bacteria ratio in the rumen over the first 10 h after feeding with a y-axis that is plotted on a log scale. Values represent least square mean (LSM) ± standard error, with different letters indicating significant differences in time (P < 0.05).



Hydrogen and Methane Emission

Average emission rates of H2 during daytime, which was from morning feeding at 6 a.m. to afternoon feeding at 4 p.m., were 33.0 and 34.3 mmol/h for CON and LSO fed cows, respectively (Table S3). Average emission rates of H2 overnight, which was from afternoon feeding at 4 p.m. to morning feeding at 6 a.m., were 28.3 and 28.1 mmol/h for CON and LSO diets, respectively. Average daytime CH4 emission rates were 1.12 and 1.07 mol/h and average overnight CH4 emission rates 1.05 and 1.02 mol/h for CON and LSO diets, respectively.

The hyperbolic model fitted best to the log10 transformed H2 emission rate on AIC (Table S4). The double exponential model appeared to be insufficiently capable of fitting the sharp peak in H2 emission rate (result not shown). As substantial scattering of measurement points appeared after peak emission, modeling the H2 emission rate of the daytime and overnight periods with residual variance functions improved the model fit. The selected hyperbolic model showed an increase in H2 emission rate from ~5 to 200 mmol/h in 0.5 h after feeding and then decreased to basal level (Figures 4A,B). No diet effect was observed on any of the parameters of the best-fit models for daytime and overnight H2 emission.
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FIGURE 4. Gas emission rates as a function of time from feeding. The graph shows (A) daytime (from morning feeding at 6 a.m. to afternoon feeding at 4 p.m.) and (B) overnight (from afternoon feeding at 4 p.m. to morning feeding at 6 a.m.) back-transformed H2 emission rate plotted on a log scale predicted with a hyperbolic model, and (C) daytime and (D) overnight CH4 emission rate predicted with a double exponential model. H2 emission rate was not affected by dietary treatment, CH4 emission rate was affected by dietary treatment (solid line for control diet, dashed line for linseed oil diet). See Table S4 for model parameters.



Based on AIC, daytime and overnight emission rate of CH4 were best described by the double exponential model. The CH4 emission rate increased by about a factor two from ~0.7 to 1.5 mol/h in 0.8 h after feeding (Figures 4C,D). On AIC, best-fit models for CH4 emission resulted in parameters that were significantly affected by diet, indicating decreased CH4 emission from LSO fed cows. For daytime CH4 emission, β2 was affected by diet (difference CON − LSO, 0.08 ± 0.04; Table S4), whereas for overnight CH4 emission rate, β4 was affected by diet (difference CON − LSO, 0.02 ± 0.01).

Microbial Composition

Bacteria (80.8 ± 7.8% of the 16S rRNA sequences) were represented by 787 OTU whereas the archaea (18.6 ± 7.7% of the 16S rRNA sequences) were represented by 68 OTU. Of the 75 different genus-level phylogenetic groupings (72 for bacteria and 3 for archaea) that the 855 OTU could be summarized to, six dominant groupings represented a major proportion of the bacteria (71.1 ± 4.7% of the bacterial 16S rRNA sequences) and one grouping the archaea (93.5 ± 2.4% of the archaeal 16S rRNA sequences). These seven major genus-level phylogenetic groupings could be annotated to either the family (Succinivibrionaceae;genus-NotAnnotated [g-NA; similarly, fg-NA indicates family and genus could not be annotated, and ofg-NA indicates order, family and genus could not be annotated], Ruminococcaceae;g-NA and Christensenellaceae;g-NA) or genus level (Ruminococcus, Butyrivibrio, Prevotella and Methanobrevibacter). A summary of the relative abundances of the genus-level phylogenetic groupings is given with respect to both sampling time (Figure S2) and diet (Figure S3).

Principal Coordinate Analysis (PCoA) of the OTU-level data did not show any clear clustering of the samples with respect to either distinct time points or diet (Figure 5). The time points 0, 6, 8, and 10 h however were generally located to the bottom half of the PCoA-2 axis (18% of total variation), and the 1–4 h time points to the top. The 0.5 h time points were more centrally located along the PCoA-2 axis. No factors explaining variation could be identified for the separation of the samples on the PCoA-1 axis (31% of total variation). In line with the time point localization along the PCoA-2 axis, PERMANOVA indicated a difference in the microbial composition between the “low” (0, 6–10 h) and “high” (0.5–4 h) metabolite concentration categories (P < 0.001). Besides a few tendencies for significance, only the 1.0 and 1.5 h time points were significantly different from the 8 h time point (Table S5). PERMANOVA also indicated an effect of diet on microbial composition (P = 0.024), as well as a period × diet effect (Table S6). The period × diet as well as inherent cow variation in the rumen microbiota, may have limited the appearance of the diet effect in the PCoA plot.
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FIGURE 5. Principal Coordinate Analysis of samples at the OTU level using weighted unifrac distances, with samples labeled by time point as indicated by the key.



Time points separated along the first canonical axis of the RDA by the “low” and “high” time point categories (Figure 6). Pseudobutyrivibrio, Lactobacillus, Selenomonas, Succiniclasticum, Streptococcus, and Prevotella genera appeared to be associated with the “high” time point category, along with some genus-level phylogenetic groupings that could only be annotated to the family (Prevotellaceae and Erysipelotrichaceae Incertae Sedis) or order level (Lentisphaeria RFP12 gut group). Ruminococcaceae Incertae Sedis, Succinivibrio, and Ruminobacter genera appeared to be associated with the “low” time point category, along with some genus-level phylogenetic groupings that could only be annotated to the family (Succinivibrionaceae), order (Aeromonadales), or class level (Cyanobacteria SHA-109). Many of the genus-level phylogenetic groupings also differed further in terms of the time points where their relative abundance was highest (Figure 6). The nine genus-level phylogenetic groupings for the “high” time point category had high relative abundances at the following times after feeding: Pseudobutyrivibrio (0.5–1.5 h), Lactobacillus (1–2 h), Selenomonas (1.5 h), Succiniclasticum (1.5 h), Erysipelotrichaceae Incertae Sedis (1.5 h), Streptococcus (1.5 h), Prevotella (1.5 h), Prevotellaceae;g-NA (1.5–3 h), and Lentisphaeria RFP12 gut group (4 h). The six genus-level phylogenetic groupings for the “low” time point category had high relative abundances at the following times after feeding: Cyanobacteria SHA-109;ofg-NA (0–0.5 h), Aeromonadales;fg-NA (8 h), Ruminobacter (8 h), Succinivibrio (8 h), Succinivibrionaceae:g-NA (8–10 and 0 h), and Rumincoccaceae Incertae Sedis (10 and 0 h). Of the variation in the relative abundance of genus-level phylogenetic groupings that were best explained by diet, only two groupings appeared to have high relative abundance associated with one of the diets (Figure 7). The Bacteroidales BS11 gut group and the Rikenellaceae RC9 gut group had a positive association with CON, and were therefore negatively associated with the LSO.
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FIGURE 6. Redundancy analysis triplot showing the relationship between the top 15 genus-level phylogenetic groupings of the OTUs explaining the variance with time. The canonical axes are labeled with the percentage of the total variation accounted for with respect to the explanatory variable time. Time points (0–10 h) are indicated relative to the ruminal concentration of metabolites being either high (total VFA + lactate + ethanol > 90 mM or peaks in PH2 and PCO2, triangles) or low (all other concentrations, circles). Arrow length indicates the variance that can be explained by the parameter time, with the perpendicular distance of the time points to the arrow indicating the relative abundance of the genus-level phylogenetic grouping. Arrow labels indicate the taxonomic affiliation of genus-level phylogenetic groups, with the level [i.e., kingdom (k), phylum (p), class (c), order (o), family (f), or genus (g)] and taxon (as defined by the Silva 16S rRNA database) that the groups could be reliably assigned to. For example “g_Prevotella” represents an OTU reliably assigned to the Prevotella genus, whereas “p_Cyanobacteria;c_SHA-109;ofg-NA” was reliably assigned to the class SHA-109 but the order, family, and genus could not be annotated (NA). IS, Incertae Sedis.
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FIGURE 7. Redundancy analysis triplot showing the relationship between the top 15 genus-level phylogenetic groupings of the OTU explaining the variance with diet [control (CON) or linseed oil (LSO)]. The canonical axis is labeled with the percentage of the total variance accounted for by the explanatory variable diet. Arrow length indicates the variance that can be explained by diet; distance and labels are as previously described in Figure 6. IS, Incertae Sedis.



DISCUSSION

To our knowledge, this is the first comprehensive study that has identified the diurnal profiles of gaseous and dissolved metabolites (including lactate and ethanol) and the microbiota composition in the rumen, along with associated respiration chamber measured H2 and CH4 emission rates. It is unique that these diurnal profiles were mapped with at least 10 time points during the first 10 h after feeding, and the obtained data illustrated the importance of frequent sampling during the first few hours after feeding. This insight is important when developing an integrated understanding of the dynamics of rumen microbial fermentation, and its implications for the production of H2 and CH4.

Gaseous Metabolites

The basal level of PH2 observed in the present study is similar to the lower bound values of 0.1–0.6 μM (1 · 10−4–8 · 10−4 bar of PH2 according to Henry's law) for the rumen of cattle and sheep as reported in the review of Janssen (2010). Hegarty and Gerdes (1999) suspected rumen PH2 in cattle and sheep to be rarely higher than 1 · 10−2 bar, which applies to all our observations except for the one at 0.5 h after feeding. The maximum of PH2, however, is still in line with Smolenski and Robinson (1988) who reported a H2 spike of 10–20 μM (1–3 · 10−2 bar of PH2) in steers that lasted for 30 min after feeding. Moate et al. (1997) reported 0.66 and 0.76 bar of PCO2 and 0.31 and 0.22 bar of PCH4 in the rumen of dairy cows, before and after an hour of active grazing, respectively. These absolute values are higher than observed in the present study, but the increased PCO2 and decreased PCH4 in response to feed consumption is similar.

The increase in H2 emission rate, of which the magnitude reflects the increase observed in ruminal PH2, is similar to the profile shown by Rooke et al. (2014) where a H2 emission peak from a forage-concentrate fed steer appeared shortly after feeding. The H2 yield in Rooke et al. (2014), however, appeared to be higher (0.11 mol/kg DM) than observed in the present study (0.04 mol/kg DM). Olijhoek et al. (2016) observed the lowest average dairy cow H2 emission of 6 mmol/h over the hour before feeding, and the highest average H2 emission of 134 mmol/h over the first hour after feeding for their control diet. Veneman et al. (2015) observed maximum H2 emission rate of about 125 mmol/h from dairy cows during the first hour after feeding for control and linseed diets. These hourly averages are generally in line with the results in this study (minimum 5 mmol/h; maximum 200 mmol/h; peak at 0.5 h). The fitted CH4 emission profiles in the present study are in line with Brask et al. (2015) who reported the highest average hourly emission from dairy cows in the second hour after feeding, whereas the highest average hourly emission was observed in the third hour after feeding by Olijhoek et al. (2016). Rooke et al. (2014) and Olijhoek et al. (2016) observed an increase in CH4 emission by a factor of two after feeding, which is similar to the increase observed in the present study. Given the CH4 emission rate and DMI, the CH4 yield in the present study is 22.6 g/kg of DM, which is comparable to the CH4 yields for dairy and beef cattle reported by Veneman et al. (2015) for control and linseed oil diets, van Gastelen et al. (2015) and the mixed diet of Rooke et al. (2014) ranging from 21.4 to 25.0 g/kg of DM.

The fitted emission rate of both gases showed a rapid increase after feeding, whereas residual variance of the H2 emission rate increased after the peak emission, in particular for the daytime period (Figure 4). Upward scattering may have been caused by delayed feed intake as not all cows ingested their feed within the same period of time (Figure S1), while downward scattering might have resulted from decreased activity of cows. Although the selected non-linear model visually appears to properly estimate the average emission rate in time, in future experiments on rumen fermentation dynamics it might be useful to give cows access to feed only during the first few hours after feed delivery. Data following a non-skewed distribution would be particularly helpful when making inference on effects such as diet.

The increase of ruminal PH2 and PCO2 at the expense of PCH4, and the peak in H2 emission rate shortly after feeding can be explained by microbial fermentation of rapidly degradable feed components, yielding H2 and CO2. Archaea in turn use the H2 and CO2 released from fermentation to produce CH4, which is reflected in the peak in CH4 emission rate that follows the peak in H2 emission rate (at 0.8 and 0.5 h, respectively). Increased archaeal production of CH4 relative to microbial fermentation in response to feed intake may have caused the recovery of PH2, PCO2, and PCH4 toward the basal level, as observed from 1 h after feeding. The coincidence of a sharp peak in H2 emission and a relatively weak increase in CH4 emission, followed by a steeper decline in H2 emission compared with CH4 emission after the peak emission, is in line with Olijhoek et al. (2016). These patterns suggest that for the observed range of PH2, the archaeal enzymes available became saturated with H2 as a methanogenic substrate and operated at their maximum rate.

Fermentation Dynamics and Microbiota

The sharp peak in H2 emission shortly after feeding is associated with the microbial degradation of rapidly fermentable feed contents such as sugars (e.g., Leedle et al., 1982) as many different rumen micro-organisms rapidly utilize these. Apart from the Cyanobacteria, no genus-level phylogenetic grouping of OTU had a high relative abundance at the 0.5 h time point. The lack of further specific association with the 0.5 h time point might indicate that almost all micro-organisms can swiftly use rapidly degradable soluble substrates, resulting in no single species being more abundant than the others at this time.

Several of the genus-level phylogenetic groups in the rumen were positively associated with the time points that were within 1–3 h after feeding: Pseudobutyrivibrio, Lactobacillus, Selenomonas, Succiniclasticum, Erysipelotrichaceae Incertae Sedis, Streptococcus, Prevotella, and Prevotellaceae;g-NA (Figure 6). The majority of these genera are known for their ability to promptly utilize non-structural carbohydrates. Lactobacillus was most abundant between 1 and 2 h after feeding, which coincided with the appearance of their major fermentation end product lactate.

Species of Ruminobacter and Succinivibrio are involved in starch degradation (Bryant and Small, 1956; Anderson, 1995), and their abundance between 6 and 10 h suggests that starch utilization is a key activity of the planktonic rumen bacteria at this stage (Figure 6). This may occur at this time due to release of (or increased access to) internal plant cell components as the structural carbohydrates are broken down by fibrolytic microbes. Bacteria degrading complex structural carbohydrates however were probably under-represented in our study as only rumen fluid was sampled.

The ecological role of the Aeromonadales;fg-NA and Ruminococcaceae Incertae Sedis genus-level phylogenetic groups, which were positively associated with the 4–10 h, and the 6–10 and 0–0.5 h time points, respectively, could not be identified due to the limited functional annotation of these groups. It is possible though that these phylogenetic groups are involved in cross-feeding of secondary metabolites released by the action of other microbes that colonize the feed particles. In line with this, Leedle et al. (1986) reported that the changes in time that occurred in the carbohydrate composition in the rumen of steers were not always consistent with the predicted scheme of fermentation of carbohydrates such as cellulose/hemicellulose, pectin, starch, and soluble sugars.

In line with an early increase in metabolic activity, reflected by the H2 production spike shortly after feeding, bacterial concentration increased to its highest value at 0.5 h (Figure 3). As bacterial proliferation may not occur rapidly enough to solely explain this increase, microbes might have migrated from the rumen particulate matter to rumen fluid in response to the freshly ingested feed, which temporarily increased the bacterial concentration in the fluid. The significant decline observed at 4 h is in line with the previous findings of Leedle et al. (1982), who also observed a minimum in direct bacterial counts at 4 h after feeding a 77% forage diet to steers. The bacterial decline from 3 to 4 h is likely to be associated with decreased metabolic activity, as evidenced by the significant decrease in total VFA concentration also from 3 to 4 h after feeding (Figure 2). Since the bacterial concentration did not consistently increase until 2 h after feeding (whereas the total VFA concentration did) other processes may have been counteracting an increase in the bacterial concentration in the rumen fluid, such as adherence of bacteria to feed particles.

Archaeal concentration followed a similar pattern to the bacterial concentration, except no increase was observed at 0.5 h after feeding. Rumen methanogenic archaea do not directly utilize feed but only fermentation products such as H2, which explains why the peak in emission of CH4 appeared after the peak in H2 emission (0.8 vs. 0.5 h). The less steep decline of CH4 emission after its peak compared to H2 emission suggests that the archaeal enzymes are saturated with H2 producing CH4 still close to their maximum rate. The increased bacterial concentration and unaffected archaeal concentration at 0.5 h after feeding resulted also in a numerically decreased archaea to bacteria ratio. Wallace et al. (2014) found that the archaea to bacteria ratio in the rumen of beef cattle may be an indicator of CH4 yield per amount of feed. In the present study, the dynamics of the archaea to bacteria ratio and PCH4 were qualitatively similar, both having a minimum at 0.5 h after feeding (Figures 1, 3). This would imply that the archaea to bacteria ratio is associated with the amount of CH4 produced relative to the total active metabolism, or in other words resembling the CH4 yield per amount of feed degraded.

The PH2 up to 2.2 · 10−2 bar may thermodynamically inhibit hydrogenase catalyzed NADH oxidation in rumen bacteria (e.g., Van Lingen et al., 2016). In this thermodynamic state, the metabolism oxidizes NADH back to NAD+ by generating more reduced fermentation products (e.g., Counotte and Prins, 1981; McSweeney et al., 1994; Fischbach and Sonnenburg, 2011). This explains why increased proportions of propionate at the expense of acetate were observed, and why lactate and ethanol appeared in response to feeding (Figure 2). These findings are therefore consistent with such a shift in metabolism being driven by a decreased NAD+ to NADH ratio.

Increased propionate and decreased acetate proportion in response to feeding is in line with several reports (e.g., Brask et al., 2015; Hatew et al., 2015) that observed the lowest acetate to propionate ratio at 2 h after feeding in dairy cattle. The peak in lactate concentration appeared to be lower and later in response to feeding than in Counotte and Prins (1981), who observed 16, 29, and 16 mM of lactate at 15, 30, and 60 min after feeding 6 kg of concentrates. The lower amount of rapidly degradable carbohydrates in the 70:30 roughage to concentrate ratio diets used in this study may explain this difference.

Ethanol concentration in the rumen has not been widely measured in vivo, but was found to accumulate in the rumen of cattle and sheep after overfeeding with readily fermentable carbohydrates (Allison et al., 1964). The highest ethanol concentration occurred 1 h after feeding and was associated with among others the genus Pseudobutyrivibrio (Figure 6), which has been reported to include a species capable of producing ethanol (Kopečný et al., 2003). The decrease in ethanol and lactate concentrations after 1 h, combined with the decrease of the propionate proportion in favor of acetate from 1.5 h, suggest that NADH oxidation was no longer strongly inhibited. This is also consistent with the observation that the PH2 declined in combination with a decreased pH. Besides elevated concentrations of VFA, lactate will also contribute to a decrease in pH despite its relatively low concentration. This is because it is a stronger acid than acetate, propionate or butyrate. From 1 h after feeding, the pH in the rumen remained significantly decreased for several hours. The decrease in pH until 2–3 h after feeding followed the increase in total VFA concentration (Figures 1, 2). Decreased pH counteracts the inhibition of NADH oxidation caused by increased PH2 (Van Lingen et al., 2016), which alleviates the inhibition of NADH oxidation from 1 h after feeding.

The DMI in the present study was close to the feed intake of an average cow in the Netherlands (Bannink et al., 2011), despite the fact that the cows were in late lactation. In general, we believe that the DMI, rather than the lactation stage of cows, affects rumen fermentation diurnal profiles. For example, Sutton et al. (1988) evaluated three levels of intake at three ratios of hay to concentrate and at three stages of lactation (weeks 1–8, 9–16, and 17–36). This study reports that VFA molar proportions were not affected by stage of lactation, whereas a larger feed intake level did increase molar proportion of propionic acid, and decreased that of acetic acid. Early lactation cows in general have a higher DMI than late lactation cows. A higher DMI increases the amount of substrate available for fermentation and may result in more extreme PH2 peaks and a stronger inhibition on NADH oxidation, and in turn more lactate and ethanol production and a lower acetate to propionate ratio. Hence, intake level explains more variation in rumen fermentation processes than stage of lactation. In view of an average feed intake level for a dairy cow achieved in our study, we consider the results to be indicative for the rumen of an average dairy cow.

Effects of Linseed Oil Supplementation

The lack of effect of LSO on emission of H2 is in line with Veneman et al. (2015), who also did not observe a difference in H2 emitted from control and linseed treated dairy cows with 2.2 and 6.2% crude fat, respectively. Similarly, Troy et al. (2015) did not observe an effect on H2 emitted from beef cattle when feeding a control and rapeseed cake treated diet with 2.7 and 5.4% crude fat, respectively. In the present study, linseed oil decreased CH4 emission rate and tended to decrease ruminal PCH4. This is consistent with the study of Martin et al. (2016) where decreased CH4 emission was observed in response to increasing linseed supply with hay and corn silage based diets fed to dairy cattle. In contrast Veneman et al. (2015) did not observe a significant effect of linseed treatment on emission of CH4 in the two experiments they performed. In a meta-analysis, Patra (2013) indicated CH4 emission to be affected by the amount of C18:3, a major component in linseed oil, but demonstrated that the CH4-suppressing effect might be more marked with high concentrations of non-fiber carbohydrates in diets. However, Livingstone et al. (2015) did not find a decrease in CH4 emission upon linseed supplementation regardless of the ratio of grass silage to corn silage in the diet of dairy cattle. Various non-fiber carbohydrates may yield different VFA proportions, which makes it difficult to explain the CH4-suppressing effect of C18:3 in detail. Biohydrogenation of unsaturated fatty acids also serves as a H2 sink, but only has a minor contribution to the decrease in CH4 production (Czerkawski, 1986). Furthermore, decreased CH4 production may have resulted from decreased H2 production, because oils are not fermented and their degradation does not yield H2.

A tendency for an increased molar proportion of propionate for the LSO diets, is in line with the study of Li et al. (2015) who observed a decreased acetate to propionate ratio 3 and 6 h after feeding in steers fed linseed compared with control diets. Moreover, Martin et al. (2016) reported an increased propionate proportion with increased linseed supply in dairy cattle. Changes in the proportion of VFA may therefore be a component of the C18:3 mode of action, as propionate proportion tended to be increased in the present study.

The archaea concentration was unaffected by diet but bacterial concentration increased. The biological significance of this increase is not clear however as no corresponding increase of total VFA occurred in LSO fed animals. Other studies, however, differ in their reports of the effect of linseed oil on microbial concentrations. Veneman et al. (2015) reported that the bacterial concentration associated with the solid phase tended to be decreased upon linseed oil supplementation, whereas the bacteria concentration in the fluid was not significantly affected. Yang et al. (2009) found that increased proteolytic bacteria at the expense of cellulolytic bacteria occurred rather than increased total viable bacteria concentration upon linseed oil supplementation in dairy cattle. Differences observed in results from the present study may be related to the ruminal site of sampling as the rumen is not a completely homogeneous environment. The cranial ventral sac, which was the sampling site in this study, is known to have a higher total VFA concentration, lower pH, and differ in its microbiota and activity compared to the central rumen sacs (Martin et al., 1999; Wang et al., 2016a). Another possible explanation is that the increased concentration of planktonic bacteria with linseed oil was caused by a decreased number of bacteria able to colonize the feed particles (Duval et al., 2004). This would also partly explain the lack of a concurrent increase in total VFA concentration. Sampling of the rumen solid contents should be considered to investigate a possible reduction in fiber colonization. In the present study, however, this was not possible as the required opening of the fistula would have abolished the possibility to determine detailed headspace gas profiles after feeding.

The linseed oil supplementation appeared to have a limited impact on the rumen microbiota composition and the metabolite concentrations in our study, consistent with other studies (Li et al., 2015; Veneman et al., 2015). In the present study, diet also did not induce changes in archaeal species diversity. For both the metabolite concentrations and the microbiota composition, time from feeding clearly explained more variation than diet. Differences in the degradation rates of various types of carbohydrates may explain the observed temporal variation in metabolite concentration (Leedle et al., 1982) and microbiota composition (e.g., Rooke et al., 2014; Li et al., 2015; Wang et al., 2016b). Therefore, an experimental approach with contrasts in carbohydrate degradation rate, rather than contrasts in the amount of dietary fat, might have revealed even more about the microbial metabolic dynamics in the rumen.

Despite the limited effect of the linseed oil on the rumen microbiota, the linseed oil still decreased ruminal CH4 emission. The variation in the rumen microbiota associated with the period × diet, might be due to the various grass silage batches used in this experiment. The crude fat and WSC fractions of the grass silage were 32 and 95 g/kg of DM in period 1 and 26 and 81 g/kg of DM in period 2, respectively, which might explain the period × diet effect. It may have also prevented diet specific effects in the rumen microbiota composition analysis from being detected. This is evidenced by the various genus-level phylogenetic groupings in the RDA triplot that had no substantial association with either of the experimental diets. The Bacteroidales BS11 gut group was most clearly negatively associated with the LSO diet. Despite the indication of its role in hemicellulosic sugar fermentation (Solden et al., 2017), no cultured representative is available for this taxon. It is, therefore, not clear by which mechanism the linseed oil supplementation would decrease their relative abundance. C18:3 may be toxic to this taxon, as has been previously reported for various other rumen bacteria (Maia et al., 2007). Despite a tendency for decreased CH4 emission in the present study, the 16S rRNA gene sequence based microbial community analysis did not indicate any correlation between abundance of methanogens and dietary treatment. This absence of correlations does, however, not necessarily imply that the activity of metabolic pathways of archaea were unaffected. Shi et al. (2014) studied transcription of the archaeal mcrA gene, encoding one of the key enzymes in methanogenesis, in the sheep rumen and identified a discrete set of rumen methanogens whose methanogenesis pathway transcription profiles correlated with CH4 emission.

Summary of Main Findings

In conclusion, time after feeding appeared to explain more variation in diurnal pattern of rumen metabolite concentrations and microbial composition than the CON and LSO diets. The large variation observed in diurnal patterns of rumen metabolites, the substantial increase of PH2 rapidly after feeding followed by the occurrence of shifts in fermentation toward ethanol, lactate, and propionate at the expense of acetate, supports the key role of the redox state of NAD in rumen fermentation. This highlights the importance of including diurnal dynamics in rumen fermentation studies to improve understanding of VFA and CH4 production. The findings of this study also give insight into the key control points of rumen microbial metabolism, providing future opportunities to develop novel sustainable approaches to reduce the ecological footprint of ruminant livestock production.

AUTHOR CONTRIBUTIONS

HV, JV, SV, BV, CP, HS, and JD designed the experiment. HV, SV, BV performed the sampling. HV, JV, and JE performed the laboratory analyses. HV statistically analyzed the metabolite and qPCR profiles. JE and ES statistically analyzed the microbial community composition. AB, HS, CP, and JD supervised the work. HV and JE wrote the manuscript. All authors read and approved the final manuscript.

FUNDING

The contribution of AB was financed from the project Low Emission Animal Feed financed by the Dutch Ministry of Economic Affairs (the Hague, the Netherlands), and by the Product Board Animal and the Dutch Dairy Board (Zoetermeer, the Netherlands).

ACKNOWLEDGMENTS

We thank the staff of the experimental facilities “Carus” (Wageningen & Research, the Netherlands) for their assistance during the implementation of the experiment, Sven Alferink (Wageningen University & Research, the Netherlands) for his assistance during sampling, and the laboratory staff of the Animal Nutrition Group (Wageningen & Research, the Netherlands) for conducting the feed composition analysis. Additionally, we thank Ton van Gelder (Wageningen University & Research, the Netherlands) for his assistance with the GC and HPLC analyses.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.00425/full#supplementary-material

REFERENCES

 Allison, M. J., Dougherty, R. W., Bucklin, J. A., and Snyder, E. E. (1964). Ethanol accumulation in the rumen after overfeeding with readily fermentable carbohydrate. Science 144, 54–55. doi: 10.1126/science.144.3614.54

 Anderson, K. L. (1995). Biochemical analysis of starch degradation by Ruminobacter amylophilus 70. Appl. Environ. Microbiol. 61, 1488–1491.

 Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Aust. Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

 Bannink, A., Kogut, J., Dijkstra, J., France, J., Kebreab, E., Vuuren, A. M., et al. (2006). Estimation of the stoichiometry of volatile fatty acid production in the rumen of lactating cows. J. Theor. Biol. 238, 36–51. doi: 10.1016/j.jtbi.2005.05.026

 Bannink, A., Smits, M. C. J., Kebreab, E., Mills, J. A. N., Ellis, J. L., Klop, A., et al. (2010). Simulating the effects of grassland management and grass ensiling on methane emission from lactating cows. J. Agric. Sci. 148, 55–72. doi: 10.1017/S0021859609990499

 Bannink, A., Van Schijndel, M. W., and Dijkstra, J. (2011). A model of enteric fermentation in dairy cows to estimate methane emission for the Dutch National Inventory Report using the IPCC Tier 3 approach. Anim. Feed Sci. and Technol. 166–167, 603–618. doi: 10.1016/j.anifeedsci.2011.04.043

 Brask, M., Weisbjerg, W. R., Hellwing, A. L. F., Bannink, A., and Lund, P. (2015). Methane production and diurnal variation measured in dairy cows and predicted from fermentation pattern and nutrient or carbon flow. Animal 9, 1795–1806. doi: 10.1017/S1751731115001184

 Bryant, M. P., and Small, N. (1956). Characteristics of the two new genera of anaerobic curved rods isolated from the rumen of cattle. J. Bacteriol. 72, 22–26.

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

 Counotte, G. H. M., and Prins, R. A. (1981). Regulation of lactate metabolism in the rumen. Vet. Res. Commun. 5, 101–115. doi: 10.1007/BF02214975

 Czerkawski, J. W. (1986). An Introduction to Rumen Studies. Oxford; New York, NY; Toronto, ON; Sydney, NSW; Frankfurt: Pergamon Press.

 Dojka, M. A., Hugenholtz, P., Haack, S. K., and Pace, N. R. (1998). Microbial diversity in a hydrocarbon- and chlorinated-solvent contaminated aquifer undergoing intrinsic bioremediation. Appl. Environ. Microbiol. 64, 3869–3877

 Duval, S. M., Newbold, C. J., McEwan, N. R., Graham, R. C., and Wallace, R. J. (2004). Effect of a specific blend of essential oils on the colonization of substrates by rumen microorganisms. Reprod. Nutr. Dev. 44, 35.

 Fischbach, M. A., and Sonnenburg, J. L. (2011). Eating for two: how metabolism establishes interspecies interactions in the gut. Cell Host Microbe 10, 336–347. doi: 10.1016/j.chom.2011.10.002

 Grainger, C., and Beauchemin, K. A. (2011). Can enteric methane emissions from ruminants be lowered without lowering their production? Anim. Feed Sci. Technol. 166–167, 308–320. doi: 10.1016/j.anifeedsci.2011.04.021

 Hatew, B., Podesta, S. C., Laar, H., van Pellikaan, W. F., Ellis, J. L., Dijkstra, J., et al. (2015). Effects of dietary starch content and rate of fermentation on methane production in lactating dairy cows. J. Dairy Sci. 98, 486–499. doi: 10.3168/jds.2014-8427

 Hegarty, R. S., and Gerdes, R. (1999). Hydrogen production and transfer in the rumen. Recent Adv. Anim. Nutr. Aust. 12, 37–44.

 Hothorn, T., Bretz, F., and Westfall, P. (2008). Simultaneous inference in general parametric models. Biom. J. 50, 346–363. doi: 10.1002/bimj.200810425

 Hristov, A. N., Oh, J., Firkins, J. L., Dijkstra, J., Kebreab, E., Waghorn, G., et al. (2013). Special topics—Mitigation of methane and nitrous oxide emissions from animal operations: I. A review of enteric methane mitigation options. J. Anim. Sci. 91, 5045–5069. doi: 10.2527/jas.2013-6583

 Huws, S. A., Edwards, J. E., Creevey, C. J., Stevens, P. R., Lin, W., Girdwood, S. E., et al. (2016). Temporal dynamics of the metabolically active rumen bacteria colonizing fresh perennial ryegrass. FEMS Microbiol. Ecol. 92, iv137. doi: 10.1093/femsec/fiv137

 ISO 1735 (2004). Animal Feeding Stuffs. Determination of Fat Content. Geneva: International Organization for Standardization.

 Janssen, P. H. (2010). Influence of hydrogen on rumen methane formation and fermentation balances through microbial growth kinetics and fermentation thermodynamics. Anim. Feed Sci. Technol. 160, 1–22. doi: 10.1016/j.anifeedsci.2010.07.002

 Jones, D. L. (2015). Fathom Toolbox for Matlab: Software for Multivariate Ecological and Oceanographic Data Analysis. St. Petersburg, FL: College of Marine Science, University of South Florida. Available online at: http://www.marine.usf.edu/user/djones/

 Klop, G., van Laar-van Schuppen, S., Pellikaan, W. F., Hendriks, W. H., Bannink, A., and Dijkstra, J. (2017). Changes in in vitro gas and methane production from rumen fluid from dairy cows during adaptation to feed additives in vivo. Animal. doi: 10.1017/S1751731116002019. [Epub ahead of print].

 Kopečný, J., Zorec, M., Mrázek, J., Kobayashi, Y., and Marinšek-Logar, R. (2003). Butyrivibrio hungatei sp. nov. and Pseudobutyrivibrio xylanivorans sp. nov., butyrate producing bacteria from the rumen. Int. J. Syst. Evol. Microbiol. 53, 201–209. doi: 10.1099/ijs.0.02345-0

 Lane, D. (1991). “16S/23S rRNA sequencing,” in Nucleic Acid Techniques in Bacterial Systematics, eds E. Stackebrandt and M. Goodfellow (New York, NY: Wiley), 115–148.

 Leedle, J. A. Z., Barsuhn, K., and Hespell, R. B. (1986). Postprandial trends in estimated ruminal digesta polysaccharides and their relation to changes in bacterial groups and ruminal fluid characteristics. J. Anim. Sci. 62, 789–803. doi: 10.2527/jas1986.623789x

 Leedle, J. A. Z., Bryant, M. P., and Hespell, R. B. (1982). Diurnal variations in bacterial number and fluid parameters in ruminal contents of animals fed low- or high-forage diets. Appl. Environ. Microbiol. 44, 402–412.

 Li, X. Z., Park, B. K., Shin, J. S., Choi, S. H., Smith, S. B., and Yan, C. G. (2015). Effects of dietary linseed oil and propionate precursors on ruminal microbial community composition, and diversity in Yanbian yellow cattle. PLoS ONE 10:e0126473. doi: 10.1371/journal.pone.0126473

 Lingen, H. J., van Plugge, C. M., Fadel, J. G., Kebreab, E., Bannink, A., and Dijkstra, J. (2016). Thermodynamic driving force of hydrogen on rumen microbial metabolism: a theoretical investigation. PLoS ONE 10:e0161362. doi: 10.1371/journal.pone.0168052

 Livingstone, K. M., Humphries, D. J., Kirton, P., Kliem, K. E., Givens, D. I., and Reynolds, C. K. (2015). Effects of forage type and extruded linseed supplementation on methane production and milk fatty acid composition of lactating dairy cows. J. Dairy Sci. 98, 4000–4011. doi: 10.3168/jds.2014-8987

 Maia, M. R. G., Chaudhary, L. C., Figueres, L., and Wallace, R. J. (2007). Metabolism of polyunsaturated fatty acids and their toxicity to the microflora of the rumen. Anthonie Van Leeuwenhoek 91, 303–314. doi: 10.1007/s10482-006-9118-2

 Martin, C., Devillard, E., and Michalet-Doreau, B. (1999). Influence of sampling site on concentrations and carbohydrate-degrading enzyme activities of protozoa and bacteria in the rumen. J. Anim. Sci. 77, 979–987. doi: 10.2527/1999.774979x

 Martin, C., Ferlay, A., Mosoni, P., Rochette, Y., Chilliard, Y., and Doreau, M. (2016). Increasing linseed supply in dairy cow diets based on hay or corn silage: effect on enteric methane emission, rumen microbial fermentation, and digestion. J. Dairy Sci. 99, 3445–3556. doi: 10.3168/jds.2015-10110

 McSweeney, C. S., Mackie, R. I., and White, B. A. (1994). Transport and intracellular metabolism of major feed compounds by ruminal bacteria: the potential for metabolic manipulation. Aust. J. Agric. Res. 45, 731–756. doi: 10.1071/AR9940731

 Mills, J. A. N., Dijkstra, J., Bannink, A., Cammell, S. B., Kebreab, E., and France, J. (2001). A mechanistic model of whole-tract digestion and methanogenesis in the lactating dairy cow: model development, evaluation, and application. J. Anim. Sci. 79, 1584–1597. doi: 10.2527/2001.7961584x

 Moate, P. J., Clarke, T., Davis, L. H., and Laby, R. H. (1997). Rumen gases and bloat in grazing dairy cows. J. Agric. Sci. 129, 459–469. doi: 10.1017/S0021859697004930

 Moraes, L. E., Strathe, A. B., Fadel, J. G., Casper, D. P., and Kebreab, E. (2014). Prediction of enteric methane emissions from cattle. Glob. Change Biol. 20, 2140–2148. doi: 10.1111/gcb.12471

 Morgavi, D. P., Forano, E., Martin, C., and Newbold, C. J. (2010). Microbial ecosystem and methanogenesis in ruminants. Animal 4, 1024–1036. doi: 10.1017/S1751731110000546

 Olijhoek, D. W., Hellwing, A. L. F., Brask, M., Weisbjerg, M. R., Højberg, O., Larsen, M. K., et al. (2016). Effect of dietary nitrate level on enteric methane production, hydrogen emission, rumen fermentation, and nutrient digestibility in dairy cows. J. Dairy Sci. 99, 6191–6205. doi: 10.3168/jds.2015-10691

 Patra, A. K. (2013). The effect of dietary fats on methane emissions, and its other effects on digestibility, rumen fermentation and lactation performance in cattle: a meta-analysis. Livest. Prod. Sci. 155, 244–255. doi: 10.1016/j.livsci.2013.05.023

 Pinheiro, J. C., and Bates, D. M. (2000). Mixed-Effects Models in S and S-PLUS. New York, NY: Springer-Verlag; New York, Inc.

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

 Ramiro-Garcia, J., Hermes, G. D. A., Giatsis, C., Sipkema, D., Zoetendal, E. G., Schaap, P. J., et al. (2016). NG-Tax, a highly accurate and validated pipeline for analysis of 16S rRNA amplicons from complex biomes. F1000Research 5, 1791. doi: 10.12688/f1000research.9227.1

 Rooke, J. A., Wallace, R. J., Duthie, C. A., McKain, N., De Souza, S. M., Hyslop, J. J., et al. (2014). Hydrogen and methane emissions from beef cattle and their rumen microbial community vary with diet, time after feeding and genotype. Br. J. Nutr. 112, 398–407. doi: 10.1017/S0007114514000932

 Salonen, A., Nikkila, J., Jalanka-Tuovinen, J., Immonen, O., Rajilic-Stojanovic, M., Kekkonen, R. A., et al. (2010). Comparative analysis of fecal DNA extraction methods with phylogenetic microarray: effective recovery of bacterial and archaeal DNA using mechanical cell lysis. J. Microbiol. Meth. 81, 127–134. doi: 10.1016/j.mimet.2010.02.007

 SAS Institute Inc. (2008). Statistical Analysis Software. SAS/STAT 9.2 User's Guide. Cary, NC: SAS Inst., Inc.

 Shi, W., Moon, C. D., Leahy, S. C., Kang, D., Froula, J., Rubin, E. M., et al. (2014). Methane yield phenotypes linked to differential gene expression in the sheep rumen microbiome. Genome Res. 24, 1517–1525. doi: 10.1101/gr.168245.113

 Šmilauer, P., and Leps, J. (2014). Multivariate Analysis of Ecological Data Using Canoco, 5, 2nd edn. New York, NY: Cambridge University Press.

 Smolenski, W. J., and Robinson, J. A. (1988). In situ rumen hydrogen concentrations in steers fed eight times daily, measured using a mercury reduction detector. FEMS Microbiol. Lett. 53, 95–100. doi: 10.1111/j.1574-6968.1988.tb02652.x

 Solden, L. M., Hoyt, D. W., Collins, W. B., Plank, J. E., Daly, R. A., Hildebrand, E., et al. (2017). New roles in hemicellulosic sugar fermentation for the uncultivated Bacteroidetes family BS11 open. ISME J. 11, 691–703. doi: 10.1038/ismej.2016.150

 Sutton, J. D., Broster, W. H., Schuller, E., and Napper, D. J. (1988). Influence of plane of nutrition and diet composition on rumen fermentation and energy utilization by dairy cows. J. Agric. Sci. 110, 261–270. doi: 10.1017/S0021859600081284

 Suzuki, M. T., Taylor, L. T., and DeLong, E. F. (2000). Quantitative analysis of small-subunit rRNA genes in mixed microbial populations via 5′-nuclease assays. Appl. Environ. Microbiol. 66, 4605–4614. doi: 10.1128/AEM.66.11.4605-4614.2000

 Tempelman, R. J. (2004). Experimental design and statistical methods for classical and bioequivalence hypothesis testing with an application to dairy nutrition studies. J. Anim. Sci. 82, E162–E172. doi: 10.2527/2004.8213_supplE162x

 Tian, L., Scholte, J., Borewicz, K., Bogert, B., van den Smidt, H., Scheurink, A. J., et al. (2016). Effects of pectin supplementation on the fermentation patterns of different structural carbohydrates in rats. Mol. Nutr. Food Res. 60, 2256–2266. doi: 10.1002/mnfr.201600149

 Troy, S. M., Duthie, C. A., Hyslop, J. J., Roehe, R., Ross, D. W., Wallace, R. J., et al. (2015). Effectiveness of nitrate addition and increased oil content as methane mitigation strategies for beef cattle fed two contrasting basal diets. J. Anim. Sci. 93, 1815–1823. doi: 10.2527/jas.2014-8688

 van Gastelen, S., Antunes-Fernandes, E. C., Hettinga, K. A., Klop, G., Alferink, S. J. J., Hendriks, W. H., et al. (2015). Enteric methane production, rumen volatile fatty acid concentrations, and milk fatty acid composition in lactating Holstein-Friesian cows fed grass silage- or corn silage-based diets. J. Dairy Sci. 98, 1915–1927. doi: 10.3168/jds.2014-8552

 Veneman, J. B., Muetzel, S., Kenton, J. H., Faulkner, C. L., Moorby, J. M., Perdok, H. B., et al. (2015). Does dietary mitigation of enteric methane production affect rumen function and animal productivity in dairy cows? PLoS ONE 10:e0140282. doi: 10.1371/journal.pone.0140282

 Wallace, R. J., Rooke, J. A., Duthie, C. A., Hyslop, J. J., Ross, D. W., McKain, N., et al. (2014). Archaeal abundance in post-mortem ruminal digesta may help predict methane emissions from beef cattle. Sci. Rep. 4:5892. doi: 10.1038/srep05892

 Walters, W., Hyde, E. R., Berg-Lyons, D., Ackermann, G., Humphrey, G., Parada, A., et al. (2015). Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal internal transcribed spacer marker gene primers for microbial community surveys. mSystems 1, e00009–e000015. doi: 10.1128/mSystems.00009-15

 Wang, M., Wang, R., Janssen, P. H., Zhang, X. M., Sun, X. Z., Pacheco, D., et al. (2016a). Sampling procedure for the measurement of dissolved hydrogen and volatile fatty acids in the rumen of dairy cows. J. Anim. Sci. 94, 1159–1169. doi: 10.2527/jas.2015-9658

 Wang, M., Wang, R., Xie, T. Y., Janssen, P. H., Sun, X. Z., Beauchemin, K. A., et al. (2016b). Shifts in rumen fermentation and microbiota are associated with dissolved ruminal hydrogen concentration in lactating dairy cows fed different types of carbohydrates. J. Nutr. 146, 1714–1721. doi: 10.3945/jn.116.232462

 Yang, S. L., Bu, D. P., Wang, J. Q., Hu, Z. Y., Li, D., Wei, H. Y., et al. (2009). Soybean oil and linseed oil supplementation affect profiles of ruminal microorganisms in dairy cows. Animal 3, 1562–1569. doi: 10.1017/S1751731109990462

 Yu, Y., Lee, C., Kim, J., and Hwang, S. (2005). Group-specific primer and probe sets to detect methanogenic communities using quantitative real-time polymerase chain reaction. Biotechnol. Bioeng. 89, 670–679. doi: 10.1002/bit.20347

 Zoetendal, E. G., Booijink, C. C. G. M., Klaassens, E. S., Heilig, H. G. H. J., Kleerebezem, M., Smidt, H., et al. (2006). Isolation of RNA from bacterial samples of the human gastrointestinal tract. Nat. Protoc. 1, 954–959. doi: 10.1038/nprot.2006.143

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

Copyright © 2017 van Lingen, Edwards, Vaidya, van Gastelen, Saccenti, van den Bogert, Bannink, Smidt, Plugge and Dijkstra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/math_2.gif
1+ i (—exp™’ + exp®’) + ey

i
. i S
w] [ [ed] ew
o | _|Be | o] o | i
b R0 ol R ol R P R R

by | LB Lba] | bay





OPS/images/math_1.gif
Vil

T+ 8+ b + i + y1 + ey





OPS/images/math_4.gif





OPS/images/math_3.gif
N(0,0%)
v (0.0 o)
N (0,0%xp2")

)

bi~ N (0,1), biy ~ N (0,%2) and egs ~






OPS/images/inline_2.gif





OPS/images/inline_1.gif





OPS/images/cover.jpg
, frontiers
in Microbiology

Diurnal Dynamics of Gaseous and
Dissolved Metabolites and
Microbiota Composition in the
Bovine Rumen









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





OPS/images/fmicb-08-00425-g005.gif





OPS/images/fmicb-08-00425-g006.gif





OPS/images/fmicb-08-00425-g003.gif





OPS/images/fmicb-08-00425-g004.gif
Hydrogen

2 Hydrogen_

Mthane. o Mothane.
Gam 12pm  4pm 4pm  8pm  12am 6am

fime (h)





OPS/images/fmicb-08-00425-t002.jpg
Silage Concentrate® Dietary Treatment

Item Grass Comn CON Lso CON Lso
DM (g/kg) 554 316 878 80 465 466
Crude ash 91 a1 120 11 79 m
Crudeprotein 140 80 394 361 192 182
Crude fat o B ® 108 33 56
NDF 542 333 208 178 367 349
ADF 32 202 101 91 208 205
ADL. 15 9 17 16 13 13
Starch ND? 373 18 14 154 153
Sugars 8  ND* 137 124 68 6
GrossEnergy 183 183 180 197 182 187
(M/kg of DM)

“Not determined.

bFor concentrate ingredient composition see Table ST.
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Application Primer?® Primer sequence (5'-3')P Tm (°C)° Reference

Bacterial PCR standard 27F AGAGTTTGATCCTGGCTCAG 55 Lane, 1991
PROK1492R GGWTACCTTGTTACGACTT Suzuki et al., 2000

Archaeal qPCR standard 25F CYGGTTGATCCTGCCRG 52 Dojka etal,, 199
PROK1492R GGWTACCTTGTTACGACTT Suzuki et al., 2000

Bacterial GPCR Baot1369F CGGTGAATACGTTCYCGG 60 Suzuki et al., 2000
PROK1492R GGWITACCTTGTTACGACTT

Archaeal GPCR Arch-787f ATTAGATACCCSBGTAGTCC 60 Yuetal, 2005
Arch-1059r GCCATGGACCWCCTC

Universal 168 MiSeq 5156 GTGYCAGCMGCCGCGGTAA - Walters et al., 2015
80618 GGACTACNVGGGTWTCTAAT
UniTag1-615f GAGCCGTAGCCAGTCTGCGTGYCAGCMGCCGCGGTAAY This study
UniTag2-806r8 GCCGTGACCGTGACATCGGGACTACNVGGGTWTCTAATY This study

“Primer names may not correspond to the original publication.
Degenerate nucleotides are described using the IUPAC nucleotide code.
Annealing temperature used with the respective primer pairs.

dUniTag sequences are underfined.
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