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  Abstract
  The effects of the anti-methanogenic compound, bromochloromethane (BCM), on rumen microbial fermentation and ecology were examined in vivo. Japanese goats were fed a diet of 50 % Timothy grass and 50 % concentrate and then sequentially adapted to low, mid and high doses of BCM. The goats were placed into the respiration chambers for analysis of rumen microbial function and methane and H2 production. The levels of methane production were reduced by 5, 71 and 91 %, and H2 production was estimated at 545, 2941 and 3496 mmol/head per d, in response to low, mid and high doses of BCM, respectively, with no effect on maintenance feed intake and digestibility. Real-time PCR quantification of microbial groups showed a significant decrease relative to controls in abundance of methanogens and rumen fungi, whereas there were increases in Prevotella spp. and Fibrobacter succinogenes, a decrease in Ruminococcus albus and R. flavefaciens was unchanged. The numbers of protozoa were also unaffected. Denaturing gradient gel electrophoresis and quantitative PCR analysis revealed that several Prevotella spp. were the bacteria that increased most in response to BCM treatment. It is concluded that the methane-inhibited rumen adapts to high hydrogen levels by shifting fermentation to propionate via Prevotella spp., but the majority of metabolic hydrogen is expelled as H2 gas.
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   Enteric fermentation in livestock accounts for 19 % of anthropogenic sources of methane, a potent greenhouse gas(Reference Johnson and Johnson1), for which rumen fermentation is the largest source of methane production. In rumen fermentation, several pathways involving both hydrogen-producing and -consuming steps are involved in the conversion of feedstuffs into various fermentation end products such as SCFA(Reference Ungerfeld, Kohn, Sejrsen, Hvelplund and Nielsen2, Reference Moss, Jouany and Newbold3). Although metabolic hydrogen in the rumen is incorporated in fermentation end products by bacteria, methanogenic archaea (methanogens) consume the greater majority of metabolic hydrogen to obtain energy for their metabolism and finally release methane, which accounts for 2–12 % loss of the metabolic energy from feed(Reference Johnson and Johnson1, Reference Moss, Jouany and Newbold3, Reference Morgavi, Forano and Martin4). Therefore, management of metabolic hydrogen and methane production in the rumen is an important factor to be considered, when developing strategies to reduce greenhouse gas emissions and improve efficiency of energy utilisation from feed.
 It is known that many chemical agents such as ionophores (e.g. monensin), unsaturated fatty acids, sulphate, nitrate, fumarate and halogenated methane analogues (e.g. bromochloromethane (BCM)) are able to reduce methane production from ruminants(Reference Johnson and Johnson1, Reference Morgavi, Forano and Martin4–Reference Itabashi, Takahasi and Young6). BCM is one of the most effective inhibitors and apparently reduces methane production by interfering with the cobamide-dependent methyl transferase step of methanogenesis(Reference Wood, Kennedy and Wolfe7, Reference Chalupa8). BCM complexed in cyclodextrin (CD; BCM-CD) results in the sustained inhibition of methane production when fed to ruminants(Reference May, Payne and Stewart9–Reference Tomkins and Hunter11). Moreover, an in vitro continuous fermentation system simulating rumen fermentation demonstrated that BCM significantly reduced methane production (85–90 %) and eliminated most methanogens, whereas there was no effect on total SCFA production, true degradability of feed and efficiency of microbial protein synthesis(Reference Goel, Makkar and Becker12). Although H2 gas was not measured in the in vitro study, it is predicted that H2 gas would accumulate in the rumen when methanogenesis is strongly inhibited by suppression of growth of ruminal methanogens(Reference Janssen13).
 The aims of the present study were to analyse the effect of BCM-CD on in vivo methane production, metabolic hydrogen flux and subsequent responses in SCFA production and rumen microbial community structure of goats. Varying dose levels of BCM-CD were administered to the rumen of goats fed a 1·1 ×  maintenance diet of roughage and concentrate (1:1) in open-circuit respiration chambers. It was hypothesised that (1) the rumen microbiota would adapt to inhibition of methanogenesis and shift fermentation to reductive processes that would consume more reducing equivalents, but (2) excessive H2 gas would still accumulate and impair fibre digestion.
 Materials and methods
 Animals and experimental design
 The Shiba goat, which is an inbred strain of Japanese miniature goat, has been established for experimental use(Reference Sakurai, Ohkura and Matsuyama14) and was used in the present study. Three fistulated Japanese native (Shiba) goats (Capra aegagrus hircus, female) 35·7 (sem 4·85) kg were fed a 1·1 ×  maintenance diet of 50 % of Timothy hay (Phleum pratense, g/kg; organic matter 949, neutral-detergent fibre 735, crude protein 49 and ash 51) and 50 % of concentrate (designed by National Institute of Livestock and Grassland Science: maize powder, 30 %; barley powder, 25 %; wheat bran, 9 %; defatted rice bran, 7 %; soybean meal, 11·7 %; molasses, 3·5 %; alfalfa meal, 7 %; beet pulp, 5 %; calcium carbonate, 1·2 %; NaCl, 0·5 %; vitamin premixed, 0·1 %; g/kg: organic matter, 937; neutral-detergent fibre, 243; crude protein, 185; ash 63), with which CD (0·46 g/100 kg live weight (LW)) was supplemented (376·5 (sem 39·0) g each) for an adaption period of 14 d before gas measurements and sampling. A sampling period of 8 d followed and served as the control collection period for all animals. Within the sampling period, goats were placed into the respiration chambers for a period of 3 d for analysis of rumen gas production. Animals were then adapted to a low dose of BCM-CD (0·5 g/100 kg LW), which was premixed in the maintenance diet without CD, for 8 d before sampling in the respiration chambers for 3 d. Doses were then increased to a mid dose (2 g/100 kg LW) and after 8 d of adaption, there was further 3 d of sampling. A final high dose (5 g/100 kg LW) of BCM-CD was administered and a similar adoption and sampling regime was followed as before, with gas analysis performed in the respiration chambers. The BCM-CD containing 8 % BCM was prepared by Ensuiko Sugar Refining Company Limited (Yokohama, Japan). Rumen samples were collected at the end of each respiration-sampling period (3 d) for analysis of fermentation end products and microbial ecology. Digestibility trials and measurement of methane production in whole animal, open-circuit, indirect respiration chambers equipped with gas analysers for oxygen, carbon dioxide and methane were performed according to the techniques and procedures described by Bhatta et al. (Reference Bhatta, Enishi and Takusari15). Briefly, methane concentration was accurately measured by sampling gas from the outlet of a chamber and actual production calculated from outflow rates of gas. H2 concentrations in a chamber were measured by a H2 monitor (Custom-made device; TAIYO Instruments Inc., Osaka, Japan), which was installed in each chamber, but actual production rate was not measured because H2 gas in each chamber exceeded the limit of detection (>65 parts per million) when methanogenesis was inhibited. The animal experiments were carried out in accordance with a protocol approved by the Guide for the Care and Use of Experimental Animals (Animal Care Committee, National Institute of Livestock and Grassland Science).

 Organic acid sampling and analysis
 For the detection of SCFA, a 1-ml sample of rumen fluid was taken just before the morning feed at various time points for analysis. After samples were centrifuged (12 000 g, 10 min), 600 μl of sample was combined with 150 μl of meta-phosphoric/internal standard solution (20 % meta-phosphoric acid/0·24 % 4-methyl valeric acid). Analysis of organic acids was performed using a Shimadzu GC-17A GC on a packed glass column (length 2 m; outer diameter 0·6 mm; inner diameter 0.2 mm) containing 10 % FFAPTM (free fatty acid phase)/1 % H3PO4 on Chromasorb WAW 100/120 mesh. The C2–C5 acids were separated over 16 min using nitrogen as a carrier at 12 ml/min. Peaks were detected by a flame ionisation detector(Reference Playne16). Lactate concentrations were determined from the supernatants of the centrifuged samples with the d-lactate and l-lactate assay kit (K-DLATE; Megazyme International Ireland Limited, Wicklow, Ireland) according to the manufacturer's instructions.

 Calculation of hydrogen balance
 The estimated recovery of metabolic hydrogen in the form of reduced protons (H) can be calculated from 2H utilised (2HU) and 2H produced (2HP) in rumen fermentation. The 2HP as a fermentation intermediate and 2H utilised in SCFA (2HUS) and methane were estimated from the amount and molar proportions of acetate (C2), propionate (C3), butyrate (C4), iso-valerate (Ci5) and valerate (C5) and from molar concentration of methane, as described in the following(Reference Goel, Makkar and Becker12, Reference Demeyer and Jouany17) equations:
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 As administration of BCM induced a marked increase in H2 gas production, which reached unmeasurable levels (>65 parts per million, Fig. 1), it was predicted that 2HU comprised 2HUS, 2H recovery in methane (2HUM) and 2H recovery in H2 (2HUH). Therefore, 2HU was calculated as
(1)[image: ]


because the recovery rate of metabolic hydrogen, which is 2HU/2HP, is estimated as 0·9(Reference Moss, Jouany and Newbold3, Reference Demeyer and Jouany17, Reference Faichney, Graham and Walker18); however, in the controls, there was minimal H2 production as methane formation was not inhibited, and thus 2HU was calculated according to Goel et al. (Reference Goel, Makkar and Becker12) as:
(2)[image: ]


Therefore, the equation used to calculate methane production in controls (Mcont) was Mcont = (2HU − 2HUS)/4 = ((0·9 × 2HP) − 2HUS)/4. Methane production at the low, mid and high doses of BCM (Mbcm; mmol/l) was calculated by using methane production in controls and methane reduction rates (MR; %), which were calculated from methane production in respiration chambers (Mrc; mol/head per d), as Mbcm = Mcont × (100 − MR)/100. H2 production at each dose of BCM (Hbcm) was calculated as a modification of equations 1 and 2: 
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Fig. 1 Hydrogen levels (parts per million (ppm)) detected within chambers for control ([image: ]
) and high dose of bromochloromethane ([image: ]
). The feed was provided at time 0. Regions in a state of plateau on light-grey lines meant undetectable level of hydrogen (>65 ppm).


 The amount of H2 production in respiration chambers (Hrc) was estimated in mol as Hrc (mol/head per d) = Mrc (mol/head per d) × Hbcm/Mbcm. 2HUH was estimated as: 2HUH (%) = (Hbcm/2HP) × 100.
 The relationship between measured methane production in chambers and (C2+C4)/C3 ratio were plotted on a chart according to the method reported by Moss et al. (Reference Moss, Jouany and Newbold3), in order to obtain an approximate curve.

 Monitoring microbial populations
 Quantitative PCR (qPCR) for monitoring three cellulolytic rumen bacterial species, F. succinogenes, R. albus and R. flavefaciens, anaerobic rumen fungi and methanogen populations were performed using published primers and assay conditions(Reference Denman and McSweeney19–Reference Kang, Denman and Morrison21). The qPCR was performed using a DNA template, total genomic DNA isolated from a 1-ml sample of rumen fluid using the FastDNA Kit and FastPrep Instrument (MP Biomedicals, Cleveland, OH, USA) in four technical replicates. Changes in targeted populations were calculated using a relative quantification calculation and the 2− ΔΔCt method, with the control period used as the calibrator and total bacterial(Reference Denman and McSweeney19) Ct (cycle threshold) values used as the reference value(Reference Livak and Schmittgen22). Estimation of abundance of target populations to indicate their contribution to the sample was also calculated using standard curves for each target gene generated from cloned PCR products. Protozoal populations were identified and counted microscopically after fixing and staining with methyl green–formalin–saline solution described by Ogimoto & Imai(Reference Ogimoto and Imai23). Denaturing gradient gel electrophoresis (DGGE) of 16S rRNA gene (recombinant DNA (rDNA)) PCR products was used to profile the diversity of rumen bacteria and was accomplished according to the method reported by Shinkai et al. (Reference Shinkai, Ueki and Kobayashi24) using 8 % (v/v) polyacrylamide DGGE gel with 35–65 % denaturant gradient. The PCR product, which was amplified with primers 1 and 2(Reference Muyzer, de Waal and Uitterlinden25) from the DNA excised from a DGGE gel, was inserted into a cloning vector, pCR2.1 (Invitrogen Corporation, Carlsbad, CA, USA). The sequence of cloned DNA fragment was determined and compared to the 16S rDNA sequences in the GenBank database using the DDBJ BLAST program (http://www.ddbj.nig.ac.jp/Welcome-e.html) and the Seq match program supported by Ribosomal database project (http://rdp.cme.msu.edu/).

 Primer design and monitoring of Prevotella groups
 Sequencing products from DGGE bands representing Prevotella sp. were aligned to 16S rRNA sequences in the latest greengenes ARB database(Reference DeSantis, Hugenholtz and Larsen26). Primers to be used in a qPCR assay to target these groups were designed using the most similar full-length sequence. Primers for Prevotella group 1 were designed from rumen clone F24-B12 (GenBank accession number, AB185591; prev_3_F, 5′-TGACGTCCTTCGGGACCG-3′; prev_3_R, 5′-TCCCGCCTTCTGTATGCC-3′) producing a 243 bp product from 1019 to 1262 (Escherichia coli numbering). Primers for Prevotella group 7 were designed from an uncultured rumen bacterium clone L102RC-4-F10 (GenBank accession no. HQ399809; prev_7_F, 5′-GTAGAGGATAGCCCGGCG-3′; prev_7_R, 5′-CTGATCGACGGCTTGG TG-3′) producing a 147 bp product from 141 to 287 (E. coli numbering). Primers were then compared with sequences available at the National Center for Biotechnology Information via a BLAST search to ascertain primer specificity(Reference Altschul, Gish and Miller27) and against the Ribosomal database project II and ARB databases using the probe match analysis function(Reference Cole, Chai and Marsh28, Reference Ludwig, Strunk and Westram29).
 qPCR assays were performed on an ABI PRISM® 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Assays were set up using the Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). Optimisation of assay conditions was performed for primer, template DNA and MgCl2 concentrations. An optimal primer concentration of 300 nm, a final MgCl2 concentration of 3 mm and DNA template concentration of between 1 and 100 ng were used for each assay under the following cycle conditions: one cycle of 50°C for 2 min and 95°C for 2 min for initial denaturation, forty cycles at 95°C for 15 s and 56°C for 1 min for primer annealing and product elongation. Fluorescence detection was performed at the end of each denaturation and extension step. Amplicon specificity was performed via dissociation curve analysis of PCR end products by raising the temperature at a rate of 1°C/30 s from 60 to 95°C. Total microbial rumen DNA from sampling time points was diluted in the ratio 1:10 before use in quantitative real-time PCR.

 Statistical analyses
 Experimental data, digestibility, gas, methane and SCFA were subjected to ANOVA using the Excel 2003 software (Microsoft Corporation, Redmond, WA, USA) with the add-in software Statcel2 (OMS Publishing, Inc., Saitama, Japan). Regression analyses, SCFA to methane and MR to SCFA, methane or H2, were carried out by simple regression analysis. Statistical analyses of the effect of BCM treatment on microbial populations were carried out by ANOVA, with differences determined by the method of least significant difference at the 5 % (P < 0·05) and 1 % (P < 0·01) levels using Statistica 6.0 software (StatSoft, Inc., Tulsa, OK, USA).


 Results
 Digestibility
 All feed offered (1·1 ×  maintenance diet) was consumed by each goat and digestibility data were analysed for the control and highest dose of BCM. BCM did not exhibit a negative effect on digestibility compared to the control period (Table 1).

Table 1 Feed digestibility in goats
 (Mean values with their standard errors, n 3 animals)

[image: ]

 BCM, bromochloromethane; ODM, organic DM; NDF, neutral-detergent fibre.




 Methane and hydrogen gas production
 Daily quantities of methane produced from animals were reduced with respect to the dose level of BCM (Table 2). Significant decreases in methane production were evident at the mid and high doses, with a 71·3 and 91 % decrease, respectively, compared to the control. Real-time monitoring of the H2 gas showed that, in the control period, levels in expired gases were negligible (Fig. 1). When the highest dose of BCM was administered, the concentration of H2 rapidly accumulated in the chamber (above measurable levels>65 parts per million) and only decreased in concentration in the latter stages of monitoring each day, in relation to feeding (Fig. 1). The estimated H2 production in respiration chambers is shown in Table 2. Zero H2 production during the control period was used when estimating H2 production at various levels of BCM. A low level of H2 production (544·6 mmol/head per d) was estimated for the low BCM dose (5 % MR) compared with H2 production, which significantly increased by 6·4-fold at the high BCM dose (91 % MR).

Table 2 Measured methane and estimated hydrogen gas production levels in goats at various levels of bromochloromethane (BCM)
 (Mean values with their standard errors, n 3 animals)

[image: ]

 DMI, DM intake; NA, data not available; ODI, organic DM intake; NDF, neutral-detergent fibre; MR, methane reduction on a head basis.

 a,b,c Mean values within a row with unlike superscript letters were significantly different (P < 0·05).

* No hydrogen production is presupposed at control. Hydrogen levels at the low, mid and high doses of BCM were stoichiometrically estimated from methane production, MR and SCFA concentrations (see text).




 Organic acid production
 The total SCFA content ranged from 47·5 to 55·3 mmol/l, with no significant difference between treatments. Although concentrations of propionate and iso-valerate were significantly increased in the high dose (P < 0·05), there was no significant change in those of acetate, iso-butyrate, butyrate and valerate (Table 3). Significant decreases of the acetate:propionate ratio was observed at mid and high doses (P < 0·05; Table 3). The lactate concentrations showed no significant difference among treatments (Table 3). However, two animals showed a gradual decline in lactate as they transitioned from control to high BCM (data not shown).

Table 3 SCFA and lactate concentrations (mmol/l) in goats at varying levels of bromochloromethane (BCM)
 (Mean values with their standard errors)

[image: ]

 ND, not detected.

 a,b Mean values within a row with unlike superscript letters were significantly different (P < 0·05).




 2H balance calculations
 The values of 2H recovered as SCFA are shown in Table 4. Although 28·3–28·7 % of 2HP could be related to SCFA at nil or low BCM dose, more 2HP (32·7–36·0 %) was converted into SCFA at mid or high dose. The 2H accounted for as SCFA relative to the control was increased to 125 % with a high dose of BCM.

Table 4 Metabolic hydrogen produced in rumen fermentation (2HP) incorporated into SCFA
 (Mean values with their standard errors, n 3 animals)

[image: ]

 BCM, bromochloromethane.

 a,b Mean values within a row with unlike superscript letters were significantly different (P < 0·05).



 The relationship between methane production (litres/d) and the (C2+C4)/C3 ratio shown in Fig. 2. A highly significant (P < 0·01) linear regression equation was derived as follows
[image: ]
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Fig. 2 Relationship between methane production (litres/d) and (C2+C4)/C3 ratio. Methane production was measured using a respiration chamber. (C2+C4)/C3 ratio was determined from concentrations of C2, C3 and C4 in the rumen fluid. y = 9·65x − 25·7, r 2 0·698; P < 0·01.


 Simple regression analysis revealed the strong correlation (P < 0·01) between MR level and the percentage of 2HUS, 2HUM or 2HUH/2HU (Fig. 3). It was estimated that the percentage of 2HUH to 2HU increased from 3·1 % at no dose (control) to 55·1 % at high dose.
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Fig. 3 Distribution of metabolic hydrogen utilisation (2HU) in SCFA (●), methane (■) or hydrogen (▲) at various levels of bromochloromethane (control, low, mid and high). Observed values of SCFA concentration and methane production were used for calculations of hydrogen production and 2HU.



 Monitoring of microbial populations
 In the control period, the abundance of methanogens (1·36E+09 ( ± 4·02E+08) copies of 16S rDNA/ml), F. succinogenes (5·98E+08 ( ± 8·22E+07) copies of 16S rDNA/ml), R. albus (1·14E+08 ( ± 1·90E+07) copies of 16S rDNA/ml), R. flavefaciens (8·23E+06 ( ± 2·00E+06) copies of 16S rDNA/ml) and fungal biomass (29·38 ( ± 7·94) μg/ml) was estimated using real-time PCR assays. The methanogen population showed a slight increase in abundance (P < 0·1) for low BCM animals compared with the control and a significant decrease for the mid and high doses (P < 0·5 and P < 0·01, respectively; Fig. 4). At the high BCM dose, the abundance of methanogens decreased by >70-fold.
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Fig. 4 Quantitative PCR analysis of methanogens, Fibrobacter succinogenes, Ruminococcus albus, R. flavefaciens and anaerobic fungi population changes in response to doses of bromochloromethane (low, mid and high). a,b Letters denote significant differences from the control period, bars that do not share the same letter for a species are significantly different for each other (P < 0·05). The y-axis denotes fold change from control period.


 Populations of fibrolytic bacteria within the rumen were differentially affected by the decline in methanogens and subsequent increase in H2 concentrations. Fibrobacter succinogenes populations increased significantly (P < 0·05) from the control period; however, this may not be biologically significant as it did not equate to at least a 2-fold relative change (Fig. 4). Ruminococcus albus was unaffected by the varying doses of BCM, whereas R. flavefaciens and the anaerobic fungal populations were decreased at all levels of BCM dosage (P < 0·001).
 There was no significant change in any of the four protozoal genera identified, because of increases in BCM administration (data not shown). Bacterial community DGGE fingerprints of the 16S rDNA fragments associated with samples collected from goats in each period are shown in Fig. 5. Five distinctive and intense bands, which associated with high BCM, affiliated mainly with Prevotella sp. and a single band with Clostridium aminophilum.
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Fig. 5 Denaturing gradient gel electrophoresis (DGGE) patterns of rumen microbial community in three individual goats, A, B and C, to which varying dose of bromochloromethane (BCM; low, mid and high) or no BCM (control) were administrated. 16S rRNA gene fragments were amplified from DNA extracted from rumen samples and loaded onto a DGGE gel. Lane M show markers. The numbered DGGE band indicated by a arrowhead were selected for DNA sequencing.


 Prevotella group 1- and 7-specific qPCR primers were designed and validated against full-length 16S rRNA sequences found in the ARB database at the greengenes (http://greengenes.lbl.gov/). Prevotella group 1 comprised sequences from DGGE bands one to three and Prevotella group 7 comprised sequences generated from DGGE bands seven and eight. Prevotella group 1 was most similar (99 %) to the near full-length rumen clone F24-B12 (GenBank accession no. AB185591), whereas Prevotella group 7 primers were most similar (100 %) to a near full-length uncultured rumen bacterium clone L102RC-4-F10 (GenBank accession no. HQ399809). Results from using probe match analysis at Ribosomal database project II and within ARB both showed the primers to be specific for their respective targets. PCR amplification of goat rumen microbial DNA using the specific Prevotella primer sets produced amplicons of expected size. Cloning and sequencing of these amplicons revealed all products examined to align with their respective cluster with a similarity of >98·5 % to each other (data not shown).
 For both Prevotella groups, there was a significant increase in numbers as measured by qPCR with respect to BCM dosing, with group 1 increasing by approximately 6-fold at the mid and high dose of BCM and cluster 7 increasing 2·5-fold at the highest BCM dosing compared to the control period (Fig. 6). This was in agreement with the results observed for the increase in intensity for their respect DGGE bands.
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Fig. 6 Quantitative PCR analysis of Prevotella groups 1 and 7 population changes in response to doses of bromochloromethane (BCM; low, mid and high). a Letters denote significant differences from the control period, bars that do not share the same letter for a species are significantly different to each other (P < 0·05). The y-axis denotes fold change (log scale) from control period.




 Discussion
 A dose-dependent inhibitory effect of BCM on the goat rumen was observed for methane production. Doses of net BCM, 0·04, 0·16 and 0·4 g/100 kg LW, reduced methane production by 5, 71 and 91 %, respectively, compared to controls, and there was no effect on maintenance feed intake and neutral-detergent fibre digestibility. This indicates that fibre digestion was not compromised on a highly digestible diet even though H2 concentration increased markedly in the rumen because of inhibition of methanogenesis. Similarly, Goel et al. (Reference Goel, Makkar and Becker12) also showed that BCM did not affect the values for degradability of substrate in an in vitro continuous fermentation study when methanogenesis was inhibited. Moreover, Tomkins et al. (Reference Tomkins, Colegate and Hunter30) reported that DM intake and average daily gain of beef cattle fed a feedlot diet were not influenced by BCM treatment, in which administration of 0·3 g of BCM/100 kg LW reduced almost the same level of methane production, as shown at high dose in the present study.
 Methane production in goats was significantly reduced at the mid and high BCM doses similar to other in vivo and in vitro studies. Moreover, the suppression of methane production by BCM led to a large accumulation of H2, which confirms the theoretical predictions by Janssen(Reference Janssen13). H2 accumulation in the rumen has also been reported by Trei et al. (Reference Trei, Parish and Singh31, Reference Trei, Scott and Parish32) in which methane production in the rumen of sheep or lambs was inhibited by administration of 2,2,2-trichloroacetamide or hemiacetal of chloral and starch, respectively. Because the global warming potential of H2 (5·8 over a 100-year time horizon)(Reference Derwent, Simmonds and O'Doherty33) is lower than that of methane (25 over a 100-year time horizon)(Reference Solomon, Qin, Manning, Solomon, Qin, Manning, Chen, Marquis, Averyt, Tignor and Miller34), reducing methane emission is effective for preventing global warming even though H2 may be expired by the animal. It is unlikely that BCM would be used commercially for methane inhibition even though it shows an intensive effect on methane reduction, because this compound is regarded as a greenhouse gas(Reference Solomon, Qin, Manning, Solomon, Qin, Manning, Chen, Marquis, Averyt, Tignor and Miller34). However, it still remains a goal to further enhance the 2HP flows into SCFA in order to reduce production of greenhouse gases and to increase feed efficiency in ruminants.
 Shifts in fermentation pathways
 Rumen fermentation end products were mostly unchanged with respect to the addition of BCM, but significant increases in propionate and iso-valerate were detected at the mid and high doses. Similar responses have been reported from in vivo and in vitro studies in which BCM was used to inhibit methane formation(Reference Goel, Makkar and Becker12, Reference Denman, Tomkins and McSweeney20). Inhibition of methanogenesis in the rumen is usually associated with an increase in propionate and is believed to be due to the competition for hydrogen(Reference Hungate35). With more hydrogen being available, reductive processes involving propionate production and reductive acetogenesis become thermodynamically favourable(Reference Ungerfeld, Kohn, Sejrsen, Hvelplund and Nielsen2). There was no change in acetate levels, which possibly indicates that reductive acetogenic bacteria have not contributed significantly to the consumption of the accumulated H2. The acetate concentration, however, could reflect a decreased production of acetate by oxidative pathways combined with increased production from reductive acetogenesis. This could be resolved in future studies with the use of labelled substrate required for autotrophic growth of reductive acetogens. The consistent increase in branched chain fatty acids as an adaptive response of the rumen microbiota to BCM may have resulted from proteolytic activity associated with the greater abundance of Prevotella sp.

 The balance of reducing equivalents (2H)
 It was estimated that about 33–36 % of 2HP in the rumen could be recovered as SCFA at mid and high BCM dose, whereas about 28 % of 2HP was converted into SCFA at the control and low dose. In the in vitro study of Goel et al. (Reference Goel, Makkar and Becker12), the addition of BCM (10 μm) led to a 94 % reduction of methane production and increased the 2H recovered as SCFA from 30·8 % (control) to 36·5 %, which were similar to the recoveries, 28·7 % for control and 36·0 % for high BCM dose, in the present study. Moreover, in their study, as total 2H recovery in SCFA and methane combined for nil BCM (control) and 10 μm BCM treatments were about 93 % and 39 %, respectively, it means 2HP converted into methane changed from 62·2 to 2·5 % by addition of BCM. Similar to Goel et al. (Reference Goel, Makkar and Becker12), methane production was reduced by 91 % and the recovery rate of 2HP into SCFA was significantly increased in the present study, which collectively demonstrates that the rumen microbiota adapted to reduced methanogenesis by redirecting the accumulated 2H into energy-yielding SCFA. Moss et al. (Reference Moss, Jouany and Newbold3) reported that methane production and the ratio (C2+C4)/C3 were highly positively correlated, and presumed that this relationship would be related to the flow rate of hydrogen into SCFA. A significant linear relationship between methane production and the (C2+C4)/C3 ratio was also observed in the present study.
 H2 production can be estimated from the ecological stoichiometry of rumen fermentation, with 90 % of 2HP expected to be 2HU (hydrogen recovered as SCFA and methane)(Reference Moss, Jouany and Newbold3, Reference Faichney, Graham and Walker18) under normal conditions. In the present study, 2H recovered in methane and SCFA was calculated to be 40·8 % at high BCM, which was similar to that (38–40 %) of the in vitro study(Reference Goel, Makkar and Becker12). However, even though flow of 2H into SCFA increased by>20 % at the high BCM dose, it was observed and calculated that the majority of 2H available from reduced methane formation flowed into H2 gas instead of SCFA.

 Monitoring of microbial populations
 The present study has provided the first analysis in vivo of the relationship between total methanogen numbers and level of methane formation from a normal rumen to nearly zero methanogenesis. The methanogen population decreased by 5- and 70-fold at the mid and high BCM doses compared with the controls, which resulted in a 71 and 91 % reduction, respectively, in methane production. This demonstrates that abundance of methanogens is directly related to methane production but not closely correlated, which was observed in a previous related study by Denman et al. (Reference Denman, Tomkins and McSweeney20). Surprisingly, a half-log reduction in the normal methanogen population correlated with>50 % reduction in methane. This probably indicates that the relative methanogenic activity of different archaeal species in the rumen plays a greater role in determining methane output than the absolute number of methanogens.
 The population of the highly cellulolytic bacterium F. succinogenes increased slightly in relation to BCM treatment. Unlike the cellulolytic Ruminococci and fungal species in the rumen, F. succinogenes does not produce H2 and is not susceptible to H2 accumulation. Other fibrolytic bacteria and anaerobic rumen fungi rely on interspecies H2 transfer for H2 utilisation and are therefore affected by the loss of the methanogens from this system. Ruminococcus falvefaciens and R. albus are sensitive to partial pressures of hydrogen; increased hydrogen will inhibit NADH oxidation and divert hydrogen to the formation of succinate and ethanol away from acetate(Reference Wolin, Miller, Stewart, Hobson and Stewart36). This is less energetically favourable, and cultures of R. flavefaciens grown without methanogens have a reduced capacity to degrade polysaccharides(Reference Williams, Withers and Joblin37). However, studies of cellulose degradation of R. albus with and without Methanobrevibacter smithii showed a small increase in ATP yield for the co-cultures but no difference in cellulose degradation(Reference Pavlostathis, Miller and Wolin38). These results along with recent fermentation studies of rumen microbial cultures with BCM(Reference Goel, Makkar and Becker12) are in close agreement with the microbial community changes in the present in vivo study, except that a decrease in the fungal population was not observed in the continuous culture system of Goel et al. (Reference Goel, Makkar and Becker12). In addition, anaerobic fungal populations behave in a similar manner to the cellulolytic ruminococci in that, co-culturing with methanogens results in a shift to actetate formation, which is energetically more favourable, and an increase in the rate and extent of cellulose degradation(Reference Bauchop and Mountfort39). The protozoal population did not appear to be affected by BCM even though ecto- and endo-symbiotic methanogens associated with protozoa would have been inhibited. This result is also in agreement with the in vitro fermentation experiments of Goel et al. (Reference Goel, Makkar and Becker12).
 On the basis of DGGE analysis, the major shift in bacterial populations in response to BCM was a marked increase in abundance of Prevotella sp. Some Prevotella spp. in the rumen have pathways for propionate production that consume hydrogen via the randomising (succinate) or non-randomising (acrylate) pathways through the fermentation of sugars and lactate, respectively(Reference Bryant, Small and Bouma40–Reference Purushe, Fouts and Morrison42). It is likely that these pathways were the primary routes for consumption of hydrogen, which accumulated as a consequence of reduced methanogenesis. The development of qPCR primers to monitor two of these Prevotella clusters confirmed the observations of the DGGE analysis in that these were dominant bacterial populations that increased in abundance at high BCM dosing levels. However, other bacteria such as Megasphaera elsdenii, Selenomonas ruminantium, Succinimonas amylolytica, Propionibacterium acnes and Veillonella parvula may also be involved, but were not detected by DGGE analysis(Reference Wolin, Miller, Stewart, Hobson and Stewart36, Reference Hungate and Hungate43–Reference Stewart, Flint, Bryant, Hobson and Stewart45). Further studies involving deep DNA-sequencing methodologies combined with metagenomic analysis or tracer experiments with C-labelled sugars and lactate are required to determine the relative contribution of these pathways, as the rumen microbiota adapts to high hydrogen concentration in the rumen.
 In conclusion, the present in vivo study in goats showed that inhibition of methanogenesis by>80 % dramatically increased ruminal H2 concentration without affecting DM intake and feed digestibility. A reduction in fibrolytic rumnococci and rumen fungi may have been compensated by a slight increase in Fibrobacter, which prevented an adverse effect on fibre digestion. The methane-inhibited rumen appeared to adapt to the high H2 levels by shifting fermentation to propionate, which was mediated by an increase in the population of hydrogen-consuming Prevotella spp. As the rumen adapted to the high H2 concentration, the flow of metabolic hydrogen into SCFA increased by>20 %, but the majority of 2H (>80 %), which is normally consumed in methane formation, was expelled by the animal. Therefore, consumption of this excess hydrogen into energy-yielding substrates for the animal will require the provision of dietary supplements to drive hydrogen uptake or augmentation of minor hydrogenotrophic pathways such as autotrophic reductive acetogenesis.
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 Fig. 1 Hydrogen levels (parts per million (ppm)) detected within chambers for control () and high dose of bromochloromethane (). The feed was provided at time 0. Regions in a state of plateau on light-grey lines meant undetectable level of hydrogen (>65 ppm).
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 Table 1 Feed digestibility in goats(Mean values with their standard errors, n 3 animals)
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 Table 2 Measured methane and estimated hydrogen gas production levels in goats at various levels of bromochloromethane (BCM)(Mean values with their standard errors, n 3 animals)
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 Table 3 SCFA and lactate concentrations (mmol/l) in goats at varying levels of bromochloromethane (BCM)(Mean values with their standard errors)
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 Table 4 Metabolic hydrogen produced in rumen fermentation (2HP) incorporated into SCFA(Mean values with their standard errors, n 3 animals)
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 Fig. 2 Relationship between methane production (litres/d) and (C2+C4)/C3 ratio. Methane production was measured using a respiration chamber. (C2+C4)/C3 ratio was determined from concentrations of C2, C3 and C4 in the rumen fluid. y = 9·65x − 25·7, r2 0·698; P < 0·01.
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 Fig. 3 Distribution of metabolic hydrogen utilisation (2HU) in SCFA (●), methane (■) or hydrogen (▲) at various levels of bromochloromethane (control, low, mid and high). Observed values of SCFA concentration and methane production were used for calculations of hydrogen production and 2HU.
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 Fig. 4 Quantitative PCR analysis of methanogens, Fibrobacter succinogenes, Ruminococcus albus, R. flavefaciens and anaerobic fungi population changes in response to doses of bromochloromethane (low, mid and high). a,b Letters denote significant differences from the control period, bars that do not share the same letter for a species are significantly different for each other (P < 0·05). The y-axis denotes fold change from control period.
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 Fig. 5 Denaturing gradient gel electrophoresis (DGGE) patterns of rumen microbial community in three individual goats, A, B and C, to which varying dose of bromochloromethane (BCM; low, mid and high) or no BCM (control) were administrated. 16S rRNA gene fragments were amplified from DNA extracted from rumen samples and loaded onto a DGGE gel. Lane M show markers. The numbered DGGE band indicated by a arrowhead were selected for DNA sequencing.
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 Fig. 6 Quantitative PCR analysis of Prevotella groups 1 and 7 population changes in response to doses of bromochloromethane (BCM; low, mid and high). a Letters denote significant differences from the control period, bars that do not share the same letter for a species are significantly different to each other (P < 0·05). The y-axis denotes fold change (log scale) from control period.

 

 

         



 
 [image: alt] 
 
 



 You have 
Access
 
 	94
	Cited by


 

   




 Cited by

 
 Loading...


 [image: alt]   


 













Cited by





	


[image: Crossref logo]
94




	


[image: Google Scholar logo]















Crossref Citations




[image: Crossref logo]





This article has been cited by the following publications. This list is generated based on data provided by
Crossref.









Abecia, L.
Martín-García, A. I.
Martínez, G.
Newbold, C. J.
and
Yáñez-Ruiz, D. R.
2013.
Nutritional intervention in early life to manipulate rumen microbial colonization and methane output by kid goats postweaning1.
Journal of Animal Science,
Vol. 91,
Issue. 10,
p.
4832.


	CrossRef
	Google Scholar






Li, Zhi Peng
Liu, Han Lu
Jin, Chun Ai
Cui, Xue Zhe
Jing, Yi
Yang, Fu He
Li, Guang Yu
and
Wright, André-Denis G.
2013.
Differences in the Methanogen Population Exist in Sika Deer (Cervus nippon) Fed Different Diets in China.
Microbial Ecology,
Vol. 66,
Issue. 4,
p.
879.


	CrossRef
	Google Scholar






Martínez-Fernández, G.
Abecia, L.
Ramos-Morales, E.
Martin-García, A.I.
Molina-Alcaide, E.
and
Yáñez-Ruiz, D.R.
2014.
Effects of propyl propane thiosulfinate on nutrient utilization, ruminal fermentation, microbial population and methane emissions in goats.
Animal Feed Science and Technology,
Vol. 191,
Issue. ,
p.
16.


	CrossRef
	Google Scholar






Rooke, John A.
Wallace, R. John
Duthie, Carol-Anne
McKain, Nest
de Souza, Shirley Motta
Hyslop, Jimmy J.
Ross, David W.
Waterhouse, Tony
and
Roehe, Rainer
2014.
Hydrogen and methane emissions from beef cattle and their rumen microbial community vary with diet, time after feeding and genotype.
British Journal of Nutrition,
Vol. 112,
Issue. 3,
p.
398.


	CrossRef
	Google Scholar






Leng, R. A.
2014.
Interactions between microbial consortia in biofilms: a paradigm shift in rumen microbial ecology and enteric methane mitigation.
Animal Production Science,
Vol. 54,
Issue. 5,
p.
519.


	CrossRef
	Google Scholar






Romero-Perez, A.
Okine, E. K.
McGinn, S. M.
Guan, L. L.
Oba, M.
Duval, S. M.
Kindermann, M.
and
Beauchemin, K. A.
2014.
The potential of 3-nitrooxypropanol to lower enteric methane emissions from beef cattle1.
Journal of Animal Science,
Vol. 92,
Issue. 10,
p.
4682.


	CrossRef
	Google Scholar






Abecia, Leticia
Waddams, Kate E.
Martínez-Fernandez, Gonzalo
Martín-García, A. Ignacio
Ramos-Morales, Eva
Newbold, C. Jamie
and
Yáñez-Ruiz, David R.
2014.
An Antimethanogenic Nutritional Intervention in Early Life of Ruminants Modifies Ruminal Colonization by Archaea.
Archaea,
Vol. 2014,
Issue. ,
p.
1.


	CrossRef
	Google Scholar






Martínez-Fernández, G.
Abecia, L.
Arco, A.
Cantalapiedra-Hijar, G.
Martín-García, A.I.
Molina-Alcaide, E.
Kindermann, M.
Duval, S.
and
Yáñez-Ruiz, D.R.
2014.
Effects of ethyl-3-nitrooxy propionate and 3-nitrooxypropanol on ruminal fermentation, microbial abundance, and methane emissions in sheep.
Journal of Dairy Science,
Vol. 97,
Issue. 6,
p.
3790.


	CrossRef
	Google Scholar






Mitsumori, Makoto
Matsui, Hiroki
Tajima, Kiyoshi
Shinkai, Takumi
Takenaka, Akio
Denman, Stuart E.
and
McSweeney, Christopher S.
2014.
Effect of bromochloromethane and fumarate on phylogenetic diversity of the formyltetrahydrofolate synthetase gene in bovine rumen.
Animal Science Journal,
Vol. 85,
Issue. 1,
p.
25.


	CrossRef
	Google Scholar






Mitsumori, Makoto
Enishi, Osamu
Shinkai, Takumi
Higuchi, Koji
Kobayashi, Yosuke
Takenaka, Akio
Nagashima, Kyo
Mochizuki, Masami
and
Kobayashi, Yasuo
2014.
Effect of cashew nut shell liquid on metabolic hydrogen flow on bovine rumen fermentation.
Animal Science Journal,
Vol. 85,
Issue. 3,
p.
227.


	CrossRef
	Google Scholar






Malik, P. K.
Bhatta, Raghavendra
Gagen, Emma J.
Sejian, Veerasamy
Soren, N. M.
and
Prasad, Cadaba S.
2015.
Climate Change Impact on Livestock: Adaptation and Mitigation.
p.
303.


	CrossRef
	Google Scholar






Denman, Stuart E.
Martinez Fernandez, Gonzalo
Shinkai, Takumi
Mitsumori, Makoto
and
McSweeney, Christopher S.
2015.
Metagenomic analysis of the rumen microbial community following inhibition of methane formation by a halogenated methane analog.
Frontiers in Microbiology,
Vol. 6,
Issue. ,


	CrossRef
	Google Scholar






Vetharaniam, I.
Vibart, R. E.
Hanigan, M. D.
Janssen, P. H.
Tavendale, M. H.
and
Pacheco, D.
2015.
A modified version of the Molly rumen model to quantify methane emissions from sheep1.
Journal of Animal Science,
Vol. 93,
Issue. 7,
p.
3551.


	CrossRef
	Google Scholar






Romero-Perez, A.
Okine, E. K.
McGinn, S. M.
Guan, L. L.
Oba, M.
Duval, S. M.
Kindermann, M.
and
Beauchemin, K. A.
2015.
Sustained reduction in methane production from long-term addition of 3-nitrooxypropanol to a beef cattle diet1.
Journal of Animal Science,
Vol. 93,
Issue. 4,
p.
1780.


	CrossRef
	Google Scholar






Veneman, Jolien B.
Muetzel, Stefan
Hart, Kenton J.
Faulkner, Catherine L.
Moorby, Jon M.
Perdok, Hink B.
Newbold, Charles J.
and
Balcazar, Jose Luis
2015.
Does Dietary Mitigation of Enteric Methane Production Affect Rumen Function and Animal Productivity in Dairy Cows?.
PLOS ONE,
Vol. 10,
Issue. 10,
p.
e0140282.


	CrossRef
	Google Scholar






Ellis, Richard J.
and
McSweeney, Christopher S.
2015.
Manual of Environmental Microbiology.
p.
4.4.3-1.


	CrossRef
	Google Scholar






Ungerfeld, Emilio M.
2015.
Limits to Dihydrogen Incorporation into Electron Sinks Alternative to Methanogenesis in Ruminal Fermentation.
Frontiers in Microbiology,
Vol. 6,
Issue. ,


	CrossRef
	Google Scholar






Romero-Pérez, A.
Okine, E.K.
Guan, L.L.
Duval, S.M.
Kindermann, M.
and
Beauchemin, K.A.
2015.
Effects of 3-nitrooxypropanol on methane production using the rumen simulation technique (Rusitec).
Animal Feed Science and Technology,
Vol. 209,
Issue. ,
p.
98.


	CrossRef
	Google Scholar






Martínez-Fernández, Gonzalo
Abecia, Leticia
Martín-García, A. Ignacio
Ramos-Morales, Eva
Denman, Stuart E.
Newbold, Charles J.
Molina-Alcaide, Eduarda
Yáñez-Ruiz, David R.
and
Stams, Alfons
2015.
Response of the rumen archaeal and bacterial populations to anti-methanogenic organosulphur compounds in continuous-culture fermenters.
FEMS Microbiology Ecology,
Vol. 91,
Issue. 8,
p.
fiv079.


	CrossRef
	Google Scholar






Hristov, Alexander N.
Oh, Joonpyo
Giallongo, Fabio
Frederick, Tyler W.
Harper, Michael T.
Weeks, Holley L.
Branco, Antonio F.
Moate, Peter J.
Deighton, Matthew H.
Williams, S. Richard O.
Kindermann, Maik
and
Duval, Stephane
2015.
An inhibitor persistently decreased enteric methane emission from dairy cows with no negative effect on milk production.
Proceedings of the National Academy of Sciences,
Vol. 112,
Issue. 34,
p.
10663.


	CrossRef
	Google Scholar





Download full list
















Google Scholar Citations

View all Google Scholar citations
for this article.














 

×






	Librarians
	Authors
	Publishing partners
	Agents
	Corporates








	

Additional Information











	Accessibility
	Our blog
	News
	Contact and help
	Cambridge Core legal notices
	Feedback
	Sitemap



Select your country preference



[image: US]
Afghanistan
Aland Islands
Albania
Algeria
American Samoa
Andorra
Angola
Anguilla
Antarctica
Antigua and Barbuda
Argentina
Armenia
Aruba
Australia
Austria
Azerbaijan
Bahamas
Bahrain
Bangladesh
Barbados
Belarus
Belgium
Belize
Benin
Bermuda
Bhutan
Bolivia
Bosnia and Herzegovina
Botswana
Bouvet Island
Brazil
British Indian Ocean Territory
Brunei Darussalam
Bulgaria
Burkina Faso
Burundi
Cambodia
Cameroon
Canada
Cape Verde
Cayman Islands
Central African Republic
Chad
Channel Islands, Isle of Man
Chile
China
Christmas Island
Cocos (Keeling) Islands
Colombia
Comoros
Congo
Congo, The Democratic Republic of the
Cook Islands
Costa Rica
Cote D'Ivoire
Croatia
Cuba
Cyprus
Czech Republic
Denmark
Djibouti
Dominica
Dominican Republic
East Timor
Ecuador
Egypt
El Salvador
Equatorial Guinea
Eritrea
Estonia
Ethiopia
Falkland Islands (Malvinas)
Faroe Islands
Fiji
Finland
France
French Guiana
French Polynesia
French Southern Territories
Gabon
Gambia
Georgia
Germany
Ghana
Gibraltar
Greece
Greenland
Grenada
Guadeloupe
Guam
Guatemala
Guernsey
Guinea
Guinea-bissau
Guyana
Haiti
Heard and Mc Donald Islands
Honduras
Hong Kong
Hungary
Iceland
India
Indonesia
Iran, Islamic Republic of
Iraq
Ireland
Israel
Italy
Jamaica
Japan
Jersey
Jordan
Kazakhstan
Kenya
Kiribati
Korea, Democratic People's Republic of
Korea, Republic of
Kuwait
Kyrgyzstan
Lao People's Democratic Republic
Latvia
Lebanon
Lesotho
Liberia
Libyan Arab Jamahiriya
Liechtenstein
Lithuania
Luxembourg
Macau
Macedonia
Madagascar
Malawi
Malaysia
Maldives
Mali
Malta
Marshall Islands
Martinique
Mauritania
Mauritius
Mayotte
Mexico
Micronesia, Federated States of
Moldova, Republic of
Monaco
Mongolia
Montenegro
Montserrat
Morocco
Mozambique
Myanmar
Namibia
Nauru
Nepal
Netherlands
Netherlands Antilles
New Caledonia
New Zealand
Nicaragua
Niger
Nigeria
Niue
Norfolk Island
Northern Mariana Islands
Norway
Oman
Pakistan
Palau
Palestinian Territory, Occupied
Panama
Papua New Guinea
Paraguay
Peru
Philippines
Pitcairn
Poland
Portugal
Puerto Rico
Qatar
Reunion
Romania
Russian Federation
Rwanda
Saint Kitts and Nevis
Saint Lucia
Saint Vincent and the Grenadines
Samoa
San Marino
Sao Tome and Principe
Saudi Arabia
Senegal
Serbia
Seychelles
Sierra Leone
Singapore
Slovakia
Slovenia
Solomon Islands
Somalia
South Africa
South Georgia and the South Sandwich Islands
Spain
Sri Lanka
St. Helena
St. Pierre and Miquelon
Sudan
Suriname
Svalbard and Jan Mayen Islands
Swaziland
Sweden
Switzerland
Syrian Arab Republic
Taiwan
Tajikistan
Tanzania, United Republic of
Thailand
Togo
Tokelau
Tonga
Trinidad and Tobago
Tunisia
Türkiye
Turkmenistan
Turks and Caicos Islands
Tuvalu
Uganda
Ukraine
United Arab Emirates
United Kingdom
United States
United States Minor Outlying Islands
United States Virgin Islands
Uruguay
Uzbekistan
Vanuatu
Vatican City
Venezuela
Vietnam
Virgin Islands (British)
Wallis and Futuna Islands
Western Sahara
Yemen
Zambia
Zimbabwe









Join us online

	









	









	









	









	


























	

Legal Information










	


[image: Cambridge University Press]






	Rights & Permissions
	Copyright
	Privacy Notice
	Terms of use
	Cookies Policy
	
© Cambridge University Press 2024

	Back to top













	
© Cambridge University Press 2024

	Back to top












































Cancel

Confirm





×





















Save article to Kindle






To save this article to your Kindle, first ensure coreplatform@cambridge.org is added to your Approved Personal Document E-mail List under your Personal Document Settings on the Manage Your Content and Devices page of your Amazon account. Then enter the ‘name’ part of your Kindle email address below.
Find out more about saving to your Kindle.



Note you can select to save to either the @free.kindle.com or @kindle.com variations. ‘@free.kindle.com’ emails are free but can only be saved to your device when it is connected to wi-fi. ‘@kindle.com’ emails can be delivered even when you are not connected to wi-fi, but note that service fees apply.



Find out more about the Kindle Personal Document Service.








Responses in digestion, rumen fermentation and microbial populations to inhibition of methane formation by a halogenated methane analogue








	Volume 108, Issue 3
	
Makoto Mitsumori (a1), Takumi Shinkai (a1), Akio Takenaka (a1), Osamu Enishi (a1), Koji Higuchi (a1), Yosuke Kobayashi (a1), Itoko Nonaka (a1), Narito Asanuma (a2) (a3), Stuart E. Denman (a2) and Christopher S. McSweeney (a2)

	DOI: https://doi.org/10.1017/S0007114511005794





 








Your Kindle email address




Please provide your Kindle email.



@free.kindle.com
@kindle.com (service fees apply)









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×




Save article to Dropbox







To save this article to your Dropbox account, please select one or more formats and confirm that you agree to abide by our usage policies. If this is the first time you used this feature, you will be asked to authorise Cambridge Core to connect with your Dropbox account.
Find out more about saving content to Dropbox.

 





Responses in digestion, rumen fermentation and microbial populations to inhibition of methane formation by a halogenated methane analogue








	Volume 108, Issue 3
	
Makoto Mitsumori (a1), Takumi Shinkai (a1), Akio Takenaka (a1), Osamu Enishi (a1), Koji Higuchi (a1), Yosuke Kobayashi (a1), Itoko Nonaka (a1), Narito Asanuma (a2) (a3), Stuart E. Denman (a2) and Christopher S. McSweeney (a2)

	DOI: https://doi.org/10.1017/S0007114511005794





 









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×




Save article to Google Drive







To save this article to your Google Drive account, please select one or more formats and confirm that you agree to abide by our usage policies. If this is the first time you used this feature, you will be asked to authorise Cambridge Core to connect with your Google Drive account.
Find out more about saving content to Google Drive.

 





Responses in digestion, rumen fermentation and microbial populations to inhibition of methane formation by a halogenated methane analogue








	Volume 108, Issue 3
	
Makoto Mitsumori (a1), Takumi Shinkai (a1), Akio Takenaka (a1), Osamu Enishi (a1), Koji Higuchi (a1), Yosuke Kobayashi (a1), Itoko Nonaka (a1), Narito Asanuma (a2) (a3), Stuart E. Denman (a2) and Christopher S. McSweeney (a2)

	DOI: https://doi.org/10.1017/S0007114511005794





 









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×



×



Reply to:

Submit a response













Title *

Please enter a title for your response.







Contents *


Contents help










Close Contents help









 



- No HTML tags allowed
- Web page URLs will display as text only
- Lines and paragraphs break automatically
- Attachments, images or tables are not permitted




Please enter your response.









Your details









First name *

Please enter your first name.




Last name *

Please enter your last name.




Email *


Email help










Close Email help









 



Your email address will be used in order to notify you when your comment has been reviewed by the moderator and in case the author(s) of the article or the moderator need to contact you directly.




Please enter a valid email address.






Occupation

Please enter your occupation.




Affiliation

Please enter any affiliation.















You have entered the maximum number of contributors






Conflicting interests








Do you have any conflicting interests? *

Conflicting interests help











Close Conflicting interests help









 



Please list any fees and grants from, employment by, consultancy for, shared ownership in or any close relationship with, at any time over the preceding 36 months, any organisation whose interests may be affected by the publication of the response. Please also list any non-financial associations or interests (personal, professional, political, institutional, religious or other) that a reasonable reader would want to know about in relation to the submitted work. This pertains to all the authors of the piece, their spouses or partners.





 Yes


 No




More information *

Please enter details of the conflict of interest or select 'No'.









  Please tick the box to confirm you agree to our Terms of use. *


Please accept terms of use.









  Please tick the box to confirm you agree that your name, comment and conflicts of interest (if accepted) will be visible on the website and your comment may be printed in the journal at the Editor’s discretion. *


Please confirm you agree that your details will be displayed.


















