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Abstract

Background: Methane (CH4) emissions in cattle are an undesirable end product of rumen methanogenic
fermentative activity as they are associated not only with negative environmental impacts but also with reduced
host feed efficiency. The aim of this study was to quantify total and specific rumen microbial methanogenic
populations in beef cattle divergently selected for residual feed intake (RFI) while offered (i) a low energy high
forage (HF) diet followed by (ii) a high energy low forage (LF) diet. Ruminal fluid was collected from 14 high (H)
and 14 low (L) RFI animals across both dietary periods. Quantitative real time PCR (qRT-PCR) analysis was conducted
to quantify the abundance of total and specific rumen methanogenic microbes. Spearman correlation analysis was
used to investigate the association between the relative abundance of methanogens and animal performance,
rumen fermentation variables and diet digestibility.

Results: Abundance of methanogens, did not differ between RFI phenotypes. However, relative abundance of total
and specific methanogen species was affected (P < 0.05) by diet type, with greater abundance observed while
animals were offered the LF compared to the HF diet.

Conclusions: These findings suggest that differences in abundance of specific rumen methanogen species may not
contribute to variation in CH4 emissions between efficient and inefficient animals, however dietary manipulation
can influence the abundance of total and specific methanogen species.
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Background
Enteric methane (CH4) emissions from ruminant live-
stock accounts for approximately 80% of emissions from
the agricultural-sector [1]. In the rumen, CH4 production
(methanogenesis) occurs during microbial fermentation
of feed by a specific group of microbes known as archaea
called methanogens. The majority of CH4 produced in
the rumen is eructed and thus released into the atmos-
phere. Enteric CH4 production also represents a signifi-
cant (2-15%) loss in energy from dietary gross energy
intake [2]. Therefore, any reduction in enteric CH4
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emissions would potentially represent both environmen-
tal and economic benefits. In beef cattle production, feed
efficiency is defined as the efficiency with which dietary
substrate is converted into product (e.g. carcass) and is
an important determinant of the profitability of meat
production [3]. In recent times residual feed intake (RFI)
has become the index of choice for measuring feed effi-
ciency [4]. A number of research groups [5,6] including
our own [7], have shown that CH4 produced in the
rumen has been shown to be negatively associated with
host feed efficiency.
Enteric CH4 emissions are not only influenced by the

quantity of feed consumed by ruminants, but also by its
chemical composition [8]. For example forage based diets
such as grass are composed of structural carbohydrates
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such as cellulose and hemicellulose, which produce
predominantly acetate and butyrate as fermentation end-
products compared to the propionate dominant fermen-
tation patterns from a cereal based diets. Recently, using
clone-sequencing and next generation methanogen-
specific tag-encoded pyrosequencing, we showed that
specific species of archaea, Methanobrevibacter spp. are
the dominant methanogens in the rumen across contrast-
ing diets, with Methanobrevibacter smithii being the
most abundant species followed by Methanobrevibacter
ruminantium and Methanosphaera stadtmanae [9].
However, particularly when species are present in low
abundance, these technologies are not sufficiently accur-
ate to reliably quantify specific methanogens. Quantita-
tive real-time PCR (qRT-PCR) has become a popular
method for estimation of methanogen abundance in the
ruminant digestive tract [10]. Therefore the objectives of
the present study were to quantify the relative abundance
of total methanogens and key species viz Methanobrevi-
bacter smithii, M. ruminantium and Methanosphaera
stadtmanae in the ruminal fluid of cattle divergent for
RFI offered two contrasting diets: a low energy, high
forage diet (HF) and a high energy, low forage diet (LF)
respectively. Additionally, correlation analysis was used
to assess the association between methanogen abundance
and animal performance, diet digestibility and rumen fer-
mentation variables.

Materials and methods
All procedures involving animals were approved for the
use of live animals in experiments by the Animal Re-
search Ethics Committee, University College Dublin,
Belfield, Dublin, Ireland, and were licensed by the Irish
government Department of Health and Children, in ac-
cordance with the Cruelty to Animals Act (Ireland 1897)
and European Community Directive 86/609/EC (http://
ec.europa.eu/food/fs/aw/aw_legislation/scientific/86-609-
eec_en.pdf).

Animal management
This experiment was conducted as part of a larger study
designed to examine the physiological control of ener-
getic efficiency in growing beef heifers [11]. Details of the
animal experiment used in this study are as previously
described [12]. Dietary ingredients and chemical compos-
ition have been previously described in detail [11] and
both diets were offered ad libitum. Briefly, individual dry
matter intake (DMI) and growth were recorded for 86
yearling Limousin × Friesian heifers offered ad libitum
access to a high energy low forage (LF) concentrate based
diet over 112 d. The LF diet consisted of 30% corn silage
and 70% pelleted concentrate. All animals were subse-
quently ranked retrospectively on phenotypic RFI. The
14 heifers with the highest (inefficient; high RFI) and 14
heifers with the lowest (efficient; low RFI) RFI coeffi-
cients during the study of Kelly et al. [11] were selected
for use in the current study. Following initial selection,
all 28 animals were re-allocated to a low energy high for-
age (HF) grass silage diet and individual feed intake
recorded for a 44 d period. Following this 44 d period
(Period 1) all animals were turned out to pasture for a 56
d dietary “washout” period. Subsequently, all 28 animals
were re-housed and re-allocated to a LF concentrate
based diet and individual feed intake was recorded for 35
d (Period 2). Individual feed intake and body weight gain
were recorded for a further 84 d and RFI was re-
calculated. All 28 animals remained within their respect-
ive RFI groups [13]. The experiment was therefore
designed to have two factors (i) RFI phenotype and (ii)
diet type.

Rumen sampling and methane measurements
Rumen sampling was performed at the end of both diet-
ary periods. Samples of ruminal fluid were collected
using a transesophageal sampling device (FLORA rumen
scoop; Guelph, Ontario, Canada) according to manufac-
turer’s instructions. Subsequently, a 20 mL aliquot was
transferred using a pipette and sterilized tip into a separ-
ate labeled sterilized container, immediately frozen in
liquid nitrogen, and stored at −80°C until processing [12].
Methane measurements recorded during the study

of Kelly et al. [11] were utilised in the current study
(Additional file 1: Table S1). In brief, daily CH4 emis-
sions were determined using a calibrated tracer
(sulphur hexafluoride (SF6)) technique [14] during the
last 5 d of each dietary period.

DNA extraction from ruminal fluid
A detailed description of the DNA extraction method
has been described by Carberry et al. [12]. Total micro-
bial DNA was extracted from the 28 ruminal fluid sam-
ples by using a repeated bead beating and column
purification method which provides efficient recovery of
PCR-quality microbial DNA [12].

Quantitative polymerase chain reaction (qRT-PCR) assays
The differences between SYBR green and TaqMan qRT-
PCR chemistries have been reviewed [15]. As previously
published primers were available for quantification of
total methanogens [16] and M. stadtmanae [17] via
SYBR green chemistry, we chose to utilise these in our
study (Table 1).
The primers were commercially synthesized (Sigma-

Aldrich Ireland Ltd. Dublin, Ireland) and end point PCR
was conducted for the validation of the specificity of the
primers against target species. For the quantification of
M smithii and Methanobrevibcater ruminantium, it was
necessary to utilise TaqMan chemistry for these qRT-

http://ec.europa.eu/food/fs/aw/aw_legislation/scientific/86-609-eec_en.pdf
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Table 1 PCR primers used for SYBR green qRT-PCR analysis

Target Taxon Primer1 E2 Product
size, bp

Reference

Forward Reverse

16 s V33 CCTACGGGAGGCAGCAG ATTACCGCGGCTGCTGG 2.00 194 Muyzer et al., 1993 [18]

Total methanogens GGATTAGATACCCSGGTAGT GTTGARTCCAATTAAACCGCA 1.96 173 Hook et al., 2009 [16]

Methanosphaera stadtmanae CTTAACTATAAGAATTGCTGGAG TTCGTTACTCACCGTCAAGATC 2.01 150 Zhou et al., 2009 [17]
15’→3’.
2Efficiency.
3Primers used for qRT-PCR normalisation.
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PCR assays to allow for species specificity. Details of Taq-
Man primer and probe sets used in this study, to amplify
M smithii and M ruminantium species are listed in
Table 2. For the detection of M smithii, primers and a
specific FAM labelled probe F were utilised which was
designed based on previously published sequences [19].
The same primer set was used in conjunction with a
FAM labelled probe designed in the current study to tar-
get M ruminantium species. The probe was of the same
length as the M smithi probe with the exception of 3 nu-
cleotide changes in the sequence. All primers and probe
sets for the TaqMan qRT-PCR assays were generated
using the Primer Express algorithm v1.0 from published
sequences (National Centre For Biotechnology Informa-
tion, NCBI: http://www.ncbi.nlm.nih.gov/) and commer-
cially synthesized (Applied Biosystems, Warrington, UK).
DNA was extracted from individual ruminal fluid sam-

ples and diluted to a concentration of 100 ng/μL and
1 μL of diluted DNA was used as a template in all PCR
reactions. All SYBR PCR amplifications were initially
optimised and performed in 0.5 mL tubes in a DNA ther-
mal cycler (Eppendorf Mastercycler®) using the following
program: an initial denaturation step of 95°C for 2 min;
30 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 30 s
and a final elongation step of 72°C for 7 min. The PCR
reaction solution (50 μL) consisted of 1 × PCR buffer
(final concentrations, 16 mmol/L (NH4)2 SO4, 67 mmol/
L Tris–HCl [pH 8.8], 0.01% Tween-20 and 1.5 mmol/L
MgCl2), 10 pmol of each primer, a 200 μmol/L concen-
tration of each deoxynucleoside triphosphate, 100 ng of
template DNA, and 5.0 U of Taq DNA polymerse
(Bioron, Ludwigshafen, Germany) and 40 μL of molecu-
lar grade H2O. Aliquots of 10 μL PCR products were
analysed by electrophoresis on a 2% (w/v) agarose gel to
Table 2 PCR primers and probes used in this study for TaqMa

Primer/Probe Sequence (5’→3’)

MsmithiiF CCGGGTATCTAATCCGGTTC

MsmithiiR CTCCCAGGGTAGAGGTGAAA

Msmithii probe CCGTCAGAATCGTTCCAGTCAG

Mruminantium F CCGGGTATCTAATCCGGTTC

Mruminantium R CTCCCAGGGTAGAGGTGAAA

Mruminantium probe CCGTCAGGTTCGTTCCAGTTAG
verify the presence and size of the amplicons. Further-
more amplicons were sequenced to confirm their iden-
tity. Using BLAST analysis on the NCBI website, all
amplicons were confirmed 100% homologous to their
target species. Negative controls without template DNA
were included in parallel. Specificity of TaqMan assays
for the quantification of M smithii and M ruminantium
were verified before quantification of ruminal DNA. Each
probe was validated by running a non-target clone stand-
ard as a negative control. In addition, a 10 fold dilution
series starting from 25 ng/μL of clones obtained from
our own library [9] and identified as either M smithii or
M ruminantium were used as standards and run in tripli-
cate to verify the reproducibility of the TaqMan probe
assay. These dilutions were used to calculate PCR effi-
ciencies for each assay. DNA from rumen samples was
also diluted and used to calculate PCR efficiencies. For all
primer sets, PCR efficiencies were equivalent for both
clone libraries and DNA from rumen samples and within
the acceptable range to be used to perform qRT-PCR
analysis.
The qRT-PCR assays were performed on an ABI 7500

Fast Real-Time PCR system using Fast SYBR® Master Mix
(Applied Biosystems, Warrington, UK). Optimization of
assay conditions was performed for template DNA con-
centrations. To reduce inhibition total microbial DNA
was diluted to 10 ng/uL. All amplified qRT-PCR reactions
were carried out in a 96 well plate format. Non-template
controls were included on every plate for each assay to
allow screening for possible contamination and primer
dimer formation. To minimise variation, all samples
included in each analysis were derived from the same
extracted DNA batch, prepared under the same condi-
tions and samples were run in triplicate.
nqRT-PCR analysis

Efficiency Product size, bp Reference

Dridi et al., 2009 [19]

1.98 123 Dridi et al., 2009 [19]

Dridi et al., 2009 [19]

Dridi et al., 2009 [19]

2.02 123 Dridi et al., 2009 [19]

Current study

http://www.ncbi.nlm.nih.gov/
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All SYBR green reaction mixtures were prepared in a
total volume of 20 μL. The reaction consisted of 1 μL
DNA, 10 μL Fast SYBR Green master mix, 1 μL of for-
ward and reverse primers (10 ng of each) and 8 μL
nuclease-free H2O. Thermal cycling conditions applied
to each assay consisted of an initial Taq activation step at
95°C for 15 min followed by 40 cycles of 95°C for 15 s,
60°C for 60 s, followed by an amplicon dissociation stage
(95°C for 15 s, 60°C for 1 min, increasing 0.5°C/cycle
until 95°C was reached) which confirmed specificity via
dissociation curve analysis of PCR end products. Fluores-
cence detection was also performed at the end of each
denaturation and extension step. TaqMan qRT-PCR
assays were performed using TaqMan Fast Universal
Master Mix (2×) (Applied Biosystems, Warrington, UK)
and prepared in a total volume of 20 μL with 1 μL DNA
(10 ng/μL), 1 μL 20× TaqMan assay (forward and reverse
primer plus probe), 10 μL TaqMan Fast Universal Master
Mix (2×) and 8 μL nuclease-free H2O. Thermal cycling
conditions applied to each TaqMan assay consisted of an
initial hold step at 50°C for 2 min and 95°C for 20 s
followed by 40 cycles of 95°C for 3 s and 60°C for 30 s.

qRT-PCR data analysis
Real time PCR amplification efficiencies (e) were esti-
mated for all assays using a linear regression of the
threshold cycle (Ct) for each dilution versus the log dilu-
tion using the formula: e = 5-1/slope [20] where ‘5’ is the
corresponding fold dilution. Efficiencies of the species
specific TaqMan probes and primers sets are presented
in Tables 1 and 2. Efficiencies for both SYBR green and
TaqMan assays ranged from 1.96 to 2.02, close to the
theoretical value of 2.0 which is representative of the
doubling effect of the target sequence during the qRT-
PCR cycle. All primers had PCR efficiencies between
90% and 110% and were therefore acceptable for use in
this study.
Inter-plate calibration based on a calibrator sample in-

cluded on all plates, efficiency correction of the raw
cycle threshold (Ct) values and results from triplicate
PCR reactions for each target species were averaged and
the means calculated using the software package GenEx
5.2.1.3 (MultiD Analyses AB, Gothenburg, Sweden).
Within GENEX, the stability of the reference bacterial or
methanogen 16S rRNA gene was assessed and assured
stable across diet and RFI. Abundance of total methano-
gens were expressed as a proportion of total estimated
rumen bacterial 16S rRNA gene as described previously
[21,22] according to the equation: relative quantification =
2-(Ct target-Ct total bacteria), where Ct represents threshold
cycle. Abundance of specific methanogen species were
expressed as a proportion of total estimated methanogen
16S rRNA gene according to the equation: relative quanti-
fication = 2-(Ct target-Ct total methanogens).
Statistical analysis
All data were analysed using Statistical Analysis Systems
v9.1 2002 (SAS Institute, Cary, NC, USA). Data were ex-
amined for normality and homogeneity of variance by
histograms, qqplots and formal statistical tests as part of
the UNIVARIATE procedure of SAS. Data that were not
normally distributed were transformed by raising the
variable to the power of lambda. The appropriate lambda
value was obtained by conducting a Box-Cox transform-
ation analysis using the TRANSREG procedure in SAS.
Delta Ct values for total Methanogens were transformed
using a lambda value of −0.5 while M. stadtmanae, M
smithii and M ruminantium were transformed using a
lambda value of 0.25. The transformed data were used
to calculate P-values. However, the corresponding least
squares means and standard errors of the non-
transformed data are presented in the results for clarity.
A mixed model ANOVA (PROC MIXED) was con-

ducted to determine the effect of RFI phenotype and diet
type on the relative abundance of each species of inter-
est. Fixed effects included RFI phenotype (H or l), diet
type (LF or HF), and their interaction. The interaction
term, if not statistically significant (P > 0.10), was subse-
quently excluded from the final model. In all analyses
the individual animal was denoted as the experimental
unit and animal was included as a random effect.
The statistical model used: Y = μ + Ri + Dj + (Rj × Dj) +

Ak + εijk, where μ was the overall mean, Ri was the fixed
effect of RFI phenotype (I = H to L), Dj the fixed effect of
diet (j = LF to HK), Ri × Dj is the interaction between RFI
phenotype and diet type, Ak the random effect of animal,
and εijk is the associated error. Differences between
treatments were determined by F-tests using Type III
sums of squares. The PDIFF command incorporating the
Tukey test was applied to evaluate pairwise comparisons
between treatment means.
Spearman partial correlation analysis (PROC CORR,

SAS), was calculated to examine associations amongst
physiological data, rumen fermentation variables [23]
and measured relative methanogen microbial abundance
values using analysis with RFI and dietary treatment in-
cluded as fixed effects in the analysis. Differences were
considered significant where P < 0.05, while tendencies
were considered where P < 0.10.

Results
qRT-PCR quantification of methanogens
The relative abundance of total methanogens, Methano-
sphaera stadtmanae, M smithii and M ruminantium are
presented in Table 3. No RFI phenotype × diet interac-
tions (P > 0.05) were observed for any of the methano-
gens measured, however a tendency (P = 0.08) towards
an RFI × diet interaction was observed for the total
methanogen population. Additionally, no effect of RFI



Table 3 Effect of phenotypic RFI and diet on ruminalmethanogen populations1

Items RFI Diet3 Significance4

H L SED HF LF SED RFI Diet RxD

Methanogens1 0.07 0.08 0.010 0.07 0.09 0.010 0.71 0.01 0.08

Methanosphaera stadtmanae2 0.36 0.37 0.069 0.09 0.64 0.069 0.44 <0.0001 0.68

M smithii2 0.32 0.25 0.057 0.14 0.43 0.057 0.29 <0.0001 0.33

M ruminantium2 0.18 0.29 0.089 0.04 0.43 0.089 0.65 <0.0001 0.92
1Methanogens measured as a proportion of total estimated rumen bacterial 16S rDNA, relative quantification = 2-(Ct target-Ct total bacteria).
2Methanogen spp. measured as a proportion of total estimated rumen methanogen 16S rDNA, relative quantification = 2-(Ct target-Ct total methanogens).

3Diet = HF = high forage (grass silage), LF = Low forage (maize silage (30):concentrate (70)).
4Significance values for transformed data. Back transformed means presented for clarity. R = RFI, D = DIET.
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phenotype was detected for the relative abundance of
any of the methanogens analysed (P > 0.05). However,
diet type affected (P = 0.03) the relative abundance of the
overall methanogen population with a greater relative
abundance of total methanogens in cattle offered the LF
compared to the HF diet (Table 3). Furthermore, the
relative abundance of M. stadtmanae and M. ruminan-
tium was higher (P < 0.001) when animals were offered
the LF compared to the HF diet.

Correlation analysis
Correlation coefficients for the association between
animal performance, rumen fermentation variables and
relative methanogen abundance are presented in
Table 4. When animals were offered the LF diet, abun-
dance of total methanogens was positively correlated
with acetate (r = 0.44, P = 0.02) and acetate: propionate
(r = 0.42, P = 0.03) and negatively correlated with pro-
pionate (r = −0.41, P = 0.03) and rumen pH (r = −0.49,
P = 0.01). Methanosphaera stadtmanae was negatively
correlated with CH4 (r = −0.47, P < 0.02). In addition,
although not statistically significant a tendency towards
a positive relationship between total methanogens and
dry matter digestibility (DMD) (r = 0.35, P = 0.08), or-
ganic matter digestibility (OMD) (r = −0.34, P = 0.09) and
crude protein digestibility (CPD) (r = −0.38, P = 0.05) was
observed when animals were offered the LF diet. When
animals were offered the HF diet a tendency towards a
negative relationship between both M. smithii and M.
ruminantium and CH4 (r = −0.36, P = 0.07) (r = −0.38,
P = 0.05) was detected.

Discussion
Efficiency of feed utilisation is a key economically rele-
vant trait to the beef cattle industry worldwide given that
feed typically accounts for the greatest single input cost
[24]. Improved feed efficiency is not only linked to in-
creased profitability, but also reduces the environmental
burden, with efficient animals producing less nutrient
excretion [25] and reduced CH4 emissions [5,6]. As CH4

is a terminal product of methanogen mediated feed fer-
mentation, recent research has focused on characterising
the methanogen population in animals selected for di-
vergent feed efficiency. Studies [17,26,27] have identified
both a diet effect and a correlation between host feed
efficiency and rumen microbial composition. Methanobre-
vibacter spp. and Methanosphaera sp. are consistently
identified as dominant methanogenic archaea in the
rumen irrespective of geographical location or dietary
feeding regime [17,27-31]. Rumen methanogens were pre-
viously characterised by our group [9] in cattle divergent
for phenotypic RFI and it was reported that Methano-
sphaera and Methanobrevibacter OTUs were identified as
the most dominant methanogens. Therefore, in our study
total methanogens and specific ruminal methanogen
populations of Methanosphaera, M smithii, and M ruman-
tium were selected for relative qRT-PCR analysis to quanti-
tatively assess whether these populations are associated
with variance in feed efficiency and/or dietary energy type
in cattle.
There is evidence to suggest that efficient L-RFI ani-

mals produce less CH4 both on a daily basis (g/d)
[6,32,33] and as per unit of body weight (g/kg) [23] than
their inefficient H-RFI counterparts. However work con-
ducted from our own group examining the effect of
phenotypic RFI on CH4 emissions from the animals uti-
lised in the present study showed no difference in CH4

between animals ranked as either high or low RFI across
the two dietary periods [23]. In our study quantitative
analysis showed that the total and specific methanogen
communities of animals ranked as either H or L-RFI was
not different. This is consistent with previous reports
when a low energy feed lot diet was offered [17] and also
when the diet was switched from a low to a high energy
diet [27]. While there is a sparsity of information in the lit-
erature with regard to studies exploring the links between
enteric CH4 emissions and rumen methanogen abundance
there is evidence to suggest that CH4 emissions may be
consistent with the population size of methanogens
[34,35]. However, since the microbial inhabitants of the
rumen function in symbiosis, the metabolic activity and
substrate specificity of both the methanogens and the
wider rumen microbial community must also be consid-
ered. Indeed a growing number of studies have reported



Table 4 Association between physiological and rumen fermentation variables and relative methanogen abundance in
beef heifers divergent for residual feed intake (RFI)1

Items HF Diet LF Diet

Methanogens M. stadtmanae M. smithii M. ruminantium Methanogens M. stadtmanae M. smithii M. ruminantium

DMI2 −0.30 −0.05 0.14 0.06 0.13 −0.14 0.22 0.08

CH4
3 −0.27 −0.36 −0.36a −0.38* 0.13 −0.47** −0.07 0.03

MLW4 −0.19 −0.07 −0.17 −0.15 0.22 0.14 −0.20 −0.06

tVFA5 0.13 0.11 0.08 −0.00 0.01 0.00 −0.00 −0.18

acetate −0.01 0.06 0.11 −0.04 0.44** 0.07 −0.18 −0.14

propionate 0.01 0.00 −0.13 −0.08 −0.41** 0.30 −0.23 0.09

isobutyrate 0.07 −0.05 −0.12 0.06 0.20 −0.15 −0.21 0.08

butyrate −0.01 0.06 −0.24 −0.16 0.15 0.03 −0.08 −0.19

isovalerate −0.01 −0.05 0.08 −0.30 −0.12 −0.13 0.17 0.12

valerate −0.02 −0.06 0.11 −0.05 −0.31 −0.10 0.14 0.18

A:P6 −0.02 0.05 0.14 0.07 0.42** −0.14 0.22 0.08

pH −0.11 −0.05 0.14 0.07 −0.49** 0.14 0.22 0.08

CH4GEI
7 −0.01 −0.03 −0.15 −0.15 0.03 −0.23 −0.24 −0.05

DMD8 0.21 0.16 −0.21 −0.25 0.35* 0.14 −0.21 −0.16

OMD9 0.22 0.15 −0.20 −0.14 0.34* 0.14 −0.22 −0.15

CPD10 0.14 0.20 −0.23 −0.24 0.38* 0.17 −0.22 −0.17

NDFD11 0.05 0.09 −0.18 −0.14 0.20 0.13 −0.24 −0.16

ADFD12 0.05 0.09 −0.17 −0.13 0.26 0.13 −0.24 −0.23

GED13 0.17 0.14 −0.18 −0.13 0.35 0.16 −0.25 −0.16
1Spearman correlation coefficient in boldface are different from zero (P < 0.10).
2Dry matter intake.
3Methane.
4Mean live weight.
5Total volatile fatty acids.
6Acetate:propionate ratio.
7Methane energy from gross energy intake.
8Dry matter digestibility.
9Organic matter digestibility.
10Crude protein digestibility.
11Neutral detergent fiber digestibility.
12Acid detergent fiber digestibility.
13Gross energy digestibility.
*P < 0.10, **P < 0.05.
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that methanogen abundance does not reflect the amount
of enteric CH4 emissions [35-37]. Furthermore, no signifi-
cant relationship between methanogen abundance and
CH4 production potential in other ecosystems has been
reported [38]. Our previous work [9] reported that the
rumen appears to harbour a core group of methanogens
regardless of host classification for feed efficiency. There-
fore, as suggested by the results obtained for total meth-
anogen abundance in our study, the quantity of the total
methanogen population may not be indicative of diver-
gence in CH4 yield between RFI phenotypes.
While work from our own group has shown moderate

within animal repeatability of RFI while maintained on a
constant diet type [13] other recent work has shown that
the relative ranking of animals for this trait may change
when moved from a low to a high energy diet [39]. This
highlights the necessity to investigate both RFI and the
rumen microbial community of animals divergent for
RFI across different diet types. Previous research has
shown that the chemical composition of the diet can
have a great effect on the overall rumen bacterial com-
position in animals divergent for RFI [12]. Despite this,
previous reports have suggested that no change in total
methanogen abundance of either feed efficient or ineffi-
cient cattle divergent for RFI occurs when the diet is
changed from a low to high energy diet [27]. Further-
more, it has been suggested that diet has a greater effect
on the diversity of the methanogen community rather
than total methanogen abundance [17,27]. However, in
the current study the abundance of total methanogens
was found to be affected by the change in dietary sub-
strate offered. While it was surprising that the relative
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total methanogen abundance was greater when animals
were offered the LF compared to the HF diet, this may
have arisen due to the nature of the LF diet (30:70 maize
silage:concentrate). With the inclusion of 30% forage in
this diet hydrogen fermenting bacteria would still have
the ability to proliferate, albeit to a lesser extent, thus
providing hydrogen for methanogen growth. In addition,
on the LF diet, intakes were higher and there was more
easily digestible substrate available to support CH4 emis-
sions and the growth of methanogens. Indeed, overall
the CH4 emissions were higher from animals on the LF
diet [23]. Furthermore, decreased rumen pH is often as-
sociated with high concentrate diets due to a lowering of
the acetate:propionate ratio [40] Decreased ruminal pH
can indirectly affect CH4 synthesis due to its influence
on VFA production [5] and directly through inhibition
of methanogen activity [41]. However, data from our
own laboratory generated from the same pool of animals
as the current study showed that although mean ruminal
pH for both high and low RFI phenotypes was lower on
the LF diet, the pH did not drop below the optimum
range for rumen methanogen growth (pH 6.0-7.5) [23].
Therefore, it is hypothesized that methanogen prolifera-
tion would not have been inhibited while animals were
offered the LF diet in our study. Differences in our find-
ings to that of others could also have arisen due to
differences in qRT-PCR quantification methods. Our
qRT-PCR results represent the relative abundance of
total methanogens to the total bacterial population (rela-
tive quantification) while DNA copy number was used
to quantify the methanogen population (absolute quanti-
fication) in the study by Zhou et al., [27]. While both
these methods have been extensively utilised throughout
the literature for the quantification of rumen microbiota,
it is important to acknowledge that neither method is
without its drawbacks [15]. In the current study, quanti-
fication using the relative method was favoured due to
the implications of quantification of the target in com-
parison to a standard curve while using absolute quanti-
fication [15]. Additionally, host breed genotype has also
been shown to influence methanogen diversity in the
rumen and therefore could be a contributing factor to
the variation across studies [29].
In the present study when animals were offered the LF

diet overall methanogen abundance was positively associ-
ated with acetate and negatively associated with propion-
ate. It is widely accepted that both acetate and butyrate
promote CH4 production, while propionate is considered
a rival pathway to methanogenesis [42,43], directly com-
peting with methanogens for available hydrogen during
formation [5]. In addition, when total methanogens was
correlated with protozoa abundance from our previous
study [12] there was strong a positive relationship (data
not shown). This positive relationship is compounded by
the fact that among H2 producers, protozoa have a prom-
inent position, which is strengthened by their close phys-
ical association with methanogens, which favours H2

transfer from one to the other [37].
An effect of diet type on the relative abundance of M.

stadtmanae was observed in the present study. This re-
sult is consistent with the pyrosequencing analysis con-
ducted in our previous study [9] and may be attributed
to the difference in the chemical compostion of the diets
and also abundance of other rumen microbes. Energy
metabolism of M. stadtmanae is more restricted than
other methanogenic species, growing only on methanol
and H2 [44]. In the rumen large quantities of methanol
are produced via the degradation of pectin by protozoa
and other anaerobic bacteria [45]. A HF grass silage
based diet is a relatively poor source of dietary pectin,
while some constituents of concentrate feeds such as cit-
rus and beet pulp are abundant. We previously reported
a tendency towards greater relative abundance of rumen
protozoa between the LF and HF dietary periods [12].
Due to the restricted energy metabolism of Methano-
sphaera, the dietary effect observed on this methano-
genic species may have arisen due to the fermentation
products produced by other rumen microbial popula-
tions. In addition, the fastidious energy requirements of
Methanosphaera stadtmanae compared to other metha-
nogens was most likely the causative reason why when
animals were offered the LF diet this methanogenic spe-
cies was negatively correlated with CH4.
The effect of diet on the relative abundance of M

smithii is most likely due to substrate specificity prefer-
ence for methanogenesis by this methanogen species.
Energy metabolism of M smithii is less restricted than
M. stadtmanae in that it can produce CH4 via CO2-H2

and or formate [45]. In the rumen, formate and hydro-
gen are the fermentative end products of several types
of rumen bacteria and protozoa [46]. We have previ-
ously reported a greater abundance of Fibrobacter suc-
cinogenes and Prevotella, both of which produce
formate as an end product of fermentation [46], in ani-
mals offered LF compared with HF diets [12]. This,
coupled with the tendency towards greater relative
abundance of hydrogen producing rumen protozoa be-
tween the LF and HF dietary periods, suggests that the
appropriate substrates for M smithii were likely to be in
abundance while animals were offered the LF diet. In
addition, M smithii also possesses enzymes which have
been shown in other methanogens to facilitate utilisa-
tion of methanol and ethanol [44,47], which are prod-
ucts of bacterial fermentation. Therefore abundance of
these methanogens is most likely affected by both
chemical composition of the diet and the availability of
appropriate end products produced from rumen micro-
bial fermentation.
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The relative abundance of M ruminantium was higher
when animals were offered the LF compared to the HF
diet. This is in agreement with Zhou et al. [27] who re-
ported a marked shift in the number of M ruminantium
when the diet was changed from a low energy to a high
energy diet, using PCR-DGGE microbial community ana-
lysis. Similar to M smithii, it is believed that formate may
also be an important substrate for methanogenesis by M
ruminantium [48]. In addition, the genome sequence of
this methanogen has revealed an abundance of encoding
adhesion proteins [48]. Initial experiments show that
some are involved in mediating close assimilations with
hydrogen producing bacteria while others synergise asso-
ciation between protozoa and fungi [48]. Although the
LF diet offered in the current study would be expected to
yield less CH4 emissions compared to a HF diet, the gen-
omic niche adaptation of M ruminantium may explain
the increase in abundance through mutual associations
with other rumen microbial populations.

Conclusion
In conclusion, this study is the first to quantify both total
and a panel of key candidate rumen methanogens in cat-
tle divergent for phenotypic RFI across two contrasting
diets. Quantification of the methanogen community
showed that feed efficiency alone had no significant effect
on the abundance of total or specific methanogens at the
species level. However, our results extend the findings of
others by demonstrating that the type of dietary substrate
offered greatly influences the abundance of specific
methanogen species and in addition the density of total
methanogens may also be affected by changes in the diet.
It is concluded that diet alone has a greater influence on
the relative abundance of specific methanogens at a spe-
cies level. Future work focused on designing specific
qRT-PCR assays which target these rarer, less studied
methanogens will provide further insight into the effect
of host feed efficiency and diet on the rumen methano-
gen population. Furthermore, studies investigating the
association between CH4 emissions, rumen methanogen
abundance and diet digestibility are required to allow the
development of more specific nutritional management
strategies to reduce CH4 emissions without impacting on
host health, growth or productivity.
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