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Cattle with high feed efficiencies (designated “efficient”) produce less methane gas than those with low feed
efficiencies (designated “inefficient”); however, the role of the methane producers in such difference is un-
known. This study investigated whether the structures and populations of methanogens in the rumen were
associated with differences in cattle feed efficiencies by using culture-independent methods. Two 16S rRNA
libraries were constructed using ~800-bp amplicons generated from pooled total DNA isolated from efficient
(n = 29) and inefficient (n = 29) animals. Sequence analysis of up to 490 randomly selected clones from each
library showed that the methanogenic composition was variable: less species variation (22 operational taxo-
nomic units [OTUs]) was detected in the rumens of efficient animals, compared to 27 OTUs in inefficient
animals. The methanogenic communities in inefficient animals were more diverse than those in efficient ones,
as revealed by the diversity indices of 0.84 and 0.42, respectively. Differences at the strain and genotype levels
were also observed and found to be associated with feed efficiency in the host. No difference was detected in the
total population of methanogens, but the prevalences of Methanosphaera stadtmanae and Methanobrevibacter sp.
strain AbM4 were 1.92 (P < 0.05) and 2.26 (P < 0.05) times higher in inefficient animals, while Methanobre-
vibacter sp. strain AbM4 was reported for the first time to occur in the bovine rumen. Our data indicate that
the methanogenic ecology at the species, strain, and/or genotype level in the rumen may play important roles

in contributing to the difference in methane gas production between cattle with different feed efficiencies.

Microbial fermentation and ruminal nutrient absorption are
key steps in the energy metabolism of cattle. The microbiota in
the rumen is highly associated with the diet, age, antibiotic use,
and health of host animals (32). Different types of symbiotic
anaerobic microorganisms, including bacteria, archaea, ciliated
protozoa, and fungi, inhabit the rumen (15), interact with each
other, and play important roles in affecting the host’s perfor-
mance. The microbial-host relationships are highly complex
and varied, ranging from mutually beneficial cooperation to
competition (10). Among ruminal microbes, bacteria decom-
pose the feed into short-chain (C,; to Cs) fatty acids, amino
acids, H,, and CO,, etc. (20). To maintain the low hydrogen
level in this habitat, hydrogen-utilizing microbes, such as meth-
anogens, utilize H, and carbon substrates, mainly CO,, ace-
tate, or methanol, to generate methane gas and hence to re-
duce hydrogen pressure in the rumen (8). However, this
process causes a significant (6%) loss of dietary energy in the
form of methane emission (14), which contributes to 13 to 19%
of global greenhouse gas (16), and is one of the significant
agricultural “causative sectors” contributing to global warming
(13). Therefore, the energy loss and the consequent methane
emission arouse both nutritional and environmental concerns
in the livestock industry.

Archaeal methanogens are obligate anaerobes (38), and spe-
cies of the order Methanobacteriales are the most common
methanogens found in the rumen (11). Recent studies using
culture-independent methods investigating the methanogenic
communities in the rumens of sheep and cattle have identified
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21 different strains belonging to 13 species in sheep (40, 41, 43,
44) and 13 different strains related to 8 species in cattle (23, 37,
42). In addition, the identification of novel uncultured meth-
anogens in the rumen (23, 33, 40) suggests that the understand-
ing of the methanogenic ecology is limited. Cattle with higher
feed efficiencies are reported to produce 20 to 30% less meth-
ane (9, 24). However, the linkage between rumen methano-
genic composition and the host’s feed efficiency and methane
production has not been studied and reported.

As one of the indicators of feed efficiency in cattle, residual
feed intake (RFI) measures the difference between an animal’s
actual feed intake and the expected feed requirements for growth
(1, 2). Cattle with low RFI (L-RFI) are designated “efficient,”
while animals with high RFI (H-RFTI) are designated “inefficient.”
A recent study reporting a correlation between bacterial profiles
and cattle RFI has suggested the probable linkage between ru-
men microbial ecology and feed efficiency in cattle (7). Therefore,
we hypothesized that the structures and populations of methano-
gens may be also associated with RFI and methane gas produc-
tion by the host. In this study, the compositions of methanogens
in the rumens of cattle with different RFIs were compared by
sequence analysis of the partial 16S rRNA genes (~800 bp) gen-
erated from two constructed libraries, using pooled DNA from
efficient (L-RFTI) and inefficient (H-RFI) animals. The population
of selected species in each steer was evaluated using quantitative
real-time PCR (qRT-PCR) analysis, and the correlation between
methanogenic structure/population and cattle RFI was investi-
gated.

MATERIALS AND METHODS

Animal experiment and rumen sample collection. Fifty-eight 10-month-old
steers (Hereford crossed with Aberdeen Angus) were raised by following the
guidelines of the Canadian Council on Animal care (4) under feedlot conditions
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TABLE 1. Primers used in this study to target methanogen 16S

rRNA genes
Primer” Sequence (5’ to 3") Reference
Met 86f GCTCAGTAACACGTGG 39
Met 915r GTGCTCCCCCGCCAATTCCT 36
21F TTCCGGTTGATCCYGCCGGA 29
1389-1406R ACGGGCGGTGTGTGCAAG 17
Met 1340r CGGTGTGTGCAAGGAG 38

It}
T

@ “f” designates the forward primer and the reverse primer.

at the Kinsella Research Station, University of Alberta, using a finishing diet
described by Nkrumah et al. (24). The animal protocol was approved by the
Animal Care and Use Committee (Moore-2006-55), University of Alberta. Feed-
ing intake data were collected using the GrowSafe automated feeding system
(GrowSafe Systems, Ltd., Airdrie, Alberta, Canada), a total mixed finishing
composed of approximately 74% oats, 20% hay, and 6% feedlot supplement
(32% crude protein beef supplement containing Rumensin [400 mg/kg of body
weight] and 1.5% canola oil) (2). The feed efficiencies of steers were ranked as
inefficient (H-RFI [RFI of >0.5]) or efficient (L-RFI [RFI of <—0.5]) on the
basis of calculated RFI values as described by Nkrumah et al. (24). In this study,
the RFI values for the examined steers (n = 58) were ranked as L-RFI (—0.68 *
0.04 kg/day) and H-RFI (0.65 = 0.05 kg/day) groups (P < 0.0001). Rumen
sampling was performed within 1 week after RFI evaluation. Ruminal fluid was
collected within 3 h after feeding by inducing flexible plastic tubing into the
rumen and using the suction created with a 50-ml syringe to remove the fluid
from the tubing. For each animal, 50 to 100 ml of rumen fluid was collected twice
and transferred into a separate sterilized container, immediately frozen with
liquid nitrogen, and stored at —80°C until processing.

DNA extraction. Total DNA was extracted from 58 rumen fluid samples by
using the methods outlined by Guan et al. (7). In brief, 0.5 ml of frozen rumen
fluid was thawed on ice and washed with 4.5 ml of TN150 (10 mM Tris-HCl
[pH 8.0], 150 mM NacCl) buffer, followed by 30 s of vortexing and 5 min of
centrifugation at 200 X g at 4°C. Then, 1 ml of supernatant was transferred
to a new microcentrifuge tube containing 0.3 g autoclaved zirconium-silica
beads (0.1-mm diameter), and the cells were lysed by physical disruption in a
model 8 BioSpec mini-bead beater at 4,800 rpm for 3 min. The supernatant
of each sample was collected, DNA extraction was then performed with
phenol-chloroform-isoamyl alcohol (25:24:1) extractions, and the DNA was
precipitated with cold ethanol and dissolved in 20 pl of TE buffer (10 mM
Tris-HCI, 1 mM EDTA [pH 8.0]). The concentration and quality of DNA
were measured at A,q, and A,g, by using an ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE).

Construction of 16S rRNA libraries. Individual total DNA extracted from
rumen fluid was diluted to a concentration of 50 ng pl~!' and was pooled by
mixing 2 pl of each DNA sample from efficient animals (n = 29) (library 1) and
inefficient animals (n = 29) (library 2) for library construction. The partial 16S
rRNA gene (~800 bp) was amplified with the universal primer pair Met 86f/Met
915r (Table 1), using the following program: an initial denaturation for 5 min at
94°C; 30 cycles at 94°C for 30 s, 57°C for 30 s, and 68°C for 1 min; and a final
elongation for 7 min at 68°C. The PCR solution (50 pl) contained 1 pl of 20 pmol
of each primer, 1 pl of 10 mM deoxynucleoside triphosphate, 2.5 U of Tagq
polymerase (Invitrogen, Carlsbad, CA), 1X PCR buffer, 1 ul of 50 mM MgCl,,
and 1 pl of pooled DNA template. Amplified PCR products were then cloned
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into the TOP10 vector (TOPO TA cloning kit; Invitrogen) by using chemical
transformation. Colonies with insertion were then selected on S-Gal (Sigma, St.
Louis, MO) medium, and the plasmid DNA was extracted using a Millipore
plasmid extraction kit (Millipore, Billerica, MA).

Sequencing and phylogenetic analysis. From libraries 1 and 2, 624 and 672
clones, respectively, were randomly selected and subjected to sequence analysis
with an ABI 3730 sequencing system, using an ABI PRISM BigDye Terminator
version 3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA). The
sequence reaction was performed with 10 pl of solution containing 0.5 pl of
BigDye, 3.2 pmol of M13 Forward (CGCCAGGGTTTTCCCAGTCACGAC) or
M13 Reverse (TTCACACAGGAAACAGCTATGAC) primer, 2.0 ul of 5X
sequencing buffer, and 20 ng of plasmid DNA as the template. All sequences
were subjected to BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches to
determine the closest known taxon and were aligned using the ClustalW program
(http://www.ebi.ac.uk/Tools/clustalw2/). The phylogenetic analysis was per-
formed using the neighbor-joining method with the PHYLIP package (version
3.67) (http://evolution.genetics.washington.edu/phylip.html). Bootstrap numbers
obtained from 1,000 replicates were assigned beside the nodes to verify the
clustering of the sequences.

Clone library analysis. The obtained libraries were then analyzed using the
Mothur program (Mothur v1.3.0, http://www.mothur.org/wiki/Main_Page) by
comparing operational taxonomic units (OTUs) on the basis of 97% similarity
between sequences. Distance matrices were calculated by using the DNADIST
program within the PHYLIP software package. Rarefaction analysis of library
structure was conducted based on the principle in the DOTUR program (28).
Diversity indices, such as the Shannon index, the Simpson index, and the Chaol
index, were used to measure the diversity of each library. Differences between
the libraries were analyzed by comparing the levels of coverage of the samples,
the similarities of community membership (Ochiai index), and the community
structures (Bray-Curtis index) based on the principle in the [-LIBSHUFF pro-
gram (27). Community diversity was compared in a phylogenetic context, using
the UniFrac significance test and the P test within UniFrac (18).

qRT-PCR analysis. The populations of selected species were determined by
calculating the copy numbers of 16S rRNA genes. Three pairs of primers (Table
2) were used to detect Methanobrevibacter sp. strain AbM4, Methanosphaera
stadtmanae, and total methanogens in each rumen sample. Species-specific and
universal primers were designed based on the alignment of the identified tar-
geted species sequences and all sequences, respectively, in two libraries, and the
conserved region was targeted by using the software package Primer Express 3.0
(Applied Biosystems, Foster City, CA). qRT-PCR was performed with SYBR
green chemistry (Fast SYBR green master mix; Applied Biosystems), using the
StepOnePlus real-time PCR system (Applied Biosystems) with a fast cycle, a
melting curve section, and the following program: 95°C for 10 min, followed by
40 cycles at 95°C for 3 s and 60°C for 30 s. For melting curve detection, the
temperature was increased 0.3°C every 20 s from 60°C to 95°C. The standard
curves were constructed by using species-specific primers based on a serial
dilution of plasmid DNA from clones identified as Methanobrevibacter sp. strain
AbM4 and Methanosphaera stadtmanae. The copy numbers of each standard
curve were calculated based on the formula (N; X 4 X 1077)/(660 X n), where
N; is the Avogadro constant (6.02 X 10>* molecules per mol), 4 is the molecular
weight of the molecule in standard, and n is the length of the amplicon (bp). The
copy numbers of 16S rRNA genes of targeted methanogens per ml rumen fluid
were calculated using the formula (Mo X C X Vp)/(S X V), where Mg, is the
quantitative mean of the copy number, C is the DNA concentration of each
sample, V7, is the dilution volume of extracted DNA, § is the DNA amount (ng)
subjected to analysis, and Vis the rumen fluid volume subjected to DNA extrac-

TABLE 2. Primers used in this study for qRT-PCR analysis

. . , , Product
Organism(s) targeted Primer” Sequence (5" to 3") size (bp)
Methanobrevibacter sp. strain AbM4 AbM4-F ITTAATAAGTCTCTGGTGAAATC ~160
AbM4-R AGATTCGTTCTAGTTAGACGC
M. stadtmanae Stad-F CTTAACTATAAGAATTGCTGGAG ~150
Stad-R TTCGTTACTCACCGTCAAGATC
Total methanogens uniMet1-F CCGGAGATGGAACCTGAGAC ~160
uniMet1-R CGGTCTTGCCCAGCTCTTATTC

“ “F” designates the forward primer and “R” the reverse primer. All sequences were determined in this study.



6526 ZHOU ET AL.

tion. PCR efficiency (E) was calculated using the equation E = (107 /slope —1) x
100, and the data generated from reactions with more than 90% efficiency were
used for further analysis.

Statistical analysis. Copy numbers and proportions of specific methanogen
species were obtained from each individual, and the mean value was used for
statistical analysis. Student’s ¢ test was used to verify the difference in each
targeted species of methanogen between L-RFI and H-RFI animals. A simple
covariance mixed model was used to correlate methanogen population with
volatile fatty acid production and RFI by using the SAS system (version 9.1; SAS
Institute, Cary, NC). Significance was defined at P values of <0.05.

Nucleotide sequence accession numbers. The nucleotide sequences generated
from this work have been deposited in GenBank under accession numbers
FJ579097 to FI580045.

RESULTS

Comparison of sequences generated from 16S clone librar-
ies. To identify methanogen profiles in the rumen, different
combinations of reported universal methanogenic primers
were used to amplify full or partial 16S rRNA gene products
for library construction. But the attempt to generate a full 16S
rRNA fragment with the combination of 21F (29) and 1389-
1406R (17) as described by Ohene-Adjei et al. (25) was not
successful, although these primers successfully targeted total
methanogens in the ovine rumen. The usages of Met 86f/Met
1340r as outlined by Wright and Pimm (39) and the primer
combination 21F/Met 1340r were not able to generate the PCR
products from all animals. Only the primer pair Met 86f/Met
915r targeting a partial 16S rRNA gene product (~800 bp) was
found to generate amplicons from all 58 rumen samples.
Therefore, this primer pair was used to amplify the pooled
rumen DNA for library construction.

In total, 482 and 490 sequences were obtained from library
1 (pooled L-RFI animals) and library 2 (pooled H-RFI ani-
mals), respectively. From the rumens of L-RFI animals (library
1), 478 out of 482 sequences were identified to be methano-
gens, while 471 out of 490 sequences were identified to be
methanogens from rumens of H-RFI animals (library 2). The
sequences identified to be nonmethanogens, 4 sequences from
library 1 and 19 sequences from library 2, were found to belong
to 13 bacterial phylotypes. Since up to 16 bp of the primer
sequences matched with the same region of bacteria, it is not
surprising that the universal methanogen primers could also
amplify some groups of bacteria. These sequences were not
included for methanogenic community analysis.

The taxonomy of each methanogen library was characterized
first by determining the OTUs on the basis of 97% sequence
similarity. In total, 31 unique OTUs were identified, with 22
OTUs from library 1 and 27 from library 2 (Table 3). Eighteen
OTUs were found in both libraries (58.06% of total OTUs),
while four and nine OTUs were found to be library 1- and
library 2-specific, respectively (Fig. 1). When the structures and
diversities of the two libraries were compared, higher values
for Shannon index, diversity, and richness were observed in
library 2, revealing that the methanogenic community of li-
brary 2, consisting of H-RFI animals, was more diverse than
that of library 1, consisting of L-RFI animals. The differences
in OTUs between the libraries at 100% similarity in a phylo-
genetic context were significant, with P values of <0.01 by both
the P test (for transfer of lineages between libraries) and the
UniFrac test (for evolutionary history shared between two li-
braries) in the UniFrac program (data not shown).

APPL. ENVIRON. MICROBIOL.

TABLE 3. Comparison of structure diversities of sequenced clones
in library 1 and library 2¢

Sample No.of No.of Shannon R . < Coverage

source  sequences OTUs index Diversity”  Richness (%)*
Library 1 478 22 0.9(0.8-1.1) 0.42 23 (20-41) 100
Library 2 471 27 15(1.4-1.7) 0.84 32 (25-68) 96.2

¢ Estimates of Shannon index, diversity, and richness are all based on 3%
differences in nucleic acid sequence alignments. Values in parentheses are 95%
confidence intervals as calculated by the Mothur program. The Ochiai index (for
similarity between two communities) was 0.74. The Bray-Curtis index (for sim-
ilarity between the structures of two communities) was 0.77.

b Sample size-independent estimate of diversity based on negative natural log
transformation of Simpson index values as calculated by the Mothur program.

¢ Chaol values, a nonparametric estimate of species richness.

@ Coverage values for a distance of 0.01, as calculated by the Mothur program.

Taxonomy characterization of methanogenic ecology in the
rumen. To evaluate the identified difference in community
structure between the two libraries, the taxonomies of all the
OTUs were further investigated by a BLAST search based on
an approach described by Ben-Dov et al. (3). The following
criteria were used to determine the taxonomy of each OTU: a
>97% match between the clone sequence and the GenBank
data was considered to represent strains within the species
level, and 93 to 96% identity represented different species at
the genus level. All the OTUs obtained in this study resembled
seven strains within five known species: Methanobrevibacter
ruminantium, Methanobrevibacter thaueri, Methanobrevibacter
smithii, Methanobrevibacter wolinii, and Methanosphaera stadt-
manae.

Four hundred twelve and 322 sequences in library 1 (L-RFI
animals) and library 2 (H-RFI animals), respectively, were
identical to M. ruminantium NT7 (AJ009959), which was pre-
dominant in both groups of animals, but with different distri-
butions: 89.2% of the total clones from the library 1 and 73.0%
of the total clones from library 2 (Fig. 2). The distributions of
other species also varied between L-RFI and H-RFI animals.
For example, for L-RFI animals, five sequences resembled
Methanobrevibacter sp. strain AbM4 and eight sequences re-
sembled M. stadtmanae, accounting for 1.0% and 1.7% of the
total sequences, respectively (Fig. 2). For H-RFT cattle, 53
sequences resembled Methanobrevibacter sp. strain AbM4 and
27 sequences resembled M. stadtmanae, representing 10.8%
and 5.7% of the total sequences, respectively (Fig. 2). M. woli-
nii-like Methanobrevibacter sp. strain AbM4 sequences have
not previously been reported to occur in the bovine rumen. In
addition, the distributions of different strains varied between
the two groups of animals (data not shown).

Furthermore, variation of methanogens at the genotype level in
the two libraries was observed. For example, numerous genotypes
in the sequences identified as M. ruminantium NT7 were ob-
served to have high levels of diversity of single-nucleotide poly-
morphisms (SNPs). For instance, for the sequences with 99%
identity with the M. ruminantium NT7 strain, 197 sequences in
library 1 and 163 sequences in library 2 belonged to 264 geno-
types. Figure 3 shows the alignment of six sequences with 99%
identity with the M. ruminantium NT7 strain with SNPs observed
in six representative locations (Fig. 3). When the association be-
tween the genotypes and cattle RFI was analyzed, some geno-
types were detected only in L-RFI animals, while some were
identified only in H-RFI animals. For example, clones KR-L06-
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KR-LO5-E05 (RI579671)
KR-L10-F11 (FI580013)
KR-LO3-F04 (F1579843)
KR-L09-HO8 (R1579938)

KR-H06-A03 (FI1579252) KR-HO04-F03 (F1579165)
KR-HO7-HO5(F1579348) KR-LOG-E03 (F1579705)
KR-LO7-G09 (F1579816) KR-H08-E04 (F1579403)
KR-HO7-GO7(F1579360) KR-LOS-A03 (FI579833)
KR-HO06-GOZ(FI1579251) KR-H09-BO7 (F1579498)
KR-HO03-DO1 (F1579381) KR-HO03-DO7 (B1579422)
KR-H09-H11(F1579524) KR-H09-DO5 (F1579488)
KR-LO7-DO8 (BI579807) KR-HO1-G04 (FI579110)
KR-HO1-GO1 (F1579101) KR-LO7-GO3 (FI579783)
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9
KR-HO07-E05 (F1579347)
KR-HO08-D10(F1579443)
KR-HO1-A05(FI579112)
KR-HO7-F06 (F1579353)
KR-H04-H03 (F1579167)
KR-H09-F06 (F1579495)
KR-H07-A06(F1579349)
KR-HO04-F11(F1579197)
KR-HO1-A09 (F1579132)

FIG. 1. Diagram of OTUs identified by the Mothur program at the 97% similarity level within and between libraries 1 (L-RFI animals) and
2 (H-RFI animals). Representative OTUs are presented by the clone identification numbers, with GenBank accession numbers in parentheses.

H10, KR-L08-E10, and KR-L06-C11 were identified only in li-
brary 1 (L-RFI animals), and clones KR-H06-H03 and KR-H11-
B04 were identified only in library 2 (H-RFI animals). Some
genotypes, for example, clones KR-H11-H06 (FJ579567) and
KR-H11-D04 (FJ579552), were identified in both groups of ani-
mals.

Eight putative methanogens were identified at the genus level
on the basis of sequences with 93 to 96% identity with the closest
species. These OTUs may represent unidentified ruminal meth-
anogens. Among them, the sequences similar to M. ruminantium
NT7-like and M. stadtmanae-like OTUs were detected in both
L-RFI and H-RFI animals, while M. smithii SM9-like, M. smithii
PS-like, and Methanobrevibacter sp. strain FM1-like OTUs were
detected only in L-RFI animals. Methanobrevibacter sp. strain
30Y-like, M. wolinii-like, and Methanobacteriales-like OTUs were
detected only in H-RFI animals (Fig. 2).

Phylogenetic analysis of the sequenced 16S rRNA libraries was
performed based on the representative OTU sequences gener-
ated from the Mothur program and the typical methanogen spe-
cies. As shown in Fig. 4, the major sequences clustered with their
closest classification (the clone identification numbers are
shown). Almost all major branches contained sequences from
both L-RFI and H-RFI animals, with only one exception, KR-
HO01-A09. The methanogens detected in L-RFI animals and H-
RFTI animals did not differ greatly at the species level. However,
some sequences with low levels of identity with the known species

did not cluster with the closest species, as shown in the tree. For
example, OTU KR-L10-F11, with M. ruminantium NT7 as the
closest known species, was grouped with M. smithii instead of M.
ruminantium. This confirmed our classification in which the ge-
nus-like sequences with <97% identities may represent new spe-
cies within the genus Methanobrevibacter.

Comparison of methanogen populations between L-RFI
and H-RFI animals. The populations of total methanogens,
Methanobrevibacter sp. strain AbM4, and M. stadtmanae
were selected for qRT-PCR analysis to investigate these
populations in 58 animals and the correlations with RFI.
The mean total methanogen populations in L-RFI and H-
RFI animals were 2.12 X 107 cells ml~ ! and 2.52 X 107 cells
ml ™!, respectively (Table 4), confirming the similar quanti-
ties of the methanogens as previously reported (22, 26). The
proportions and absolute copy numbers of 16S rRNA genes
of M. stadtmanae and Methanobrevibacter sp. strain AbM4
were significantly lower (P < 0.05) in L-RFI animals than in
H-RFI animals (Table 4). No significant difference between
the two groups was observed for total methanogen popula-
tion (P = 0.16).

Statistical covariation analysis was performed for population
of targeted species, total methanogen population, and RFI.
The Methanobrevibacter sp. strain AbM4 and M. stadtmanae
populations were positively correlated with total methanogen
amount (P = 0.033 and 0.011, respectively). The total meth-
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Library 1

' CSIRO1 33-like
" CSIRO1.33
= Mbb._sp FM1-like
Mbb_sp FM1
" Mzsp_stadtmanae-like
¥ Mzsp_stadtmanae
" Mbb. thaueri CW-like
B Mbb._thaueri CW
B Mbb._smithii PS-like
5 Mbb._smithii PS
= Mbb_smithii SM9-like
= Mbb_smithii SM9
= Mbb_sp_ AbM4-like
= Mbb_sp AbM4
= Mbb_sp_30Y-like
¥ Mbb._sp_30Y
B NT7-like
¥ Mbb_ ruminantium NT7

Library 2

FIG. 2. Distribution of methanogenic species on the basis of their sequences, classified as methanogens from library 1 (L-RFI animals) and
library 2 (H-RFI animals). NT7, M. ruminantium NT7; 30Y, Methanobrevibacter sp. strain 30Y; AbM4, Methanobrevibacter sp. strain AbM4; SM9,
M. smithii SM9; PS, M. smithii PS; CW, M. thaueri CW; FM1, Methanobrevibacter sp. strain FM1; CSIRO1.33, Methanobacteriales archaeon
CSIRO1.33 clone. The y axis shows that the percentages of >70% for more than 70% of the sequences were Methanobrevibacter ruminantium NT7

sequences in both libraries.

anogen, Methanobrevibacter sp. strain AbM4, and M. stadtma-
nae populations were not linearly correlated with RFI ranking
(P ranged from 0.17 to 0.69).

DISCUSSION

Previous studies have identified eight methanogenic species
in the bovine rumen: M. ruminantium, M. thaueri, M. smithii,

M. stadtmanae, Methanomicrobium mobile, Methanobacterium
aarhusense, Methanobacterium formicicum, and Methanosar-
cina barkeri (11, 23, 37, 42). In this study, we identified M.
ruminantium, M. thaueri, M. smithii, M. wolinii, and M. stadt-
manae in the beef cattle that were examined. This concurs with
previous studies showing that species belonging to Methano-
brevibacter are the predominant methanogens in the rumens of
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Example of SNPs of the sequences

KRADGHIO - AATTGCTCETGATACTGTTGAACT TGAGGTCGGGAGAGGT TAGCEETACTCCCAGGG TAGAGGTGARAT TCTGTAATCC T GEGAGGACCAC —mmmm
KRADSEID - —AATTGCJGGTGATACTGTTGAAC T TGAGGTCOGGAGAGGTTAGC GG TACTCCCAGGGTABAGG TGAAAT TCTGTAATCC TEGGAGGACCAC T - — -} L-RFI
1Y I p— —AATTGCTGGGATACTGTTGAACTTGAGGTCEGOAGAGE TTAGCOETACTCCCAGGETAGAGGTGALAT TCTGTAATCC TGO BAGGACCAC . mam
KR-HOG-HO  --evemer AATTGCTGGTGATACTGTTGAACT TGAGGTCGGGAGAGGTTAGCGETACTCCCAGGETAGAGG TGARAT TCTGTAATCCTGOBAGGATICAC G -
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FIG. 3. (A) Genotype analysis of all sequences with 99% identity with the Methanobrevibacter ruminantium NT7 strain. The bars indicate the
number of sequences of each genotype in the 16S rRNA library generated from L-RFI and H-RFI animals. The arrows point out the genotypes
that existed in both L-RFI and H-RFI animals. (B) Example of SNPs shown in the sequences belonging to this category. The position with an

asterisk represents the nucleotide position with SNPs. The base with a square indicates the particular SNPs of each sequence.

ruminants (30, 31, 34, 40, 43). Contrasting with the results from
previous studies, Methanobacterium aarhusense, Methanomi-
crobium mobile, Methanobacterium formicicum, and Methano-
sarcina barkeri were not detected in our study. This may be due
to differences in many aspects, such as sampling procedures,
types of rumen samples, DNA extraction methods, primers
used, pooling approaches for construction of libraries, diets,
animal hosts, and geographic regions. Previous studies have
shown that the primers used for PCR amplification could affect
the taxonomy identification of predominance of methanogens
in the rumen. For example, Skillman and coworkers reported
that using two different sets of primers revealed differences in
methanogen predominance in rumen samples: 21f/958r ampli-
fied mainly M. stadtmanae-like sequences, whereas Arch 364/
Arch r1386 generated mainly Methanobrevibacter sequences
(31). Our results for sequencing and qRT-PCR analysis
showed that the M. stadtmanae copy numbers accounted for
<20% of the total methanogens (Fig. 2 and Table 4), confirm-
ing the observation that Methanobrevibacter is the dominant
genus in the rumen. In addition, the characterization of un-
identified methanogen groups (the genus-like sequences) (Fig.
2) supports the suggestion that a significant population of
uncultured methanogens may inhabit the rumen (23). Since
fewer then 700 clones were sequenced from each library, spe-
cies with smaller populations might not be detected. Further
experiments using more clones may improve the identification
of sequences representing species with lower population den-
sities. In addition, since we pooled DNA from each rumen
sample for amplicons for library construction, this may reduce

the amplification of the rare species. Pooling the amplicon
from each rumen sample for library construction may also
improve the identification of numbers of species.

Sequence analysis of methanogenic structures showed that
the methanogen communities in the L-RFI and H-RFI animals
differed at the species, strain, and genotype levels (Fig. 2 and
3). The identification of 148 and 125 genotypes with sequences
99% identical to Methanobrevibacter sp. strain NT7 in L-RFI
and H-RFI animals, respectively, with only 9 genotypes con-
served between the two groups of animals, revealed that very
diverse genotypes of methanogens were represented in the
rumen. It is not surprising that high numbers of genotypes of
this particular strain were found, since the sequences were
generated from the DNA pooled from samples derived from
29 individuals. Similarly, a study of identification of Escherichia
coli in cows showed 240 different subtypes in 24 animals (12).
Our data, in combination with those from the E. coli study,
suggest that the variation of genotypes in methanogens may
result from microbial mutation/adaptation to the specific host
environment. Our discovery of the large portion of genotypes
of methanogens indicates that the key members of the ruminal
“methanogenbiome” are more complicated to define and are
influenced by the host animal. Given that the genotypes were
associated with RFI (Fig. 3), it may be suggested that the
difference shown in genotypes of methanogens could also in-
fluence the metabolic energy traits of the host, leading to a
variance in feed efficiency among the host animals. Future
studies are needed to determine whether differences in geno-
type are associated with differences in methane production
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TABLE 4. Comparison of copy numbers of targeted methanogen 16S rRNA genes in L-RFI and H-RFI animals®

No. of copies/ml

Proportion of total

i methanogens (%) Amplification
Organism group P P efficiency (%)
L-RFI H-RFI L-RFI H-RFI
Total methanogens (212 £0.29) X 107 (2.52=0.29) x 107  0.16 100 100 93.55
M. stadtmanae (1.33 £0.18) X 10° (248 £0.59) x 10° 0.03 6.02*=1.16 1153255 0.02 94.46
Methanobrevibacter sp. strain AbM4  (5.69 = 1.10) X 10°  (2.20 = 0.59) X 10°  0.02  3.73 = 0.60 8.45+216 0.02 94.30

“ Values shown are means * standard errors. The L-RFI and H-RFI groups each contained 29 animals.

between L-RFI and H-RFI animals. Furthermore, the geno-
types of a particular species may differ in each individual on
account of many other factors, such as ruminal pH, the struc-
tures of other microbes (e.g., bacteria and protozoa), and the
fermentation parameters in the rumen. Higher degrees of di-
versity at the species and genus levels have been reported for
other microorganisms, such as bacteria (>40 species) and pro-
tozoa (15 different genera), compared to what was found for
methanogens (8 species) (15), in the rumen. However, it is not
clear whether the genotypes of bacteria and protozoa could be
also be associated with the host animals and the methanogen
structure in the rumen. Further studies correlating the meth-
anogen diversity to that of other microbes, including bacteria
and protozoa, may lead to the discovery of the roles of micro-
bial-microbial interactions in feed efficiency in the host.

The unique combination of ruminal microbiota in each
animal may have important roles in the host’s nutrition
uptake and energy metabolism, phenotypes that are usually
regulated by the genetics, diet, and environment of the host.
Host breed was found to have influence on ruminal bacterial
structure and association between bacteria and cattle RFI
within the breed (7), implying that methanogen structure
may also be associated with host genetic variation. Diet is
known to be another key factor that influences the micro-
flora in the rumen. The impact of diet on methanogen pro-
files in the ovine rumen has been confirmed by identification
of higher levels of methanogen diversity in pasture-grazing
animals than in animals fed with oaten hay (40). Diet has
also been reported to influence methane gas production
and population changes for particular methanogens. Recent
studies in which dietary fat supplementation was added to
the feed showed reduced methane production in the rumen
(19, 45). A preliminary study by Yu et al. revealed that
dietary tallow might stimulate M. stadtmanae but inhibit
Methanobrevibacter sp. strain AbM4 (44). Future studies of
change in methanogenic structure in response to diet at the
strain and/or genotype level for each animal will be essen-
tial. Furthermore, the environment may also contribute to
differences in microbial diversity. It is not surprising that
different species of methanogens were identified in the an-
imals examined in our study, since different methanogenic

components have been reported to occur in cattle raised in
Canada (37, 42) and New Zealand (23).

Cattle with higher feed efficiencies have been reported to
produce less methane (9). The total methanogen populations
in L-RFI and H-RFT animals did not differ (Table 4), indicat-
ing that the quantity of total methanogens may not be vital for
feed efficiency traits and may be associated with differences in
methane yield. The methanogenic structures (species, strains,
and genotypes) and populations of particular species/strains/
genotypes may be associated with feed efficiency in cattle. The
identification of higher populations of M. stadtmanae and
Methanobrevibacter sp. strain AbM4 in H-RFI animals (Table
4) suggests a probable difference in methane production path-
ways in these inefficient animals. These two species were cho-
sen because (i) their sequences were distributed at significantly
different proportions between the two libraries (Fig. 2), (ii)
Methanobrevibacter sp. strain AbM4 was identified for the first
time in cattle in this study, and (iii) M. stadtmanae has been
well studied for its methane production pathways. M. stadtma-
nae generates methane only by reduction of methanol with H,
(21). This species lacks the carbon monoxide dehydrogenase or
acetyl-coenzyme A decarbonylase complex required for ace-
tate substrate or acetyl-coenzyme A synthesis from substrates
like CO, and a methyl group (5). The population of Methano-
brevibacter sp. strain AbM4 was negatively correlated with ac-
etate concentration (P < 0.01) (unpublished data), indicating
that acetate may be the substrate in the methanogenesis path-
way of Methanobrevibacter sp. strain AbM4. However, more
studies are required to verify such speculated mechanisms as-
sociated with methane yield and feed efficiency in the host. It
has been shown that different strains of microorganisms of the
same species could have distinct metabolic capacities and sur-
face properties (6, 35); hence, the difference in methanogen-
esis substrates may be due to the results of the strain variation
as we identified above. Thus, the strain level divergence of
methanogens cannot be ignored, and the investigation of pro-
files of methanogen should include the strain variation.

In conclusion, this study demonstrated differences in meth-
anogen ecology between rumens of beef cattle with different
feed efficiencies with a low-energy diet. The methanogen com-
munities were found to be different at the genus, species,

FIG. 4. Phylogenetic analysis of methanogen partial 16S rRNA sequences obtained in this study. Representative sequences were generated by
the Mothur program at a 3% difference level. GenBank sequences are identified by accession number. Bootstrap values (>50%) from 1,000
replications are indicated on the tree. 1, Methanococcales; 2, Methanosarcinales; 3, Methanomicrobiales; 4, Methanobacteriales; A, representative
OTUs appearing in both libraries; O, representative OTUs appearing only in library 1 (L-RFI animals); O, representative OTUs appearing only

in library 2 (H-RFI animals).
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strain, and genotype levels between efficient and inefficient
animals. The cattle’s feed efficiency was also correlated with
the population of a particular species but not with the total
quantity of methanogens. M. stadtmanae and Methanobre-
vibacter sp. strain AbM4 were found to have larger amounts
and proportions of 16S rRNA genes in inefficient (H-RFT)
animals, suggesting that organic-substrate-based methane bio-
synthesis pathways may be the cause of the low feed efficiency.
Future studies for linking the methanogenic structure with the
methane gas yield from cattle with different RFIs will be per-
formed to verify and elucidate the different mechanisms of
methanogenesis in the animals with higher feed efficiencies.
This is the first study reporting the probable association be-
tween the “methanogenic biome” and feed efficiency in cattle.
Our study of the linkage between the microbial ecology of
methanogens and feed efficiency in cattle will allow better
understanding of the gut microbiome and its impact on host
physiology.
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