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libraries were examined to determine the molecular diversity
of methanogens from feedlot cattle and to compare the compositions of the methanogen populations in these animals from
two different provinces.

Enteric methane emission is a major source of greenhouse
gas in agriculture (9), and the methane is formed in the rumen
through a process called enteric fermentation. During this normal digestive process, hydrogen is released by other microbes
during fermentation of forage and is used by methanogenic
archaea (i.e., methanogens) to reduce carbon dioxide to methane.
In 2002, enteric fermentation from livestock accounted for
32% of all agricultural greenhouse gas emissions in Canada
(3). Despite a 20% decline in the number of dairy cows from
199,000 in 1990 to 160,600 in 2000 (26), enteric emissions in
Canada have increased 11% since 1990, mainly due to increased beef production (3). Reducing enteric methane emissions has been identified as one way of lowering global methane emissions. However, the effectiveness of any strategy that
will reduce greenhouse gas emissions and also increase production or nutritional efficiency will likely depend upon having
an understanding of the numbers and/or distribution of methanogen species among ruminant livestock.
In the present study, one 16S rRNA gene library was constructed from pooled rumen digesta samples from 10 feedlot
cattle in Ontario, Canada, and another 16S rRNA gene library
was constructed from pooled rumen digesta samples from 10
feedlot cattle from Prince Edward Island, Canada. The two

MATERIALS AND METHODS
Sources of samples and processing. Approximately 50 ml of rumen digesta was
collected from 10 Hereford-Cross cattle in Ontario and 10 Hereford cattle from
Prince Edward Island immediately after slaughter from a large commercial
abattoir (Better Beef Limited, Guelph, Canada) in June 2004. The 20 samples
were maintained on ice for approximately 60 min while being transported to the
laboratory for processing. Rumen digesta was aliquoted into two 1.5-ml Eppendorf tubes. The remaining rumen sample was fixed with an equal volume of 100%
ethanol and stored. The feedlot cattle from Ontario were fed a corn-based diet,
whereas the feedlot cattle from Prince Edward Island were fed potato byproducts as a finishing diet.
DNA extraction, PCR amplification, and clone library construction. DNA was
extracted using a commercially available kit according to the manufacturer’s
instructions (QIAGEN DNeasy plant kit; QIAGEN, CA). The PCR amplification was performed in a PTC-100 thermal cycler (MJ Research, MA) using the
methanogen-specific forward and reverse primers Met86F and Met1340R (30),
following stringent parameters (33). A 16S rRNA gene library was constructed
from the pooled PCR products from each group of 10 animals. Cloning of the
1.3-kb PCR products, selection of positive clones, and reamplification of the
PCR products were by the protocol of Wright et al. (31, 33).
The final PCR product was digested with HaeIII endonuclease (30) according
the to manufacturer’s specifications. The digested DNA was separated on a 4%
molecular screening agarose gel running at 100 V for at least 2 h. Restriction
fragment length polymorphisms were grouped according to their riboprint patterns and compared to a riboprint database for identification (30). Clones resembling the HaeIII riboprint patterns for Methanobrevibacter smithii and Methanobrevibacter strains SM9 and M6 were further differentiated using the
restriction endonuclease Sau3AI (32). A clone representing each new riboprint
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The molecular diversity of rumen methanogens in feedlot cattle and the composition of the methanogen
populations in these animals from two geographic locations were investigated using 16S rRNA gene libraries
prepared from pooled PCR products from 10 animals in Ontario (127 clones) and 10 animals from Prince
Edward Island (114 clones). A total of 241 clones were examined, with Methanobrevibacter ruminantium
accounting for more than one-third (85 clones) of the clones identified. From these 241 clones, 23 different 16S
rRNA phylotypes were identified. Feedlot cattle from Ontario, which were fed a corn-based diet, revealed 11
phylotypes (38 clones) not found in feedlot cattle from Prince Edward Island, whereas the Prince Edward
Island cattle, which were fed potato by-products as a finishing diet, had 7 phylotypes (42 clones) not found in
cattle from Ontario. Five sequences, representing the remaining 161 clones (67% of the clones), were common
in both herds. Of the 23 different sequences, 10 sequences (136 clones) were 89.8 to 100% similar to those from
cultivated methanogens belonging to the orders Methanobacteriales, Methanomicrobiales, and Methanosarcinales,
and the remaining 13 sequences (105 clones) were 74.1 to 75.8% similar to those from Thermoplasma volcanium
and Thermoplasma acidophilum. Overall, nine possible new species were identified from the two clone libraries,
including two new species belonging to the order Methanobacteriales and a new genus/species within the order
Methanosarcinales. From the present survey, it is difficult to conclude whether the geographical isolation
between these two herds or differences between the two finishing diets directly influenced community structure
in the rumen. Further studies are warranted to properly assess the differences between these two finishing
diets.
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TABLE 1. 16S rRNA clones from pooled samples from 10 corn-fed feedlot cattle from Ontario, Canada
No. of
clonesa

Size (bp)

GenBank
accession no.

Nearest valid taxon

% Sequence
similarity

ON-CAN.01
ON-CAN.02
ON-CAN.03
ON-CAN.04
ON-CAN.05
ON-CAN.08
ON-CAN.09
ON-CAN.10
ON-CAN.11
ON-CAN.12
ON-CAN.13
ON-CAN.14
ON-CAN.15
ON-CAN.16
ON-CAN.17
ON-CAN.18

47
25
16
14
12
2
2
1
1
1
1
1
1
1
1
1

1,260
1,256
1,256
1,260
1,258
1,262
1,257
1,262
1,260
1,261
1,265
1,256
1,256
1,256
1,256
1,256

DQ123873
DQ123874
DQ123875
DQ123876
DQ123877
DQ123878
DQ123879
DQ123880
DQ123881
DQ123882
DQ123883
DQ123884
DQ123885
DQ123886
DQ123887
DQ123888

Methanobrevibacter ruminantium
Thermoplasma volcanium
Thermoplasma acidophilum
Methanobrevibacter ruminantium
Methanimicrococcus blatticola
Methanobrevibacter thaueri
Thermoplasma volcanium
Methanobrevibacter smithii
Methanobrevibacter thaueri
Methanobrevibacter thaueri
Methanosphaera stadtmanae
Thermoplasma acidophilum
Thermoplasma acidophilum
Thermoplasma acidophilum
Thermoplasma volcanium
Thermoplasma acidophilum

98.8
74.7
75.3
100.0
89.8
98.4
74.5
100.0
98.5
98.1
95.8
75.6
75.4
75.5
74.5
75.2

a

A total of 127 clones were examined.

pattern and a clone from each known riboprint were sequenced in both directions for confirmation. Sequencing was performed with an ABI Prism 3730 48
capillary sequencer (Applied Biosystems Inc., CA) using BigDye Terminator
(version 3) and Taq FS with two forward and two reverse methanogen 16S rRNA
gene primers (30). Contigs were assembled using SEQMAN (DNASTAR
Inc., WI).
Clones from cattle in Ontario, Canada, were designated ON-CAN to indicate
the location of the herd, followed by a clone number. Similarly, clones from cattle
from Prince Edward Island, Canada, were designated PE-CAN to indicate the
location of the herd, followed by a clone number.
The sampling effort in each library was evaluated by calculating the coverage
(C) according to the equation C ⫽ 1 ⫺ (n/N), where n is the number of sequences
represented by a single clone (Tables 1 and 2) and N is the total number of clones
analyzed in the library (7). The Shannon index (H) (19) was also used to
characterize species diversity between the two clone libraries.
Phylogenetic analysis. One hundred nine additional 16S rRNA gene sequences representing the orders Methanobacteriales, Methanomicrobiales, Methanosarcinales, Methanococcales, Halobacteriales, and Thermoplasmatales were included in the phylogenetic analysis. All sequences were globally aligned using the
Dedicated Comparative Sequence Editor program (2) and further refined by eye.
Three members of the Crenarchaeota (Pyrolobus fumarius, Sulfolobus acidocaldarius, and Thermosphaera aggregans) were used as the outgroup. The online
chimeric detection program BELLEROPHON (8) was used to identify chimeric
sequences, which were then excluded from analysis. The phylogenetic software
package PHYLIP (version 3.62C) (5) was used to calculate the evolutionary
distances between pairs of nucleotide sequences using the Kimura two-parameter correction model (12). A distance-matrix tree was then constructed using the
neighbor-joining method (18) and bootstrap resampled (4) 1,000 times.

Nucleotide sequence accession numbers. A total of 28 nucleotide sequences
from both 16S clone libraries have been deposited in the GenBank database
under accession numbers DQ123861 to DQ123888.

RESULTS AND DISCUSSION
The 16S rRNA gene clones generated from this study were
similar to 16S rRNA gene clones previously identified from the
bovine rumen in Alberta, Canada (29); Japan (27); and New
Zealand (22) and from the ovine rumen in Australia (32, 33)
and New Zealand (23) (Fig. 1). In the first 16S rRNA gene
clone library, 130 clones were examined from the pooled PCR
products from 10 Hereford-cross cattle in Ontario fed a cornbased finishing diet (Table 1). These 130 clones revealed 19
different sequences, or phylotypes, but 3 of these (1 clone
each) were identified as chimeras and excluded from the data.
Of the remaining 127 clones, the 16 phylotypes were very
similar to clones (i.e., those beginning with ARC [Fig. 1])
generated from five Holstein dairy cattle in Alberta, Canada,
that were also fed a predominantly corn-based diet (30% corn
silage and 17.8% corn concentrate) (29). In that study, Whitford et al. (29) found that 59% of sequences (24 of 41) grouped
with Methanobrevibacter ruminantium. In the current study, Meth-

TABLE 2. 16S rRNA clones from pooled samples from 10 potato-fed feedlot cattle from Prince Edward Island, Canada
16S rRNA
phylotype

No. of
clonesa

Size (bp)

GenBank
accession no.

Nearest valid taxon

% Sequence
similarity

PE-CAN.01
PE-CAN.02
PE-CAN.03
PE-CAN.04
PE-CAN.05
PE-CAN.06
PE-CAN.07
PE-CAN.08
PE-CAN.09
PE-CAN.10
PE-CAN.11
PE-CAN.12

38
15
22
19
7
5
3
1
1
1
1
1

1,256
1,256
1,261
1,260
1,262
1,260
1,260
1,256
1,256
1,256
1,260
1,256

DQ123861
DQ123862
DQ123863
DQ123864
DQ123865
DQ123866
DQ123867
DQ123868
DQ123869
DQ123870
DQ123871
DQ123872

Thermoplasma volcanium
Thermoplasma acidophilum
Methanobrevibacter smithii
Methanobrevibacter ruminantium
Methanobrevibacter thaueri
Methanobrevibacter ruminantium
Methanobrevibacter thaueri
Thermoplasma volcanium
Thermoplasma volcanium
Thermoplasma volcanium
Methanobrevibacter thaueri
Thermoplasma acidophilum

74.7
75.8
96.2
98.8
98.4
100.0
98.5
74.3
74.1
74.2
98.1
74.9

a

A total of 114 clones were examined.
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FIG. 1. Phylogenetic relationships within the methanogenic archaea, derived from 16S evolutionary distances produced by the Kimura
two-parameter correction model (12) and constructed using the neighbor-joining method (18). The tree was bootstrap resampled (4) 1,000 times.
Only bootstrap values greater than 50% are shown on the internal nodes. The scale bar equals an average of five nucleotide substitutions per 100
positions. The GenBank accession numbers for these nucleotide sequences are given in parentheses. Higher taxonomic groupings are indicated
as follows: 1, Methanobacteriales; 2, novel group of uncultivated archaea; 3, Thermoplasmatales; 4, Methanosarcinales; 5, Methanomicrobiales; 6,
Halobacteriales; 7, Methanococcales.
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CAN.02, PE-CAN.09, and PE-CAN.12) belong to the distant
group of uncultured archaea, two (ON-CAN.13 and PECAN.03) belong to the order Methanobacteriales, and one
(ON-CAN.05) represents a new genus within the order Methanosarcinales.
From our survey, it is difficult to draw any conclusions about
whether the geographical isolation between these two herds of
cattle or differences between the two diets directly influenced
community structure in the rumen. However, if there were a
geographical effect, then there should be unique phylogenetic
groupings of methanogens that have been identified from
sheep in Australia, Canada, Japan, New Zealand, Scotland,
and Venezuela; rather, they are scattered throughout the tree.
Also, there does not appear to be distinct phylogenetic lineages
of “ovine” or “bovine” methanogens. Furthermore, although
potato by-products and corn-based diets are commonly used in
cattle feedlot diets in the United States and Canada (1, 15, 16),
very little is known about the effect, if any, of these two different finishing diets on methanogen diversity. Interestingly,
Kocherginskaya et al. (13) reported that corn-fed steers displayed more diverse bacterial populations than hay-fed animals. Though it would appear that the corn-fed cattle in this
study exhibited more methanogen diversity than potato-fed
cattle, the Shannon diversity index values for these clone libraries were very close, calculated as 1.89 and 1.86, respectively.
Reducing enteric methane emissions has been identified as
one way of lowering global methane emissions, and the rumen
environment holds the key to developing new techniques capable of raising the level of production of food in an ecologically sustainable way. Our study has identified a number of new
taxa of methanogenic archaea, and this information adds to
our understanding of the community structure of the rumen
methanogens in feedlot cattle. It also indicates that further
studies are warranted to properly assess whether differences
between the two finishing diets influenced community structure in the rumen.
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