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The composition of the methanogenic archaeal community in the foregut contents of Tammar wallabies
(Macropus eugenii) was studied using 16S rRNA and methyl coenzyme reductase subunit A (mcrA) gene clone
libraries. Methanogens belonging to the Methanobacteriales and a well-supported cluster of uncultivated
archaeon sequences previously observed in the ovine and bovine rumens were found. Methanogen densities
ranged from 7.0 X 10° and 3.9 x 10° cells per gram of wet weight.

Kangaroos and wallabies belong to the marsupial family
Macropodidae and are native to Australia. Because of their
geographical isolation, macropod marsupials have evolved sep-
arately from other herbivorous animals, such as ruminants, but
like ruminants, macropods have a complex gut microbiome
that includes fungi, archaea, bacteria, and protozoa to coordi-
nate plant biomass breakdown (11). The macropod foregut is
functionally analogous to the rumen, yet for reasons unknown,
macropod species produce relatively low levels of methane
compared to ruminants (5, 13, 30).

New species of bacteria (21) and protozoa (2-4) have been
indentified in the macropod foregut, and the presence of fungi
has also been reported (5). Preliminary studies have shown
that methanogens are present in the kangaroo foregut (1) but
can be absent or at levels below detection limits (22). This
study represents the first attempt to describe the diversity of
methanogens residing in the macropod foregut by using 16S
rRNA and methyl coenzyme reductase A (mcrA) clone librar-
ies in combination with quantitative real-time PCR.

Sample preparation and library construction. Foregut con-
tents were collected from a captive colony of female Tammar
wallabies (Macropus eugenii). Eight wallabies, aged between
1.5 and 4 years, were euthanized at two different sampling
dates, November 2006 (five wallabies) and May 2007 (three
wallabies), and stomach contents collected. DNA from foregut
contents was pooled by sampling date and was extracted using
the cetyltrimethylammonium bromide method of Wright et al.
(32). Archaeal 16S rRNA genes were PCR amplified using the
gene primer set and protocol of Wright and Pimm (33),
whereas the methanogen-specific methyl coenzyme reductase
A (mcrA) gene was PCR amplified using the primer set and
protocol of Luton et al. (18). PCR products were cloned using
a TOPO TA cloning kit according to the manufacturer’s in-
structions (Invitrogen Corporation, San Diego, CA).
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In total, 191 16S rRNA clone inserts were sequenced using
the primers Met448F (33), Met1027F (33), and Met780R (5'-
TTCGTCCCTCACCGTC-3"). The 95 mcrA genes obtained
were sequenced using the mcrA primer set of Luton et al. (18).
All products were sequenced using a BigDye Terminator cycle
sequencing kit (version 3.1) with an ABI 3730 genetic analyzer
(Applied Biosystems). Pooled samples were used only for
clone library analysis, but real-time PCR analysis was per-
formed on DNA extractions from individual animals.

Phylogeny and real-time PCR. All DNA sequence reads
were edited manually and assembled into contiguous se-
quences by using SEQMAN (DNASTAR) and checked for
chimeras using the program Bellerophon (10). Sequences were
imported into the ARB software package (16), release
07.07.11, and aligned, and similarity matrices were constructed
using the Kimura-2 parameter correction method (14). Neigh-
bor-joining dendrograms (25) for both mcr4 and 16S rRNA
gene sequences were constructed using PHYLIP (7) with 1,000
bootstrap resamplings. Methanogen cell densities were esti-
mated from foregut contents of individual wallabies with the
real-time PCR primers and calculation methods of Denman
et al. (6).

Methanogen isolation. A single methanogen isolate, WBY1,
was purified from May 2007 wallaby foregut contents by using
the modified RF30 medium and anaerobic dilution techniques
of Skillman et al. (26). The 16S rRNA and mcrA genes from
the methanogen isolate were PCR amplified and resulting
PCR products sequenced.

Clone library analysis. From the first sampling date, both
16S rRNA (96 sequences) and mcrA (35 sequences) gene li-
braries revealed the same three species, Methanobrevibacter
gottschalkii (20), Methanosphaera stadtmanae (19), and an un-
cultivated archaecon, ON-CAN.17, from bovine rumen contents
(35). The 16S rRNA gene sequences for the unknown ar-
chaeon were dominant at the November sampling (91.7% of
the 96 sequences), compared to those for the Methanobrevi-
bacter sp. (6.2%). However, with only 35 sequences from the
November mcrA library, the unknown archaeon was as preva-
lent (48.6%) as the Methanobrevibacter sp. (45.7%). Analysis of
the 16S rRNA (95 sequences) and mcrA (60 sequences) gene
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FIG. 1. Phylogenetic tree of archaeal 16S rRNA gene sequences, with representative wallaby foregut clone sequences and the wallaby

methanogen isolate WBY1. Wallaby foregut sequences are in bold type. Only bootstrapping values greater than 50% are shown. The scale bar
represents 10% sequence divergence.
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FIG. 2. Phylogenetic tree of mcrA and mcrA-like gene sequences, with representative wallaby foregut clone sequences and the wallaby

methanogen isolate WBY1 mcrA gene sequence. Wallaby foregut sequences are in bold type. Only bootstrapping values greater than 50% are
shown. The scale bar represents 10% sequence divergence.
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libraries from the May sampling revealed the same three spe-
cies. However, Methanobrevibacter gottschalkii was now domi-
nant (91.6%), with the unknown archaeon representing only
6.3% of the sequences. The proportions of these three species
in the May mcrA gene library were similar to those in the May
16S rRNA gene library, with the Methanobrevibacter sp. and
the unknown archaeon accounting for 66.7% and 20.0% of
sequences, respectively. Methanosphaera sequences were the
minority in each of the four clone libraries. These data imply a
likely difference in community proportion between the two
sampling dates, as Methanobrevibacter gottschalkii was predom-
inant at the May (autumn) sampling while the novel archaeon
phylotype was predominant at the November (spring) sam-
pling.

Overall, TW-MAY.02 represented 94 of the 191 sequences
(99.4 to 100% identity) (Fig. 1) and had 98.9% identity to
Methanobrevibacter gottschalkii, a methanogen isolated from
the feces of a pig (20). Also, 56 of 95 mcrA sequences were
100% identical to each other, represented by TWM-MAY.01
(Fig. 2), and were 97.6% similar to Methanobrevibacter smithii
PST, a near neighbor of Methanobrevibacter gottschalkii PG™.
The reason for the dominance of a single Methanobrevibacter
phylotype in the wallaby foregut is unknown, but environmen-
tal conditions and ecological pressures in the foregut likely
favor this species over all others. Similarly, 420 methanogen
clone sequences from chicken gut contents were found to be
almost identical to each other (24). In contrast, Methanobre-
vibacter species from the rumen appear to form a continuum of
species rather than discreet groups (12). The 16S rRNA gene
of an isolate, WBY1, had 100% sequence identity to the Meth-
anobrevibacter sp. clone library sequences (Fig. 1). Also, the
mcrA4 sequence of WBY1 was 100% identical to those from the
mcrA clone library (Fig. 2).

In addition, TW-NOV.03 represented 93 of the 191 16S
rRNA gene sequences (99.5 to 100% identity) (Fig. 1) and had
97.2% identity to ON-CAN.17 (35), an uncultured archaeon
from bovine rumen contents. The validly described species
closest to TW-NOV.03 was Thermoplasma acidophilum, with
73.8% identity. The 29 mcrA sequences that formed a grouping
represented by TWM-NOV.04 (96.9 to 100% identity) (Fig. 2)
had 99.8% identity to the bovine rumen clone CLI40 (6) and
only 74.5% similarity to the nearest known methanogen, Meth-
anosaeta concilii GP6". These mcrA sequences formed a
monophyletic clade distantly related to mcrA-like sequences
from a mixed culture containing archaea that oxidized meth-
ane (9). Given that the uncultivated archaeon sequences have
genuine mcrA genes, which are known only to exist in methan-
ogenic archaea, it is likely that these archaea are indeed
methanogens, although further evidence to support this notion
is required.

Four 16S rRNA genes, represented by TW-MAY.10 (99.4 to
100% identity) (Fig. 1), had 95.9% similarity to Methanospha-
era stadtmanae MCB-3", which was isolated from human fecal
material (19). Other Methanosphaera spp. have previously
been detected in bovine (29, 31) and ovine (34) rumen con-
tents. Ten mrtA clone library sequences, represented by TWM-
MAY.10 (95.8 to 100% identity) (Fig. 2), had 95.8% similarity
to Methanosphaera stadtmanae MCB-3". A search of the Meth-
anosphaera stadtmanae MCB-3T genome sequence (8) re-
vealed the absence of mcrA genes but the presence of the mrtA
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TABLE 1. Quantitative real-time PCR estimates of methanogen
cell densities of individual wallabies for first and second
sampling times and bovine rumen contents

Mo and yr of
sample collection

Methanogen cell

Digesta sample group density® (g wet wt)

By origin
Tammar wallaby 1 November 2006 1.0 X 10°
Tammar wallaby 2 November 2006 2.4 % 10°
Tammar wallaby 3 November 2006 3.9 X 10°
Tammar wallaby 4 November 2006 7.1 % 10°
Tammar wallaby 5 November 2006 2.3 X 10°
Tammar wallaby 6 May 2007 2.5 %X 10°
Tammar wallaby 7 May 2007 7.0 X 10°
Tammar wallaby 8 May 2007 1.7 X 10°

By time point
November 2006
May 2007

2.8 X 10° + 5.7 X 10°
32X 10°+52 X% 10°

November 2006
May 2007
9.8 X 108

Bovine rumen content Unknown

control

“ Errors are standard errors of the means.

isoform (data not shown). Although the mcrA gene has been
shown to be a possible alternative to the 16S rRNA gene
phylogeny (15, 17, 18, 27), anomalies due to conserved mcr4
primer sites (6, 18) in the mrtA genes of Methanosphaera,
Methanobacterium, Methanococcales, and  Methanother-
mobacter spp. exist (Fig. 2). Because the mrtA gene is ex-
pressed at greater levels, with increased hydrogen concentra-
tions, than the mcr4 gene (23), under increased hydrogen
concentrations, like that found in wallaby and kangaroo fo-
reguts (5), Methanosphaera stadtmanae methanogens could be
more prevalent than methanogens only possessing the mcrA
gene.

Real-time PCR analysis. Because no estimates of archaeon
cell density from macropod foregut contents exist, densities
from bovine rumen contents were also estimated using the
methods of Denman et al. (6). The estimate of 9.8 X 10 cells
per gram of rumen contents (Table 1) compares favorably to
the estimate made by Denman et al. (6) (1.3 X 10° cells per
gram of rumen contents obtained using the mcrA4 gene) as well
as estimates for sheep (26) and reindeer (28). Densities at the
November sampling were similar to those at the May sampling
(Table 1), but this difference was not significant, because of low
sample numbers and estimate variation between wallabies (Ta-
ble 1). Overall, estimates of archaeal cell densities varied be-
tween 7.0 X 10° and 3.9 X 10° cells per gram of wet weight
(Table 1) and were between 400- and 1,400-fold less than
estimates from rumen contents from the present study (Table
1). The lower methanogen densities may be why methane
emissions in Tammar wallabies were only 1 to 2% of digestible
energy (30), compared to the 10.5% of digestible energy in the
sheep rumen (13).

In conclusion, methanogens and the unknown archaeon se-
quences were similar to those previously identified in gut en-
vironments and based on 16S rRNA gene sequences. Methano-
brevibacter spp. were predominant at the May sampling date,
while sequences from the unknown archaeon were most nu-
merous at the November sampling.
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Nucleotide sequence accession numbers. Of the 191 16S rRNA

gene sequences, 79 different sequences were deposited in the
GenBank database (under accession numbers EUS831322 to
EU831401). Of the 95 mcrA gene sequences, 14 different se-
quences were deposited in the GenBank database (under acces-
sion numbers EU831308 to EU831321). The deposited sequences
were designated TW for 16S rRNA and TWM mcrA genes and
either NOV or MAY for the two sampling dates. Sequence data
from the new methanogen isolate, WBY1, for the 16S rRNA
gene and the mcrA4 gene were deposited in the GenBank database
under accession numbers EU919428 and EU919429, respectively.
mcrA gene sequences from Methanobrevibacter millerae ZA-10
(accession number EU919430), Methanobrevibacter gottschalkii
PG (accession number EU919431), and Methanobrevibacter
woesei GS (accession number EU919432) were deposited in the
GenBank database.
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