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Brown adipose tissue expressing uncoupling protein 1 (UCP1) is
responsible for adaptive nonshivering thermogenesis giving eutherian
mammals crucial advantage to survive the cold. The emergence of this
thermogenic organ during mammalian evolution remained unknown
as the identification of UCP1 in marsupials failed so far. Here, we
unequivocally identify the marsupial UCP1 ortholog in a genomic
library of Monodelphis domestica. In South American and Australian
marsupials, UCP1 is exclusively expressed in distinct adipose tissue
sites and appears to be recruited by cold exposure in the smallest
species under investigation (Sminthopsis crassicaudata). Our data
suggest that an archetypal brown adipose tissue was present at least
150 million yr ago allowing early mammals to produce endogenous
heat in the cold, without dependence on shivering and locomotor
activity.

marsupials; brown adipose tissue; cold acclimation

THE EVOLUTION OF BROWN ADIPOSE TISSUE (BAT) and its thermo-
genic uncoupling protein 1 (UCP1) is of major interest in the
understanding of successful mammalian radiation. Adaptive
nonshivering thermogenesis generated in BAT enables small
eutherian mammals to maintain high body temperature inde-
pendent of daily and seasonal temperature fluctuations (7).
Although BAT was first described in 1551 (16), its thermo-
genic role was not recognized until the 1960s (10, 48), and it
is now established that BAT contributes significantly to adap-
tive nonshivering thermogenesis of rodents, hibernators, and
newborns (7). During cold exposure, sympathetic norepineph-
rine release activates BAT by stimulation of lipolysis and futile

UCP1-dependent mitochondrial respiration, and recruitment of
oxidative capacity. UCP1, a mitochondrial carrier protein, is
located in the inner membrane of BAT mitochondria and
provides the molecular basis for nonshivering thermogenesis
(36). The protein increases proton conductance and uncouples
oxidative phosphorylation from ATP synthesis by dissipating
proton motive force as heat. All eutherian species investigated
so far possess UCP1, with the exception of pigs where a
naturally disrupted UCP1 gene results in poor thermoregula-
tion and sensitivity to cold exposure (3). The observation that
UCP1-knockout mice are unable to defend their body temper-
ature when exposed to the cold (17) confirms that UCP1 is
crucial for adaptive nonshivering thermogenesis. In contrast to
previous expectations, an ancient UCP1 ortholog was identi-
fied in the ectothermic teleost fish, but it is not expressed in
adipose tissue and the physiological function might be other
than heat production (28).

Marsupials are proficient thermoregulators and are capable
of defending a stable body temperature during cold exposure
(11, 15, 46). Evidence for nonshivering thermogenesis is a
matter of debate in marsupial mammals, which separated from
eutherians about 150 million yr ago (4). Since BAT is inner-
vated by the sympathetic nervous system, norepinephrine re-
leased endogenously or injected into the animal leads to an
increase in metabolic rate that is generally interpreted as a
thermogenic response. In macropods the injection of norepi-
nephrine led to an increase in thermogenesis (35, 37), a
response attributed to skeletal muscle and not to BAT as found
for eutherians (38, 52). It was suggested that adaptive nonshiv-
ering thermogenesis may be of major importance in Australian
dasyurids as they belong to the smallest marsupials. Indeed, a
thermogenic response to norepinephrine has been observed in
Sminthopsis crassicaudata acclimated at 24°C (9). No thermo-
genic response to norepinephrine, however, was observed in
Antechinus stuartii (41), nor in South American marsupials
(12, 40). Despite evidence for nonshivering thermogenesis in
some marsupials, no study has demonstrated the molecular
basis nor the presence of adaptive nonshivering thermogenesis
in response to cold.
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Nonshivering thermogenesis in eutherians is usually associ-
ated with BAT, but the presence of this specialized adipose
organ remains controversial in marsupials. Morphological
studies revealed BAT characteristics like multilocular fat drop-
lets and vascularization in the interscapular adipose tissue of
Bennett’s wallaby pouch young (Macropus rufogriseus rufo-
griseus) (35). Another study investigating 38 different marsu-
pial and one monotreme species precluded the presence of
BAT in marsupials (18), by pointing out that morphological
features of BAT also occurred in white adipose tissue during
cold stress (33, 34). Reliance on morphological features only
has led to the erroneous conclusion that birds possess BAT
(39).

The discovery of UCP1 (19, 42) and the cloning of the
cDNA sequence in rodents (2, 5) have stimulated work to
identify UCP1 and its genomic presence in marsupials. Weak
UCP1-like immunoreactivity has been seen in the interscapular
fat deposit of S. crassicaudata (22); however, it is generally
accepted that UCP1 antibodies cross-react with other mito-
chondrial carriers (43) or UCP2/3, both of which have been
recently identified in marsupials (27). Previous studies sug-
gested that UCP2/3 do not compensate for the lack of nonshiv-
ering thermogenesis mediated by UCP1, suggesting physiolog-
ical roles other than heat production (17, 27).

Unequivocal detection of marsupial UCP1 requires genomic
or gene transcript sequence data. However, several attempts to
identify the UCP1 sequence have failed so far (27, 30, 31, 45).
In this study we searched for the presence of BAT and UCP1
in one South American (Monodelphis domestica) and two
Australian marsupial species (S. crassicaudata and Antechinus
flavipes). Our approach was to search the genomic trace ar-
chives for UCP-like sequence fragments of M. domestica and
characterize their physiological function.

MATERIALS AND METHODS

Isolation of genomic DNA of M. domestica and polymerase chain
reactions. DNA was isolated from a tail tip of a female adult M.
domestica using a standard phenol-chloroform extraction protocol as
described previously (27). Following extraction, 50 ng of photomet-
rically quantified DNA was used in subsequent polymerase chain
reactions (PCR).

To define specific primers, we initially searched the M. domestica
whole genome shotgun data provided by the National Center for Bio-
technology Information (http://www.ncbi.nlm.nih.gov/Traces/trace.fcgi)
for UCP-like sequence fragments using a consensus UCP1 coding se-
quence deduced from available eutherian sequences. The fragments
were assembled according to the intron-exon structure of mouse
Ucp1. Using the obtained trace alignments for primer definition,
we generated primers (MWG Biotech, Ebersberg, Germany) to am-
plify a UCP1-like fragment (“forEx3”: 5�-AGTGGCACAGCCTA-
CAGATGT-3�; “revEx4”: 5�-CTTGGAACGTCATC ATGTTTG-3�).

A second primer pair was deduced from M. domestica fragments
displaying high identity to UCP2 (“forUCP2”: 5�-GCCTACAAGAC-
TATTGCCCGAGAGGAG-3�; “revUCP2”: 5�-AAGCGGAGAAAG-
GAAGGCATGAACCC-3�).

Following 40 cycles of denaturation at 94°C for 1 min, annealing
at 54°C (or 58°C for UCP2) for 1 min and extension at 72°C for 1 min
(2 min for UCP2) were performed. A final extension at 72°C was
applied for 10 min followed by rapid cooling to 4°C. The PCR product
was gel-purified and ligated into a pGEMT-easy vector (Promega) for
sequencing. Nested oligonucleotides were used for the screening of a
genomic M. domestica bacterial artificial chromosome (BAC) library.

Sequence analysis of opossum BAC clones. High-density arrayed
grids of the genomic opossum (M. domestica) BAC library VMRC-6
(Virginia Mason Research Center, distributed by BACPAC Re-
sources, Oakland, CA; http://bacpac.chori.org) were screened by hy-
bridization with radioactively end-labeled (T4-Polynucleotidekinase,
Roche) oligonucleotides (13):

The M. domestica UCP1 specific primers were: md1.F 5�-GG-
GACTTTCCATGCCTACAA-3�, md2.R 5�-CAATAGCATTTCTTGC-
CACG-3�, md3.F 5�-AATAGCATCCGCAGAAGGAA-3�, md4.R 5�-
CGTCCCTGGAAAGAGGAAAT-3�, and the M. domestica UCP2 spe-
cific primers were: md5.F 5�-CTCTTGCAGGTGGCATCC-3�, md6.R
5�-GACATTGGGCGAAGTTCCT-3�.

The identified BACs were verified by PCR using the probe oligos
as primers. BACs VMRC6-66F14 (GenBank acc. no. AC171738, con-
taining mdUCP1) and VMRC6-60O3 (GenBank acc. no. AC171737,
containing md1UCP2 and mdUCP3) were sequenced by a combina-
tion of shotgun and directed approaches (50). Base calling and assembly
were performed by Phred/Phrap. Finishing was performed in accordance
to the Human Genome Project standards with the support of external M.
domestica whole genome shotgun data (http://www.ncbi.nlm.nih.gov/
Traces/trace.fcgi).

Phylogenetic inference. The coding and amino acid sequences of
M. domestica UCP1, UCP2, and UCP3 were deduced from the
corresponding genes. A comprehensive search for UCP sequences
was performed in public databases (Ensembl genome browser,
www.ensembl.org/NCBI, www.ncbi.nlm.nih.gov) by employing the
basic local alignment search tool algorithm (1). An alignment of the
UCP amino acid sequences was generated using ClustalX 1.81 (ftp://
ftp-igbmc.u-strasbg.fr/pub/ClustalX) and adjusted by eye. Bayesian
phylogenetic analyses were performed employing MrBayes 3.1.2
(http://mrbayes.csit.fsu.edu/) (44). The WAG model of amino acid
substitution (51) with gamma distribution of rates was applied. Sub-
stitution rates were allowed to change across the tree under the
covarion model (23). Prior probabilities for all trees were equal;
starting trees were random. Two analyses were run in parallel for
1,000,000 generations. Trees were sampled every 100th generation,
and posterior probabilities were estimated on the final 3,000 trees
(burnin � 7,000). The tree was visualized using Treeview (http://
taxonomy.zoology.gla.ac.uk/rod/treeview). The branch lengths are
mean branch lengths of the consensus tree representing substitution
rates.

Animal care and experimental protocol. The gray short-tailed
opossums (M. domestica) were kindly donated by P. Giere and U.
Zeller (Museum für Naturkunde, Humboldt-Universität zu Berlin,
Germany). The opossums were held individually in the animal facility
at the Philipps-Universität Marburg on a 12-h/12-h light/dark cycle
(12:12 L:D) at an ambient temperature (Ta) of 24°C � 2°C given
water and fed cat food, curd mixed with fruit, and insects ad libitum.
For cold acclimation experiments, two individuals were transferred
into a separate chamber maintained at 12°C for 14 days.

Seven yellow-footed Antechinus (A. flavipes) were captured with
Elliott traps in several subtropical habitats in Southeast Queensland
(Australia) between January and March 2005. Fourteen fat-tailed
dunnarts (S. crassicaudata) were obtained from a breeding colony at
La Trobe University, Melbourne. Both species were housed individ-
ually in the animal facility of the University of Southern Queensland
(12:12 L:D, lights on at 0700 h) at a Ta of 24°C � 2°C. To investigate
the effect of cold acclimation, seven S. crassicaudata and four
A. flavipes were transferred to a climate chamber adjusted to 10°C for
17–22 days, whereas the other individuals remained at 24°C. Animals
were given water and fed mealworms and cat food mix including
calcium carbonate and vitamins ad libitum.

For cytochrome c oxidase (COX) activity assays, 10 S. crassicau-
data were acclimated to 14 and 28°C at the University of Adelaide
animal holding facilities in November 1990.

Experimental protocols for the use of Australian marsupials were
approved by the Animal Ethics Committee of the University of
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Southern Queensland, Queensland Environmental Protection Agency
(permit number WISP02633304) and Environment Australia (export
number WT2005-12380). Animal experiments involving M. domes-
tica were performed in accordance with the German Animal Welfare
Laws.

Tissue dissection. Two 22- and 25-day-old M. domestica embryos
were euthanized and immediately frozen on dry ice and stored
at �70°C prior to cryosectioning. All other individuals of M. domes-
tica, S. crassicaudata, and A. flavipes were euthanized (carbon diox-
ide), and tissues were dissected. The samples were immediately snap
frozen in liquid nitrogen. Frozen tissue samples were stored at �70°C
until use. Liver, skeletal muscle, and adipose tissue of S. crassicau-
data and A. flavipes were shipped from Australia in liquid nitrogen to
Marburg, Germany.

In situ hybridization of M. domestica embryos. Sagittal body
sections (20 �m) were processed using a cryosectioning microtome
(Leica CM 3050) and were transferred to precooled object slides. A
riboprobe complementary to M. domestica UCP1 (225 bp; primers
forEx3, revEx4) and UCP2 (350 bp; forUCP2, revUCP2) was gener-
ated from a linearized cloned cDNA. Radioactive riboprobes using
[35S]UTP (1–2 � 107 cpm ml�1), pre- and posthybridization proce-
dures were performed as described previously (26). Controls were
performed by hybridizing sections with equal-length sense riboprobes
of UCP1 and UCP2.

RNA isolation and reverse transcriptase-PCR. Total RNA was
isolated with TRIzol (GIBCO-BRL) according to the manufacturer’s
protocol. As an additional step, the RNA pellet was redissolved in a
solution containing 6.3 mol/l guanidinium thiocyanate, 40 mmol/l
sodium citrate pH 7, 0.8% sarcosyl, 8 mmol L�1 2-mercaptoethanol,
precipitated with 1 volume isopropanol, washed in 75% ethanol, and
finally dissolved in DEPC-treated water. Total RNA was photomet-
rically quantified at 260 nm and stored at �70°C. The isolated RNA
was used for first strand cDNA synthesis (SUPERSCRIPT II, GIBCO/
BRL) according to the manufacturer’s protocol.

M. domestica UCP1 primers 5�-AGGTGAAGCCCAGACCATG-
GAT-3� and 5�-GGCTGACACAAAGTGGCAAGGT-3�, comprising
6.7 kb of the UCP1 gene and resulting in 550 bp cDNA sequence,
were subjected to PCR with cDNAs of selected tissues. We performed
40 cycles of 94°C (1 min), 59°C (1 min), and 72°C (1 min) and
terminated them by a 10 min extension at 72°C. The PCR products
were gel-purified and ligated into a pJET vector (Fermentas). The full
coding sequence of S. crassicaudata UCP1 including 5�- and 3�-
untranslated region (UTR) was amplified using the smart RACE
cDNA amplification kit (Clontech) combined with gene-specific prim-
ers deduced from M. domestica UCP13�-UTR:5�-CTACAGATGTG-
GTGAAAGTCAGAC-3� and 5�-UTR:5�-GGCTGACACAAAGTG-
GCAAGGT-3�.

Subsequent sequencing was used to confirm the identity of the PCR
products.

Northern blot analysis. RNA was separated by gel electrophoresis,
transferred onto a nylon membrane, and hybridized as described
previously (27). After hybridization, the blots were washed with 2�
SSC/0.1% SDS for 20 min, 1� SSC/0.1% SDS for 10 min, 0.5�
SSC/0.1% SDS for 10 min at room temperature, blots where then
transferred to 0.1� SSC/0.1% SDS and washed for 10 min at
60°C. Signal intensities were then monitored by exposure to a
PhosphorScreen (Molecular Dynamics). The hybridized probes were
then detected by phosphor imaging (Storm 860, Molecular Dynam-
ics), and signal intensities were quantified using ArrayVision 7.0
(Imaging Research). Ethidium bromide staining of total RNA served
to normalize gel loading.

COX activity. COX activity of interscapular fat deposits of S.
crassicaudata was measured polarographically at 25°C with a Hansa
Tech oxygen electrode chamber as described previously (21, 32).
These experiments were performed in 1990 after tissue transfer to
Germany.

Statistical analysis. Values for COX activity and UCP1 mRNA are
expressed as means � SE. The Mann-Whitney U-test was applied for
two-sample comparisons. Results were considered statistically signif-
icant at P � 0.05.

RESULTS AND DISCUSSION

Identification of UCP1 in M. domestica and S. crassicau-
data. Following our trace archive search for UCP-like se-
quence fragments, a 346 bp fragment was amplified from
genomic DNA of M. domestica containing a putative 121 bp
intron. The 225 bp partial coding sequence displayed highest
identity to eutherian UCP1 (76%) but lower similarity to
eutherian UCP2 and UCP3 (69%). A second fragment was
amplified using UCP2 primers exhibiting high identity to
UCP2 of A. flavipes (92%, summarized in supplement 1).1 A
genomic M. domestica BAC library was screened using ho-
mologous primers deduced from the cloned UCP fragments.
The isolated BAC clones were sequenced, analyzed, and
aligned to the human reference sequence (Fig. 1).

The UCP-like gene of BAC VMRC6-66F14 is flanked by
highly conserved orthologs of human ELMOD2 and human
TBC1D9 and thereby resembling the region syntenic to the
human UCP1 locus at chromosome 4. The two UCP genes on
BAC VMRC6-60O3 found in juxtaposition as human UCP2
and UCP3 on chromosome 11 and were also enclosed by the
orthologs of human DNAJB13 and DKFZP586P0123. The
conserved synteny of the loci in vertebrates unequivocally
identified the three M. domestica genes as UCP1, 2, and 3.
Therewith, VMRC6-66F14 (GenBank AC171738) contains the
M. domestica UCP1 and VMRC6-60O3 (GenBank AC171737)
the UCP2 and UCP3 orthologs. Compared with the corre-
sponding human UCP orthologs, the deduced amino acid
sequence of M. domestica UCP2 exhibited highest identity
(91%, 95% similarity), followed by M. domestica UCP3
(82%, 90% similarity), and M. domestica UCP1 (65%, 77%
similarity).

Primers amplifying the M. domestica cDNA were also used
to amplify a 250 bp UCP1 cDNA fragment of S. crassicaudata.
Using 5�- and 3�-RACE-PCR, we identified 1,386 bp of UCP1
transcript including the full coding sequence (GenBank acc.
no. EF622232). An alignment of the S. crassicaudata UCP1
coding sequence showed highest identity with M. domestica
UCP1 (92%) and lower identity to eutherian and marsupial
UCP2 and UCP3 (70–75%) (supplement 2).

Although an ancestral UCP1 ortholog appears in the verte-
brate lineage as early as the divergence of ray-finned and
lobe-finned fish 420 million yr ago (28), UCP1 disappears
during evolution in the bird lineage (e.g., the chicken genome,
unpublished observation) and became inactivated in pigs
among eutheria (3). Biochemical studies suggest that fish
UCP1 is an uncoupling protein with broadly the same activa-
tory and inhibitory characteristics as mammalian UCP1 (26).
The physiological relevance of ancient UCP1 in fish liver,
despite of protein activity similar to the mammalian ortholog,
may be other than heat production. Significant thermogenic
uncoupling activity not only requires the presence of UCP1-
mediated proton translocation but also a high mitochondrial
oxidative capacity to achieve sufficient uncoupled respiration

1 The online version of this article contains supplemental material.
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