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92.6 kg and 6.2 + 1.5 MJ/day (n = 3 animals).
There was a significant effect of body mass on
DEE (regression P < 0.001; coefficient of determi-
nation 7% = 83.8%) but no significant difference
between captive and wild animals (P = 0.081)
(Fig. 1A). The pooled estimate was 5.2 + 0.7 MJ/day
(n = 8 animals). We validated these estimates by
comparing the DEE by DLW to the net energy
assimilation (NEA) estimated from individual
measures of assimilation efficiency, multiplied by
the daily fecal production, measured in three cap-
tive pandas almost daily for 11 months (n = 961
animal days). Assimilation efficiency varied between
111 and 20.5% (supplementary text S2), comparable
to previous estimates in captive pandas (7.4 to
38.9%) (2, 6, 7). Daily NEA (megajoules per day)
varied over the year, being higher in the winter
months (Fig. 1B). Consequently, there was a signi-
ficant negative relationship between NEA and the
average daily shade temperature (Fig. 1C) [re-
gression: Fyz; = 1979, P < 0.001]. Across all mea-
surements, the average NEA was 7.0 + 2.1 MJ/day
(+SD). A prior estimate of NEA for giant pandas
in captivity was 4.2 MJ/day (7), slightly lower than
our measured value, probably because it was made
at a higher ambient temperature. Excepting a sin-
gle value, the DEE data were within the standard
deviations of the NEA data. We used the fitted

equation between NEA and ambient temperature
to predict the expected NEA on the days the DLW
method was used. The measured DEE averaged
770 £ 7.3% (+SD) of the predicted NEA (absolute
mean discrepancy 1.6 + 0.49 MJ/day). This
discrepancy exists because NEA values do not
account for energy in urine, which is high because
of the role of panda urine in scent marking (8).
Combining the water turnover from the DLW
estimates with the water loss in feces indicated
that pandas may produce maximally 5.0 liters of
urine daily (supplementary text S2). Linking
this estimate with direct measurements of urine
solid matter and energy content suggests that
pandas may maximally eliminate 2.1 MJ/day in
urine, not significantly different from the mean
discrepancy between the NEA and DEE esti-
mates (¢ test: ¢ = 2.02, P = 0.136).

The DEE by DLW was only 37.7% of the ex-
pectation (45% for the field data) for a terrestrial
mammal on the basis of body mass (Fig. 1D) (9).
These values are substantially lower than those
for other mammals considered to have low DEE,
such as the koala (Phascolarctos cinerus) at 69%
and the echidna (Tachyglossus aculeatus) at 66%
of the expected value. Additionally, for the pooled
DLW estimate, our values were almost equal to
that of the three-toed sloth (Bradypus variegatus)

at 36% of the prediction. The lowest reported pri-
mate DEE is for the ring-tailed lemur (Lemur catta)
at 52% of expected (Z0). Only two other mam-
mals have relative DEE values that are consid-
erably lower than those of the giant panda: the
Australian rock rat (Zyzomys argurus) (21% of
the predicted level) (71) and the desert golden
mole (Eremitalpa namibensis) (26% of expected)
(12). However, it is unclear whether these small
animals were using torpor during the measure-
ments. Otherwise, the measurements for the giant
panda are among the lowest, relative to body mass,
ever made for a nontorpid mammal. In fact, DEE
in the giant panda (and sloth) is closer to the
expectations for a 92-kg reptile (4.9 MJ/day) (13)
than for a terrestrial mammal.

Animals may achieve low rates of metabolism
via behavioral, morphological, and physiological
adaptations. Low metabolic rates may be achieved
by relaxing homeothermy (74). However, giant
panda body temperatures indicate that they do
not engage in either daily torpor or hibernation
(15). Presumably, giant pandas can sustain a high
body temperature, despite their low DEE, because
they have a deep pelage able to trap their meager
body heat (7). Supporting this hypothesis, mea-
surements of lateral surface temperatures of giant
pandas are significantly lower than those of

Fig. 1. Daily energy demands of the giant panda. (A) Daily energy expen-
diture (DEE) (megajoules per day) using the DLW method for eight pandas in
relation to body mass (kilograms). Captive animals (n = 5) are represented by
red circles and wild animals (n = 3) by black triangles. (B) Net energy assim-
ilation (NEA) (megajoules per day) averaged across three captive pandas
estimated from assimilation efficiency and daily fecal production and plotted
against day of year (1 January = 1). Air temperatures (red squares) are also
shown (mean + SD). (C) NEA (megajoules per day) plotted against ambient
temperature (blue triangles with SD) and DEE (megajoules per day) of five
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captive individuals by DLW (red circles). (D) DEE by DLW of terrestrial mam-
mals [log. field metabolic rate (FMR) (kilojoules per day)] plotted against
body mass [loge mass (grams)]. Each point represents a different species
[data from (9) and (10)]. The solid line is the equation log. (FMR in kilojoules
per day) = 1.871 + 0.67[log, mass (grams)] [from (9)]. The giant panda is
represented by the red data point. The dotted line is equal to 37% of the
prediction equation. Some other animals with low metabolism are
indicated. Bv, B. variegatus (three-toed sloth); En, E. namibensis (desert gold-
en mole); Za, Z. argurus (Australian rock rat).
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zebras (Equus quagga), dairy cattle (Bos taurus),
and domestic dogs (Canis familiaris) (Fig. 2).
Animals may also reduce DEE by minimizing
the time spent in and intensity of physical activ-
ity. We measured the activity of captive pandas
by direct observation and in the wild using GPS
loggers and direct observation. In captivity, the

animals spent 33% of their time being physically
active; in the wild, 49% of their time was devoted
to physical activity. These findings are similar to
those reported previously (16). Pandas in the wild
were more active than those in captivity (¢ test: ¢ =
-3.93, P = 0.017) (Fig. 3A). Compared with other
bears, pandas had lower levels of activity (1, 17).

In the wild, both the foraging movement
speed (15.5 m/hour) and the mean movement
speed (26.9 m/hour) were very low (Fig. 3B).
For larger terrestrial mammals, the domi-
nant component of the daily energy budget is
the resting metabolic rate (9). Resting metab-
olism is derived from the summed metabolic

Fig. 2. Surface temperatures of giant pandas, zebras,
Holstein cows, and Dalmatian dogs at ambient air tem-
peratures of ~4°C (blue boxes) and 10°C (brown boxes).
The pictures show representative thermal images (top) and
normal images (bottom). The plot underneath shows the
analysis of lateral surface temperatures. Boxes represent the
range of surface temperatures (minimum to maximum).
Mean values are denoted by the red bars. (See supplemen-
tary materials for more details.)

Fig. 3. Physical activity and thyroid
hormone levels. (A) Physical activity
levels in wild and captive pandas
(mean + SD). Asterisks indicate

P < 0.05 (t test). (B) Movement speed
when foraging and mean movement
speed (mean + SD) over the whole year
in wild pandas. Thyroid hormone levels
for (C) T4 and (D) T3 in eutherian
mammals (blue diamonds) [data from

! (28)]. Each data point represents a
different species. The fitted curves
show the best-fit polynomial relation-
ships with the associated equations in
the respective panels. The giant panda
is represented by the red data points.
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rates of the body components (I8). Some organs
such as the liver, brain, kidneys, and heart con-
tribute disproportionally to the total (19). We
used literature autopsy data to assess whether
pandas have relatively small organ sizes (sup-
plementary text S3, table S3). Giant pandas have
relatively small brains, livers, and kidneys (re-
spectively, 82.5, 62.8, and 74.5% of expectation)
compared with other eutherian mammals. These
reduced organ sizes probably contribute to their
low energy demands. Resting metabolic rate is
also strongly influenced by several hormones,
particularly the thyroid hormones (20) thyro-
xine (T,) and triiodothyrioine (T3). In the same
captive animals in which we measured DEE,
total T, averaged 24.44 + 1.17 nM (+SEM), and
total T3 averaged 0.94 + 0.05 nM, similar to pre-
vious giant panda measurements (21). The T,
level was 46.9%, and T; 64.0%, of the expec-
tation for a eutherian mammal of the same body
mass (Fig. 3, C and D). These measurements were
lower than in hibernating black bears (Ursus
americanus) (22). In Fig. 3D, the data point
lower than that for the panda is representative
of the gray seal (Halichoerus grypus); gray seals
are believed to have low Tj levels to facilitate me-
tabolic suppression during diving. Pandas clearly
have low levels of both T, and T, which may be
instrumental in their exceptionally low metabolism.

‘We compared the panda genome with the ge-
nomes of five other carnivorans, mouse, and hu-
man. We did not find any notable mutations in

Chromosome15 FENTCILIEEE

the promoter regions and exons or introns of
the 182 genes listed in the Kyoto Encyclopedia
of Genes and Genomes as linked to the thyroid
hormone synthesis and thyroid signaling path-
ways, with one exception. A unique variation was
found in the dual oxidase 2 (DUOX2) gene in the
panda, which is homologous to the DUOX2 gene
in humans. DUOX2 encodes a transmembrane pro-
tein that catalyzes the conversion of water to hy-
drogen peroxide, which is used in the final step
of T, and T3 synthesis. The giant panda DUOX2
gene contains a single substitution of C to T in the
16th exon, which causes a premature stop codon
(TGA) (Fig. 4). This mutation is also observed
in transcriptome data, suggesting that the tran-
script of DUOX2 would not be translated into
a complete protein. In humans and mice, loss-
of-function mutations in DUOX2 lead to hypo-
thyroidism (23-25).

Although the metabolic rates of the giant pan-
da are exceptionally low, we do not suggest that
they are entirely separate from other eutherian
mammals. Other folivorous animals, like the three-
toed sloth, also have very low DEEs, and this is
probably true of several other species, such as the
frugivorous binturong (Arctictis binturong) and
the folivorous red panda (Ailurus fulgens), both
of which have very low basal rates of metabolism
(26). Rather, the giant panda represents one end
of a spectrum of metabolic rates where the domi-
nant ultimate factors may be the quality and quan-
tity of the food they exploit (27).
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Fig. 4. Genetic variation in the DUOX2
gene. (A) Human DUOX2 gene located in
chromosome 15 (hgl9/GRCh37) (29). (B)
Local region of DUOX2 and neighbor genes.
(C) Gene structure of DUOX2 showing the
16th exon with the stop codon. (D) Homol-
ogous alignment of 16th exon of eight mam-
mals. (E) Alignment details indicating the
unique variation of the stop codon in giant
pandas.

Giant pandas have exceptionally low DEE,
which may facilitate survival on their diet of
bamboo. A suite of behavioral, morphological,
and physiological factors—including low phys-
ical activity levels and reduced sizes of some high
metabolism organs—probably contribute to the
low energy expenditure. Additionally, levels of the
thyroid hormones are about half of the expected
amounts. This may be linked, in part, to muta-
tions in the panda genome in the DUOX2 gene,
which catalyzes a Key step in T, and T; synthesis.
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