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Abstract Members of the order Carnivora rely on urinary
scent signaling, particularly for communicating about repro-
ductive parameters. Here, we describe reproductive endocrine
patterns in relation to urinary olfactory cues in a vulnerable
and relatively unknown viverrid—the binturong (Arctictis
binturong). Female binturongs are larger than and dominate
males, and both sexes engage in glandular and urinary scent
marking. Using a large (n=33), captive population, we col-
lected serum samples to measure circulating sex steroids via
enzyme immunoassay and urine samples to assay volatile
chemicals via gas chromatography–mass spectrometry. Male
binturongs had expectedly greater androgen concentrations
than did females but, more unusually, had equal estrogen con-
centrations, which may be linked to male deference. Males
also expressed a significantly richer array of volatile chemical
compounds than did females. A subset of these volatile

chemicals resisted decay at ambient temperatures, potentially
indicating their importance as long-lasting semiochemicals.
Among these compounds was 2-acetyl-1-pyrroline (2-AP),
which is typically produced at high temperatures by the
Maillard reaction and is likely to be responsible for the
binturong’s characteristic popcorn aroma. 2-AP, the only com-
pound expressed by all of the subjects, was found in greater
abundance in males than females and was significantly and
positively related to circulating androstenedione concentra-
tions in both sexes. This unusual compound may have a more
significant role in mammalian semiochemistry than previous-
ly appreciated. Based on these novel data, we suggest that
hormonal action and potentially complex chemical reactions
mediate communication of the binturong’s signature scent and
convey information about sex and reproductive state.
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Introduction

Across mammalian taxa, urinary signaling is a well-conserved
and critical mode of olfactory communication (Ralls 1971;
Eisenberg and Kleiman 1972; Albone 1984), particularly
prominent among members of the order Carnivora (Kleiman
1966; Ewer 1973; Anisko 1976; Macdonald 1980; Gorman
and Trowbridge 1989). As exemplified by the male leg-lift
behavior of canids (Berg 1944; Mertl‐Millhollen et al. 1986)
or spraying by felids (Brahmachary et al. 1992; Feldman
1994), the manner or frequency of urinary scent deposition
can be highly sexually dimorphic, even if urine is a commu-
nicatory matrix used by both sexes. Various carnivorans, in-
cluding large felids (Acinonyx jubatus: Burger et al. 2006;
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Panthera leo: Andersen and Vulpius 1999), diverse canids
(Canis lupus: Raymer et al. 1984; Chrysocyon brachyurus:
Goodwin et al. 2013; Lycaon pictus: Apps et al. 2012;
Vulpes vulpes: Jorgenson et al. 1978), mustelids (Gulo gulo:
Wood et al. 2009;Mustela furo: Zhang et al. 2005), and ursids
(Ailuropoda melanoleuca: Liu et al. 2013), express a rich ar-
ray of volatile, urinary compounds that often differ by sex
(Jorgenson et al. 1978; Raymer et al. 1984; Andersen and
Vulpius 1999; Zhang et al. 2005; Burger et al. 2006; Liu
et al. 2013). Both the patterning of signal deposition and of
signal composition in these carnivoran species may serve a
variety of inter- and intra-group functions, from delineating
territories (Peters and Mech 1975; Sillero‐Zubiri and
Macdonald 1998), to advertising species, sex, individual iden-
tity, and reproductive state (Raymer et al. 1984; Zhang et al.
2005; Wood et al. 2009; Apps et al. 2012; Liu et al. 2013), to
maintaining social hierarchies (Macdonald 1979; Asa et al.
1990; Sillero‐Zubiri and Macdonald 1998) and promoting so-
cial cohesion (Rothman and Mech 1979; Porton 1983).
Although androgen action typically underlies the sexually di-
morphic patterns of urinary marking (Beach 1974; Hart 1974;
Anisko 1976), in only a few carnivore studies have re-
searchers examined the relationship between steroid hor-
mones and urinary scent-signal composition (e.g., Raymer et
al. 1984; Asa et al. 1990). Here, we report on the reproductive
endocrine profiles and volatile urinary chemicals of captive,
male and female binturongs (Arctictis binturong).

The binturong (also known as the bearcat) is a large,
understudied viverrid, deriving from the dense forests of
Southeast Asia (Pocock 1939; Grassman et al. 2005). It is
unusual in that it possesses a semi-prehensile tail, has an om-
nivorous diet, and is reported to be female dominant
(Wemmer and Murtaugh 1981; Abra 2010). The latter trait
makes the binturong a compelling model for examining repro-
ductive endocrinology, in both sexes. Most of the available
literature on binturong social and reproductive behavior stems
from studies of captive, breeding pairs and their offspring
(Wemmer and Murtaugh 1981; Abra 2010). Presumed to be
relatively solitary in the wild (Grassman et al. 2005), in cap-
tivity binturongs are normally housed alone or in mixed-sex
dyads. When housed with males, females (that are heavier
than males: Moresco and Larsen 2003) gain priority of access
to food and sleeping sites (Wemmer andMurtaugh 1981; Abra
2010).

Binturongs of both sexes possess a perineal scent gland
(associated with labial-like structures in the male: Story
1945) and adopt a stereotypic posture while depositing glan-
dular secretions (Story 1945; Kleiman 1974). Both sexes also
scent mark using urine, often soaking their tails and feet when
voiding (Kleiman 1974), presumably to deposit critical uri-
nary signals while ambulating. These shared morphological
features and behavioral traits suggest a key role for scent
marking in both sexes, as in other female-dominant species

(Drea et al. 2002; Petty and Drea 2015). As is typical of most
mammals (Ralls 1971), however, male binturongs engage in
more scent-marking behavior than do females (Kleiman
1974). Nonetheless, female estrus leads to an upregulation
of olfactory behavior in both sexes (Kleiman 1974). The
prominent role of scent marking in female binturongs, coupled
with the female’s putative social dominance over males, mo-
tivates our search for hormonal mediation of olfactory signals
in this species.

We used competitive enzyme immunoassays (EIA) to de-
termine the concentrations of circulating sex steroids in adult
binturongs. Specifically, we measured androstenedione (A4),
testosterone (T), and estradiol (E2), in both sexes, because
these steroids have been of interest to researchers studying
other female-dominant mammals (reviewed in Drea 2009).
In particular, A4 is the common precursor of androgens and
estrogens. Any unusual patterns in circulating concentrations
of these steroids may be revelatory, both for comparative pur-
poses and for better understanding potential routes to female
dominance in binturongs.

We also used solid phase dynamic extraction (SPDE)
coupled with gas chromatography–mass spectrometry (GC-
MS) to identify the volatile components present in binturong
urinary signals. We tested for sex differences, either in the
expression of different compounds or in differing abundances
of shared compounds. Curiously, binturongs, both in captivity
and in nature (Wemmer and Murtaugh 1981; Grassman,
personal communication), are reputed to smell of freshly
cooked popcorn—an aroma that could stem from either glan-
dular or urinary sources. In an earlier investigation of the
chemical composition of glandular secretions, however, re-
searchers detected several short-chain carboxylic acids
(Weldon et al. 2000), none of which could be credited for
the popcorn smell. We therefore explored a urinary source of
this odor.

Lastly, we probed the potential hormonal mediation of
odorant composition by asking if concentrations of our candi-
date steroids might be predictive of the abundance of major
volatile compounds in binturong urine or of compounds that
have putative semiochemical functions in other species. Such
relationships might implicate an olfactory means of reproduc-
tive signaling.

Methods

Subjects and housing

Our subjects were 33 adult binturongs, including 13 reproduc-
tively intact females (mean age ± standard error [SE] 9.63
± 1.0 years; range 4.5–17) and 20 males (mean age ± SE
8.55±0.66 years; range 4.3–17). All of the males were hor-
monally intact, although five were vasectomized. We
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confirmed that vasectomy had no influence on our results and
therefore included all males in the study. Most (23 or 70 %) of
the binturongs contributed both blood and urine samples (see
below). The subjects were housed individually or in pairs in
large enclosures (10 m×20 m×5 m) at the former Carnivore
Preservation Trust (now the Carolina Tiger Rescue) in
Pittsboro, North Carolina, USA. The subjects were fed a daily
diet of local fruit, mice (Mus musculus), and kibble (Iams
Chunks, Iams Company, Dayton, Ohio, USA), and water
was freely available.

Sample collection and processing

Collection of the serum and urine samples was ap-
proved by the (then) Carnivore Preservation Trust’s
IACUC and occurred during routine yearly physical ex-
aminations. The timing of these examinations, conduct-
ed between November and December 2001, minimized
any potential seasonal influences. The breeding season
of binturongs in the wild is unknown; in captivity,
binturongs can breed year round, but have seasonal
birth peaks (Wemmer and Murtaugh 1981). For sample
collection, subjects were anesthetized using a combina-
tion of ketamine (Ketaset®, Fort Dodge Animal Health,
Fort Dodge, Iowa, USA), medetomidine (Domitor®,
Pfizer Animal Health, Exton, Pennsylvania, USA), and
butorphanol (Torbugesic®, Fort Dodge Animal Health),
following published procedures (Moresco and Larsen
2003).

We collected blood samples from 29 of the subjects (9
females, 20 males). We drew blood from the jugular vein with
a 20-ga, butterfly catheter and transferred the samples to 3-mL
serum separator tubes (Vacutainer®, Becton Dickinson,
Franklin Lakes, New Jersey, USA). We stored the samples
of decanted serum at Duke University (Durham, North
Carolina, USA) at −80 °C, until analysis.

We collected urine samples from 26 of the subjects (9 fe-
males, 17 males) by putting gentle, but firm, pressure on the
bladder (see delBarco-Trillo et al. 2013). We stored the urine
samples at Duke University, at −80 °C, until shipment to
Hendrix College (Conway, Arkansas, USA) for analysis. We
shipped these samples overnight, on dry ice, in two batches.
The shipped samples from batch 1 (n=19: 6 F, 13 M) were
kept frozen during transit, whereas the shipped samples from
batch 2 (n=7: 3 F, 4 M) were delayed in transit by 12 h and
arrived thawed. Upon arrival, the samples from both ship-
ments were immediately stored at −70 °C until analysis.

Hormone assays

We determined serum concentrations of A4, T, and E2 using
commercial, competitive EIA kits (ALPCO Diagnostics,
Salem, New Hampshire, USA). We validated all the EIA

assays for (1) analyte recovery, by spiking pooled serum sam-
ples with a range of known analyte values (A4 0.05–5.0 ng/
mL; T 0.04–2.5 ng/mL; E2 10–500 pg/mL) representing the
low, middle, and high regions of each standard curve, and
comparing the observed and expected results, and (2) linearity,
by running a serial dilution of the pooled serum and compar-
ing the slopes against the standard curves. For all assays, re-
covery ranged from 83.5 to 105.5 % and each dilution curve
was linear and parallel to the appropriate assay standard curve.
The A4 assay has a sensitivity of 0.04 ng/mL using a 25-μL
dose, with an intra- and inter-assay coefficient of variation
(CV) of 5.23 and 8.7 %, respectively. The T assay has a sen-
sitivity of 0.02 ng/mL using a 50-μL dose, with an intra- and
inter-assay CV of 7.9 and 7.3 %, respectively. The E2 assay
has a sensitivity of 10 pg/mL using a 50-μL dose, with an
intra- and inter-assay CV of 7.7 and 8.7 %, respectively. We
performed all assays in duplicate. If a sample’s duplicate CV
exceeded the intra-assay CV, it was subsequently re-run on a
different plate. Samples from three individuals had circulating
A4 values beyond the range of detection, and samples from
two individuals had E2 values that were similarly out of range.
These subjects were therefore dropped, respectively, from the
A4 and E2 analyses.

Analysis of urinary volatiles

We determined the volatile compounds in binturong urine
using SPDE/GC-MS procedures. We sealed a 0.5-mL aliquot
of each urine sample, combined with 300 mg of reagent grade
(>99 % pure) NaCl (American Chemical Society,
Washington, DC, USA; to force volatile organic compounds
out of solution) and a small Teflon®-coated stir bar, in a 20-mL
screw-top vial with a threaded, metallic septum cap (silicone/
polytetrafluoroethylene-layered septum; www.chromtech.de,
or www.bgb-analytik.com). We programmed multiple
samples to run automatically, using the Combi PAL robot
and associated SPDE hardware and software (www.
chromtech.de). The SPDE needle was internally coated with
activated charcoal (Carboxen®)–polydimethylsiloxane. After
incubating the stirred sample at 37 °C for 15 min, the
headspace was sampled for 13 min (200 up-and-down 1-mL
strokes of the syringe). Desorption of adsorbed analytes was at
250 °C in the GC inlet. We conducted GC-MS analyses using
an Agilent 6890N GC and 5973N Mass Selective Detector
(Agilent Technologies, Santa Clara, California, USA). The
capillary GC column was an Equity 1 (bonded; polydimeth-
ylsiloxane), 60m×0.32mm ID, 1 μm film thickness (Supelco
cat. no. 28058U, Bellefonte, Pennsylvania, USA). The GC
oven was temperature programmed to hold for 2 min at
35 °C, followed by ramping to 180 °C at 3.75 °C/min, where
it was held for 5 min before ramping at 20 °C/min, to a final
temperature of 250 °C, where it was held for 10min. Themass
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spectrometer was programmed at 3.09 scans/s for a mass scan
of 30–500 amu.

The identities of all compounds reported herein from
SPDE/GC-MS were verified by GC retention times and mass
spectra when compared to commercial samples (from Sigma-
Aldrich or Fisher Scientific) or synthesized samples, as well as
by comparison to the NIST mass spectral library (version
2002). In particular, one of these compounds, 2-acetyl-1-
pyrroline (2-AP, see Results), was prepared by the procedure
of Buttery et al. (1983). For quantitative comparisons of the
volatile compounds, we used peak areas from the total ion
chromatogram (TIC) profiles to reflect relative abundances.

Analysis of dietary volatiles

Although identified in small concentrations in mouse urine
(Kwak et al. 2008, 2013) and in certain exotic fruits (Wong
et al. 1992; Hayata et al. 2003), 2-AP is typically associated
with prepared foods and likely synthesized via the Maillard
reaction (Adams and De Kimpe 2006) at supraphysiological
temperatures. We therefore analyzed the headspace of both
wet and dry kibble to test if the Iams Chunks kibble fed to
our subjects might have influenced the volatile urinary com-
pounds of binturongs. We used the same SPDE/GC-MS ana-
lytical approach as described above, except that we neither
added NaCl nor a stir bar. We used approximately 0.60 g of
Iams chunks; for the wet runs, we also added 2 mL of deion-
ized water to the sample vial.

Statistical analyses

We tested for sex differences in circulating concentrations of
A4, T, and E2. Because the hormonal data were non-normally
distributed, we used two-tailedWilcoxon Rank Sum tests per-
formed in JMP Pro (version 12.0).

For our chemical analyses, we first investigated if the GC-
MS profiles of the urine samples that underwent the extra thaw
during shipping (i.e., batch 2) were equivalent to those that
remained frozen prior to analysis (i.e., batch 1). We tested for
potential differences in chemical richness (the number of
chemical compounds calculated for each sample: McCune
et al. 2002) using Student’s t test in JMP Pro (version 12.0).
We then investigated if the compounds (n=11) that were pres-
ent in both sample batches differed in their relative abun-
dances. Following established protocols (Drea et al. 2013),
we reduced the dimensionality of this dataset by calculating
principal components (PCs). We retained those PCs with ei-
genvalues >1 and that explained >1 % of the variation. We
used these PCs as covariates in a linear discriminant (LD)
analysis, in which we entered sample batch as the X category.
We used Wilks’ λ test of group differences to test for signif-
icance. We likewise conducted PC and LD analyses in JMP
Pro (version 12.0).

Using the same types of analyses, we next tested for sex
differences in the volatile chemicals present in binturong
urine. We tested for differences in chemical richness using
Student’s t test; however, because the extra thaw experienced
by batch 2 significantly influenced chemical richness (see be-
low), we only considered the samples from batch 1 in this
analysis. We then examined if a relationship existed between
sex and the relative abundance of compounds expressed
equally in both sample batches. Specifically, we used the
PCs calculated for the above analysis as the covariates in a
second LD analysis, for which we entered sex as the X cate-
gory. We likewise used Wilks’ λ test of group differences to
test for significance. For those individuals whose samples
remained frozen prior to analysis (i.e., batch 1), we addition-
ally tested for relationships between A4, T, and E2 values and
chemical richness, using linear regression in GraphPad Prism
version 5.04. Lastly, we tested for relationships between ste-
roid concentrations and specific chemical compounds that
were likely to provide a semiochemical function.
Specifically, we determined if the sexes expressed certain
key compounds in similar abundances, using a Wilcoxon
Rank Sum test, and examined the relationship between com-
pound abundance and A4, T, and E2 concentrations, using
linear regression in JMP Pro (version 12.0).

Results

Sex differences in reproductive hormones

Compared to females, male binturongs had significantly great-
er concentrations of circulating A4 (Wilcoxon Rank Sum test:
Z=3.56, p<0.001; Fig. 1a) and T (Wilcoxon Rank Sum test:
Z=3.54, p<0.001; Fig. 1b). In contrast, male and female
binturongs had similar concentrations of circulating E2

(Wilcoxon Rank Sum test: Z=0.08, p>0.9; Fig. 1c).

Volatile chemicals in binturong urine

The binturongs in our population expressed 29 volatile urinary
compounds, representing a mixture of acids, alcohols, alde-
hydes, hydrocarbons, ketones, and 2-AP (Table 1). The latter
compound was the only one expressed by every subject
(Fig. 2). Of all the compounds, 16 (55 %) were male specific,
whereas none were female specific (Fig. 2).

Volatile chemicals in captive binturong diet

Overall, we found that the volatile chemical profiles of kibble
samples differed dramatically from those of the urinary sam-
ples (data not shown). Only the following four components
were common to both the binturong and its diet, but in rela-
tively low abundance in the diet headspace: acetic acid, 2-
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heptanone, benzaldehyde, and nonanal (see Table 1). Most
notably, we found no evidence of 2-AP in the Iams Chunks
kibble.

The influence of ambient temperature on volatile urinary
compounds

As would be expected (Drea et al. 2013), the samples that
were kept frozen prior to analysis were significantly richer in
chemical compounds than those that experienced an extra
thaw at ambient temperatures (t test: t23.99 = 5.8134,
p<0.001; Fig. 3a). Nevertheless, the compounds that were
present in both batches were present in similar relative abun-
dances. More specifically, from the compounds that were
present in both sample batches (n=11), we extracted five
PCs that cumulatively explained 82.9 % of the variation. We
could detect no effect of sample batch on these PCs: LD anal-
ysis misclassified nine (35%) samples (or individuals) into the
wrong sample batch (one vs. two) and revealed no significant
difference between samples that were either kept frozen or had
experienced an extra thaw prior to analysis (Wilks’ λ=0.824,
p=0.5298; Fig. 3b).

Sex-related patterns in volatile urinary compounds

Male binturongs expressed a significantly richer array of vol-
atile compounds in their urine than did their female counter-
parts (t test: t15.77 =4.5997, p<0.001; Figs. 2 and 4a). 2-AP,
specifically, was expressed in greater relative abundance by
male than by female binturongs (Wilcoxon Rank Sum test:
Z=2.48, p<0.02; Figs. 2 and 4b). Lastly, of the compounds
that reliably appeared in both batches, LD analysis revealed a
significant difference between the sexes (Wilks’ λ=0.369,
p<0.001; Fig. 4c) and classified all but one (96.2 %) sample
(or individual) into the correct sex category.

Endocrine-volatile chemical relationships

We could detect no relationship between any of the steroids
(A4, T, or E2) and chemical richness (p>0.05 for all; data not
shown). Because 2-AP was expressed by all of the subjects

and, therefore, may be an important semiochemical for
binturongs, we tested for relationships between steroid con-
centrations and this particular compound: There was no rela-
tion between 2-AP and either T (R2 = 0.001, df = 21,
p = 0.9092, data not shown) or E2 (R2 = 0.031, df = 19,
p=0.4466, data not shown), but 2-AP was positively and
significantly related to A4 concentrations (R

2=0.47, df=18,
p<0.001; Fig. 5).

Discussion

To better understand female dominance in the binturong, we
examined adult sex steroids in relation to volatile urinary
chemicals; through these efforts, we provide novel informa-
tion about this species’ reproductive physiology and chemical
communication. Our endocrine findings lead us to suspect that
the display of female dominance during the intersexual inter-
actions of binturongs may owe to female size advantage,
coupled potentially with estrogen-mediated male deference.
Our chemical analyses contribute to identifying 2-AP as a
putative semiochemical—one that explains the binturong’s
popcorn aroma—and also point to a significant role for vola-
tile urinary compounds, possibly under hormonal mediation,
in the communication of species identity, individual sex, and
reproductive state.

Across vertebrate taxa, males and females typically have
greater circulating concentrations of androgens and estrogens,
respectively (Drea 2009). Nonetheless, in some female-
dominant species, androgen concentrations in females can be
raised (Drea 2007; Petty and Drea 2015), potentially reflecting
physiological Bmasculinization^ (Drea 2009), such that the
hormonal sex difference is reduced, absent, or even reversed
(Glickman et al. 1992; Koren et al. 2006; Davies et al.
unpublished data). Yet, for the female-dominant binturong,
the reduction in sex difference was observed, not in andro-
gens, but in estrogens. Although binturongs evidenced the
typical mammalian sex differences in androgens, with males
having greater abundances of A4 and T than females, we could
find no discernible sex difference in circulating E2 concentra-
tions. That male binturongs showed relatively high
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concentrations of circulating E2 perhaps implicates male def-
erence, more so than androgen-mediated female aggression, in
this species’ intersexual interactions.

Because estrogens have been studied primarily in the con-
text of female reproduction, their role in mediating adult male
behavior remains underappreciated. When estrogens in adult
males have been examined, they often have been linked to
declining reproductive function, including decreased sperm
counts and unsuccessful sexual behavior (Toppari et al.
1996; Bjerselius et al. 2001), or to increased paternal care
(Wynne-Edwards 2001). Nonetheless, the males of some spe-
cies (Equus ferus: Raeside 1979; Bono et al. 1982; Rangifer
tarandus: Bubenik et al. 1997), including various female-
dominant lemurs (Lemur and Eulemur spp.: Petty 2015),
maintain normal reproductive function while also expressing

raised estrogen concentrations. Ultimately, a deeper under-
standing of behavioral and reproductive endocrinology, in-
cluding female dominance (and perhaps the male’s unusual
genital anatomy), will require continued comparative research
into the function of Bheterologous hormones^ in both sexes,
specifically of androgens in females and estrogens in males.

With regard to chemical signaling in the binturong, both
sexes possess perineal scent glands (Pocock 1915; Story
1945), the secretions of which predominantly contain carbox-
ylic acids (Weldon et al. 2000) that neither explain the
binturong’s distinctive popcorn aroma nor encode the sig-
naler’s sex. By contrast, binturong urine contained a richer
array of volatiles that likely encode reproductively relevant
information. Notably, as the only compound expressed by
all binturongs, 2-AP may serve as a species identifier.

Table 1 Chemical compounds detected in the headspace of binturong urine

Retention
time (min)

Tentative compound
Identification

Presence after
time delay

% of animals
expressing compounda

Sex(es) expressing
compound

5.75 Acetone Yes 34.6 (9/26) M, F

6 Isopropyl alcohol No 31.6 (6/19) M, F

8.29 2-Butanone Yes 42.3 (11/26) M, F

9.05 Ethyl acetate No 15.8 (3/19) M

9.6 Acetic acid No 68.4 (13/19) M, F

11.74 2-Pentanone Yes 73.1 (19/26) M, F

12.19 3-Pentanone Yes 30.8 (8/26) M

13.2 Heptane No 26.3 (5/19) M

13.9 3-Buten-1-ol, 3-methyl- Yes 11.5 (3/26) M

15.99 1,3-Butadiene, 2-methyl- Yes 19.2 (5/26) M

16.35 3-Hexanone No 31.6 (6/19) M

18.94 3-Hexanone, 5-methyl- No 52.6 (10/19) M

20.73 4-Heptanone Yes 61.5 (16/26) M, F

21.5 2-Heptanone No 31.6 (6/19) M, F

22.78 2-Acetyl-1-pyrroline Yes 100 (26/26) M, F

23.9 Pentanoic acid, 2-methyl- No 26.3 (5/19) M

24.15 Unknown 1 Yes 46.1 (12/26) M, F

24.75 Benzaldehyde Yes 38.5 (10/26) M

28.62 Benzene, 1-methyl-2/4-(1-methylethyl)- No 15.8 (3/19) M

28.6 Ethanone, 1-(1H-pyrrol-2-yl)- No 36.8 (7/19) M

29.03 Limonene No 31.6 (6/19) M, F

29.5 1,3,6-Octatriene, 3,7-dimethyl-, (E)- No 10.5 (2/19) M

31.34 Benzene, 1-methyl-4-(1-methylethenyl)- No 10.5 (2/19) M

31.52 Unknown 2 No 36.8 (7/19) M, F

31.53 Nonanal No 31.6 (6/19) M, F

33.17 1-Pentene, 2-methyl- No 15.8 (3/19) M

35.47 Unknown 3 No 15.8 (3/19) M

35.82 Decanal Yes 73.1 (19/26) M, F

37.75 3-Carene No 36.8 (7/19) M

aCompounds that were detected in both sample batches are presented for all individuals (denominator n= 26), whereas compounds that were not
detected after a time delay are presented only for the individuals analyzed in batch 1 (denominator n= 19)
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Because it is partly responsible for the characteristic smell of
popped corn (Schieberle 1991) and aromatic rice (e.g., jas-
mine or basmati: Buttery et al. 1982, 1983; Yoshihashi
2002), 2-AP likely explains the binturong’s signature scent.
In only one other carnivore, the tiger (P. tigris), has 2-AP been
suggested to be a putative semiochemical (Brahmachary et al.
1990; Brahmachary 1996), although there are anecdotal re-
ports of other carnivores producing a similar, but less intense,
aroma (particularly from their feet). Given that the synthesis of
2-AP has been thoroughly investigated in the context of food
preparation (Bradbury et al. 2008), it is important to note that
we detected no 2-AP in the binturongs’ commercially pre-
pared diet. It also occurs in only small amounts in mouse urine
(Kwak et al. 2008, 2013). The diet provided to binturongs in
captivity could potentially contribute to four other urinary
compounds we detected, including acetic acid, 2-heptanone,
benzaldehyde, and nonanal; however, these are common com-
ponents of carnivore urine and are therefore likely to also be
endogenously derived (Andersen and Vulpius 1999; Zhang
et al. 2005; Burger et al. 2006; Wood et al. 2009).

Male binturongs had a greater number of volatile com-
pounds in their urine than did females, and many of these
compounds, including 2-AP, also occurred in greater abun-
dance in males than in females. Such sex differences are con-
sistent across a broad range of vertebrate taxa (Müller-
Schwarze 2006; Drea 2015). Likewise, several of the male-
specific compounds reported herein are sex specific in other
species (see, for example, Table 3 in delBarco‐Trillo et al.
2011). These traditional male biases in compound richness
and abundance, coupled with the strong sex specificity of
certain compounds, suggest that binturong urinary cues

45

30

0

15

0

45

30

0

15

30 402010

Ab
un

da
nc

e 
(x

10
4 )

Retenton time (min)

b

a

a

a

b

b

c

d e

f g
h

h

i j

k

l

Fig. 2 Representative gas
chromatograms showing the
volatile urinary compounds
present in a a male and b female
binturong. Letters identify some
of the major volatile compounds
that are either shared by both
sexes, expressed in different
relative abundances, or present in
the male only: a acetone, b 2-
butanone, c 2-pentanone, d 3-
buten-1-ol, 3-methyl-, e 1,3-
butadiene, 2-methyl-, f 4-
heptanone, g 2-heptanone, h 2-AP
(2-acetyl-1-pyrroline), i
benzaldehyde, j ethanone, 1-(1H-
pyrrol-2-yl)-, k decanal, and l 3-
carene

C
an

on
ic

al
 2

Canonical 1

C
he

m
ic

al
 ri

ch
ne

ss
 (#

 c
om

po
un

ds
) 15

10

0

5

0

3

-3
-2 42

Frozen
Thawed

***

Frozen
Thawed

a

b

Fig. 3 Effects of sample thaw on the volatile chemical compounds in
binturong urine. Depicted are a the differences in mean+ SE chemical
richness (or the number of components detected) and b a linear
discriminant (LD) plot of the principal components calculated from the
relative abundance of compounds present in both sample types (thawed
and frozen). ***Denotes p< 0.001

Sci Nat (2016) 103: 37 Page 7 of 11 37



provide redundant information about the signaler’s sex.
Nevertheless, the direction of these biases contrast with pat-
terns evident in the scent secretions of other female-dominant
species, in which female chemical richness can exceed that of
males (Scordato et al. 2007; Boulet et al. 2009; delBarco-
Trillo et al. 2012). Thus, as with their endocrine patterns,
binturongs also differ from other female-dominant species in
terms of their sex differences in the chemical composition of
their scent signatures.

Lastly, in the context of reproductive function, the positive
relation across sexes between 2-AP and the prohormone A4 is
consistent with hormonal mediation of binturong scent sig-
nals. Because A4 is the immediate precursor in the

biosynthesis of both testosterone and estrone, there also may
be a role for urinary signaling of reproductive state in both
male and female binturongs.

Chemical communication has been considered to be partic-
ularly relevant for solitary species because, unlike visual and
vocal signals, olfactory signals are long lasting and can con-
vey information in the absence of the signaler (Alberts 1992).
Beyond safely signaling territorial boundaries (i.e., without
the need for social interaction or confrontation), enduring
chemical cues may be critical for advertising sex or reproduc-
tive state in solitary species. We nevertheless have limited
appreciation for the tenacity of specific compounds or blends
of compounds under natural environmental conditions be-
cause the chemical decay of odorants has been examined in
only a few studies. In mice, for instance, proteins excreted in
urine function to prolong signal availability (Hurst et al.
1998). In bull elephants (Loxodonta africana and Elephas
maximus) undergoing musth, certain alcohols and ketones
can increase in concentration as olfactory signals age
(Goodwin et al. 2012). That certain compounds may be in-
creasingly detectable after samples have been exposed, over
time, to ambient temperatures may implicate bacterial regula-
tion of chemical information (Alberts 1992; Archie and Theis
2011; Goodwin et al. 2012; Ezenwa and Williams 2014). The
age of an odorant can also influence how signal receivers
perceive information. In ring-tailed lemurs (Lemur catta), for
example, males preferentially sniff fresh odorants, but prefer-
entially lick decayed odorants, potentially indicating their re-
spective assessment of ephemeral, volatile components versus
long-lasting, non-volatile components (Greene et al. 2016).

Although ultra-rapid and portable GC analyzers (e.g.,
the zNose®) offer the possibility of measuring chemical
change in natural environments (Staples and Viswanathan
2005), studying odorant decay or persistence can present lo-
gistical challenges, including if freezing differentially affects
certain compounds (Hoffmann et al. 2009) or interrupts bac-
terial fermentation. We used the difference in shipping
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duration to serendipitously examine the effects of decay on the
volatile composition of binturong urine. Fewer than half of the
original compounds remained in equal relative abundances
after samples underwent a thaw. Whereas the Blost^ compo-
nents may have signaled relevant information immediately
after deposition, those components that persisted might be
considered candidate semiochemicals in long-term communi-
cation (i.e., in the absence of the signaler: Alberts 1992).

Several key compounds persisted in Bdecayed^ binturong
urine, including 2-AP. Although somewhat unstable in iso-
lation, 2-AP is relatively stable in dilute liquids (Buttery
et al. 1983) such as urine (Kwak et al. 2013); however,
given (a) the high temperatures needed to synthesize 2-AP
via the Maillard reaction, (b) the minimal likelihood that 2-
AP at the concentrations we observed derived from the few
mice in the binturong’s diet, and (c) the absence of 2-AP
from the binturong’s commercial diet, we lack an under-
standing of how binturongs (or other mammals) produce this
compound. One possibility is that symbiotic bacteria pro-
duce 2-AP during normal fermentation processes in the
gut. Indeed, Bacillus cereus has been shown to synthesize
2-AP without a Maillard reaction (Romanczyk et al. 1995;
Adams and De Kimpe 2007) and is a common microbe
found in vertebrate intestinal systems (Swiecicka 2008). In
future studies, it would be interesting to determine if this
bacterium inhabits the gastro-intestinal tracts of binturongs
or other carnivores and if it can readily synthesize 2-AP. 2-
AP’s longevity, post urinary deposition, might be further
explained by slow-release carrier proteins or continued mi-
crobial synthesis.

Future behavioral studies could help resolve if female dom-
inance in binturongs is mediated by female aggression or, as is
possibly suggested by adult male endocrine profiles, by male
deference. Indeed, for the binturong and most other species,
the role of heterologous hormones in regulating sociality and
reproduction remains poorly understood. Research programs
focused on the role of androgens in females have revealed
insights about female masculinization (Glickman et al. 1992;
Drea 2009; Petty and Drea 2015; Davies et al. unpublished
data); however, the role of estrogens in regulating normal male
behavior also may be relevant. Our study of an underrepre-
sented species has led to identifying 2-AP as a putative semio-
chemical, one that has rarely been attributed a role in mam-
malian communication (Brahmachary 1996), but that may be
more widespread in carnivores than previously recognized.
This unusual compound highlights the fact that we lack un-
derstanding of the processes by which many of the chemicals
that function in mammalian olfactory communication are pro-
duced, namely, whether they are synthesized by mammalian
tissues or produced by symbiotic bacteria as part of routine
metabolism. Ultimately, linking chemical communication to
reproductive function in unusual species will contribute to a
broader understanding of social evolution.
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