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Abstract

Scents emitted from excretions provide important information about the owner. Volatile compounds with higher levels in a
species and/or sex, or that vary among individuals could be odor cues for species and/or sex, or individual recognition. However,
such compounds have been identified in only a few vertebrate species. In domestic cats (Felis silvestris catus), it is known that
unburied cat feces are territorial markers asserting the border of their home range, but little was known which fecal compounds
are scent cues for species, sex, and individual recognition in cats. In the present study, we demonstrated the chemical basis for
species, sex, and individual recognition using feces of cats. For males, major contents were fatty acids and 3-mercapto-3-methyl-
1-butanol (MMB), a derivative of the unusual amino acid, felinine. MMB emission levels from feces had sex-based differences
(male > female) and dynamic temporal changes during aging. Cats distinguished fecal odors with and without MMB, and
different fatty acid compositions among individuals. No cat-specific compound, such as MMB, was detectable from their anal
odor emitting fatty acids. We concluded that fecal MMB is a male sex recognition pheromone in cats and also provides a temporal
trace of the owner. After sensing MMB, they may distinguish individual differences of conspecific feces with variable subsets of
fatty acids. In contrast to scent marks, since cats can obtain species information from visual cues before sniffing conspecific anal

odors, they may use their efforts to distinguish individual differences of anal odors during sniffing.
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Introduction

The ability for species, sex, and individual recognition is essen-
tial for complex interactions among a number of mammals that
share a habitat (Wyatt 2014). Most mammals use metabolic
waste products from the body, such as urine and feces, for scent
communication. These metabolic wastes contain a variety of
volatile and non-volatile organic compounds, some of which
function as odor cues providing information regarding their
owners (Apfelbach et al. 2005; Hurst and Beynon 2004).
Volatile compounds whose concentrations are markedly higher
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in only certain species and sexes may act as odor cues for
species and sex recognition, respectively. Previous studies iden-
tified such volatile compounds in experimental mice and some
wild mammals, such as (methylthio)methanethiol (MTMT) in
male mouse urine (Lin et al. 2005) and 2,3,5-trimethyl-3-
thiazoline (TMT) in fox feces (Vernet-Maury et al. 1992).
Alternatively, variable subsets of compounds in an animal’s
chemical profile function as signature mixtures that are learnt
for individual recognition by other animals (Wyatt 2010). For
example, the small Indian mongoose (Herpestes
auropunctatus) uses individual differences in fatty acid compo-
sition emitted from anal sac secretions for individual identifica-
tion (Gorman 1976, Miyazaki et al. 2018a).

The domestic cat (Felis silvestris catus) performs
scent marking by spraying urine onto a vertical surface
(Feldman 1994; Natoli 1985). Cat urine contains a large
amount of an unusual amino acid known as felinine that
is detectable only in small felids, such as the domestic
cat, bobcat (Lynx rufus), and lynx (Eurasian lynx), but
uncommon in other species, including large felids
(Hendriks et al. 1995a; Westall 1953). Odorless felinine
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decomposes into a volatile mercaptan, 3-mercapto-3-
methyl-1-butanol (MMB), with a characteristic sulfur
odor (Miyazaki et al. 2006a). Cat urine also emits
MMB analogs, 3-mercapto-3-methylbutyl formate and
3-methyl-3-methylthio-1-butanol that have never been
detected in mammals other than small felids. These vol-
atile compounds are strong candidate scent signals for
conspecific recognition in cats (Hendriks et al. 1995a;
MacDonald et al. 1984; Miyazaki et al. 2006b).

Cats also use feces for scent marking (Feldman 1994).
Although most cats bury their feces after defecation
when within their home range or near nesting sites, their
feces are left on the ground without burying in peripheral
areas, and are likely used as a territorial marker around
the border of their home range (Crowell-Davis et al.
2004). Previous study reported that cats distinguish the
fecal odors of familiar individuals and unfamiliar conspe-
cifics (Nakabayashi et al. 2012). However, it is not clear
which fecal volatile compounds contribute to species,
sex, and individual recognition in cats. We hypothesized
that cat feces used for territorial marking emit species-
specific volatile compounds, such as MMB, as well as
their urine. In addition, such compounds are necessary to
alert other mammals in the same area that the scent
owners are cats.

Volatile compounds emitted from urine and anal sac
secretions have been well-examined in several felids
(Apps et al. 2017; Apps et al. 2014; Dehasse 1997;
Mattina et al. 1991; Miyazaki et al. 2017; Miyazaki
et al. 2018b; Vogt et al. 2016); however, our knowledge
of scent communication using feces is limited in felids.
The main purpose of this study was to understand the
chemical basis of species, sex, and individual recognition
using feces as scent marks in domestic cats. We analyzed
fecal volatile compounds to identify odor cues for spe-
cies, sex, and individual recognition in cats. Our recent
study found that felinine is excreted into the feces via
bile from the liver in cats (Futsuta et al. 2018), suggest-
ing that cat feces also emit MMB. Therefore, we ana-
lyzed volatile chemical profiles of male and female cat
feces, focusing on the determination of whether MMB is
emitted from cat feces. Then, we determined whether
cats could distinguish candidate odor cues for species,
sex, and individual recognition. We also discussed differ-
ences in chemical profiles between fecal odor and body
odors around the anus through which cats obtain species
and sex information for scent owners from visual cues
before sniffing. These studies will improve our under-
standing of scent communication using scent marks and
body odor in mammals other than mice, especially small
felids. Furthermore, our findings will help develop de-
odorants for the neutralization of the distinctive smell
of cat feces that the general public finds unpleasant.

Methods and Materials
Animals

This study used 15 laboratory mixed breed cats (2—4 years
old), including nine intact males (ID. M1-M9) and six intact
females (ID. F1-F6) that were non-estrus. These cats were
individually housed in metabolic cages in an experimental
animal room controlled at 22 °C under 12 hr lighting. Cats
were maintained on a commercial dry diet (Dr.’s Diet, pH
Ade. Novartis Co., Tokyo, Japan) and water. Fresh fecal sam-
ples were obtained from the cats by checking each cage hourly
between 8:30 am and 3:30 pm. Fresh fecal samples were used
for the following studies within 30 min of collection. This
study followed local animal ethics guidelines and was ap-
proved by the Animal Research Committee of the Faculty of
Agriculture of Twate University.

Thermal Desorption-Gas Chromatography Mass
Spectrometry

After introducing fresh cat feces (1 g) into a 20 ml glass vial
(GESTEL, Miilheim an der Ruhr, Germany), the headspace of
the sample was concentrated into a Tenax TA tube (Shimadzu,
Kyoto, Japan) at 40 °C by purging with pure nitrogen gas at
50 ml/min for 90 min. Body odors were sampled in 10 cats
(M1-M5 and F1-F5) who were anesthetized with isoflurane.
Volatile compounds emitted from the neck and the perianal
area were concentrated into the Tenax TA tube using a pump
device (GSP-30FT-2, Gastec Co., Kanagawa, Japan) at 50 ml/
min for 90 min. Room air samples were also prepared using
the same method, and served as blank references. Volatile
compounds trapped in the Tenax TA tube were analyzed using
the thermal desorption (TD-20, Shimadzu Co.) gas
chromatography-mass spectrometry (GC-MS) (QP-2010
Ultra, Shimadzu Co.) system using the following conditions;
Stabilwax column (60 m % 0.32 mm i.d. X 0.5 um film thick-
ness, Restek, Bellefonte, PA, USA); column temperatures,
40 °C (2 min), then increased by 8 °C/min to 250 °C
(20 min); carrier gas, and helium (3 ml/min).

GCMS solution software (ver. 4.2, Shimadzu Co.) was
used for peak identification from the total ion chromatogram
(TIC), tentative identification of compounds using the
NISTO08 MS library, and quantification of MMB and fatty
acids using the characteristic m/z fragments. To identify chem-
ical structures of compounds, authentic compounds were run
under the same conditions as samples, and also spiked into
samples. Acetic acid (purity >99.5%), propanoic acid (purity
>98.0%), 2-methylpropanoic acid (purity >99.0%), butanoic
acid (purity >99.0%), 3-methylbutanoic acid (purity >99.0%),
pentanoic acid (purity >98.0%), 3-methylpentanoic acid (pu-
rity >98.0%), 4-methylpentanoic acid (purity >97.0%),
hexanoic acid (purity >98.0%), p-cresol (purity >99.0%) and

@ Springer



366

J Chem Ecol (2018) 44:364-373

indole (purity >99.0%) were purchased from Tokyo Chemical
Industry Co. (Tokyo, Japan). MMB (purity >98%) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All peak
lists were analyzed using JMP12 software (SAS Institute,
Cary, NC, USA) for principal component analysis (PCA)
and hierarchical clustering analysis (HCA).

For analyses of temporal changes in emission rates of
MMB and total fatty acids from cat feces, fresh feces (aliquot
1 g) obtained from a male cat (M1) were immediately placed
in four 20 ml screw-cap vials, and volatile compounds emitted
from the feces were sampled into Tenax TA tubes by purging
with pure nitrogen gas at 50 ml/min every 90 min up to 30 hr
at four different temperatures (4 °C, 10 °C, 20 °C, and 30 °C).
Tubes were analyzed on the TD-GC-MS system. The MMB
emission rate was calculated by dividing the MMB amount
emitted from the feces every 1.5 hr by the total fecal MMB
content. The total fatty acid emission rate was expressed as the
relative value of the first 1.5 hr emission amounts (100%).

Behavior Bioassays in Laboratory Cats

Bioassays were conducted in a test chamber (54 cm x 74 cm X
60 cm) set in the experimental room. Each cat was introduced
into the chamber approximately 5 min prior to beginning the
assay. In the first and second experiments, habituation-
dishabituation tests were conducted using fecal samples with
and without MMB and two artificial fecal odors, between
which fatty acid compositions were different, respectively, in
male and female experimental cats. This test helped deter-
mine, via sniffing duration, whether the animals could habit-
uate to a repeatedly presented odor and whether the animals
demonstrated dishabituation when presented a novel odor
(Arbuckle et al. 2015).

In the first experiment, we omitted MMB from the head-
space of a male feces (M9) by dipping 0.5 g of the fresh feces
into 50 ml of 4% copper (II) sulfate solution for 30 min at
25 °C. Fecal samples emitting MMB was prepared by dipping
0.5 g of the same feces into 50 ml of water for 30 min at 25 °C.
These fecal samples were placed into a 20 ml capless glass
vial and presented to the cats from outside the chamber at
approximately 20 cm above the floor level by a researcher
wearing plastic gloves. The copper solution-treated fecal sam-
ple was presented to eight male (M1-M8) and five female (F1-
F5) cats twice in the first and second round for 60 sec at 30 sec
intervals sequentially, and the water-treated fecal sample was
presented once in the third round for 60 sec.

In the second experiment, two artificial fecal odors, which
were prepared by mixing chemicals based on the GC-MS data
of two male cats (M7 and M8) (Table S1) were used.
Approximately 10 min before the experiment, each solution
(10 pl) was placed in the bottom of the 20 ml capless glass
vial. Six male (M1-M6) and six female cats (F1-F6) were
presented the M7’s sample twice in the first and second round
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and then the M8’s sample once in the third round. Each sam-
ple was presented for 60 sec at 30 sec intervals sequentially. A
digital video camera (Handycam HDR-CX560V; Sony,
Tokyo, Japan) recorded all experiments, and the duration of
sniffing, which is a characteristic odor sampling behavior, was
counted while the nose of the cats twitched to sense the odor
of samples and they reached their nose to the tube opening.
Statistical significance was tested using a repeated measure
analysis of variance (ANOVA) followed by a Tukey’s
Honestly Significant Difference test in JMP software (ver.
12.0; SAS Institute, Cary, NC, USA).

Field Trials

To examine the olfactory discrimination ability for cat
feces with and without MMB in free-roaming cats, we
presented two 10 cm plastic dishes containing male cat
feces (0.5 g) treated with copper solution or water on the
ground at 2 m intervals. For control studies, two 10 cm
plastic dishes containing water-treated male cat feces
(0.5 g) were placed on the ground at 2 m intervals.
Each assay was alternately repeated five times every
3 days at a kindergarten playground in Morioka, Japan,
from 8:00 pm and 8:00 am from September to November
2012. Samples for these experiments were prepared using
fresh feces obtained from a male cat (M9) on each ex-
perimental day. During each test, the video camera at-
tached to an infrared light (HVL-HIRL, Sony) was set
to record continuously for 12 hr. The total sniffing dura-
tion toward each dish by free-roaming cats was counted.
Statistical significance was tested using the Wilcoxson
test in JMP software.

Results
Volatile Chemical Profiles of Cat Feces

Figure la shows a representative TD-GC-MS TIC of
volatile compounds emitted from cat feces. Major com-
pounds of fecal samples were fatty acids, such as
butanoic acid and pentanoic acid, for both sexes. In ad-
dition, there was a major bimodal peak at 17.5 min in all
male samples (Fig. la, asterisk). Two compounds were
completely separated by using mass chromatograms at
m/z 69 and m/z 60 extracted from the full-scan data
(Fig. 1b). By comparison of mass spectra and retention
time between samples and standards (Fig. 1c), we found
that the first and second compounds were MMB and 3-
methyl butanoic acid, respectively. Approximately 50 ng
of MMB were emitted from male feces (wet weight 1 g),
whereas it was under the detection threshold in female
samples (Fig. 1d). In volatile chemical profiles of
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Fig. 1 Volatile chemical profiles of cat feces. a A representative TD-GC-
MS TIC of volatile compounds emitted from male cat feces. b A TIC
(dotted line) and mass chromatograms at m/z 69 (line) and m/z 60 (gray
dotted line) around a bimodal peak detected at 17.5 min. ¢ Mass spectra of
the compound detected at 17.4 min (upper) and an authentic sample of
MMB (lower). d Box plots of MMB emission amounts from five male
(M1-M5) and five female cat (F1-F5) feces. e Principal component

gastrointestinal contents of a male cat, MMB was detect-
able in the colon and rectum samples, but not in the
duodenum or jejunoileal samples (Fig. S1). This indicat-
ed that felinine degradation to MMB begins in the large
intestine.

We next subjected the GC-MS data from five males (M1-
MS5) and five females (F1-F5), including eight fatty acids,
indole, phenol, p-cresol, and MMB to PCA for the character-
ization of fecal volatile chemical profiles. Both PC1 and PC2
grouped the 10 GC-MS data into two major groups corre-
sponding to males and females (Fig. 1e). HCA using the same
GC-MS data revealed that MMB, propanoic acid, and 4-
methyl pentanoic acid were significant contributors; high
levels of these compounds were characteristic of male samples

(Fig. 1f).

Temporal Changes of MMB Emission from Aging
Feces

We examined how long male cat feces emitted MMB into
the atmosphere. In this experiment, only the incubation tem-
perature was controlled, although other environmental fac-
tors, such as humidity, wind, and sunshine duration, could
influence MMB emission. However, we believed that tem-
perature would be strongly involved in the emission rate of

analysis (PCA) score plot of the 10 GC-MS results obtained from the
10 cats. f Heat map and dendrograms of the 10 GC-MS results obtained
from the 10 cats. Ward’s minimum variance was used for hierarchical
clustering. [a: acetic acid, b: propionic acid, ¢: 2-methyl propanoic acid,
d: butanoic acid, e: 3-methyl butanoic acid, f: pentanoic acid, g: 4-methyl
pentanoic acid, h: hexanoic acid, i: p-cresol, j: phenol, k: indole, and M:
MMB]

volatile compounds. There were dynamic temporal changes
in MMB emission rates for aging feces, except for samples
incubated at 4 °C (Fig. 2a). In feces at over 10 °C, MMB
emission rates were significantly higher in samples between
1.5 and 3 hr old than in the first 1.5 hr in each sample. MMB
emission rates were from high to low in the order of 30 °C >
20°C > 10 °C until 10.5 hr, but reached 0% earlier at 30 °C
than at other temperatures. At 30 °C, over 90% of MMB
were emitted from the feces by 10.5 hr, and MMB was
exhausted in the feces at 15 hr. At 20 °C, MMB was barely
detectable over 24 hr. In fecal samples incubated under
10 °C, MMB was not exhausted until 28.5 hr, and the re-
maining MMB was able to be completely ejected from the
feces after incubation at 40 °C. At 10 °C, MMB emission
rates at 24 hr were approximately 90%. At 4 °C, only ap-
proximately 40% of MMB was emitted from the feces into
the atmosphere, and over half of the first fecal contents of
MMB were retained in the feces for over 24 hr. Figure 2b
shows the ratio of MMB to total amounts of fatty acid in the
headspace of cat feces at 20 °C. In contrast to MMB, over
40% of the first 1.5 hr emission amounts of total fatty acids
were emitted from the feces every 90 min until 28.5 hr in
similar compositions of fatty acids (Fig. S2), indicating that
MMB makes a great contribution for the production of fecal
odor until 24 hr at 20 °C.
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Fig. 2 Temporal changes of emission rates of MMB and fatty acids from
male cat feces. a MMB emission rates from a male feces were determined
by TD-GC-MS every 90 min for up to 30 hr at 4 °C, 10 °C, 20 °C, or
30 °C. The rates were calculated by dividing emission amounts of MMB
and fatty acids from 1 g feces every 90 min by the total fecal contents of
MMB and fatty acids, respectively. In fecal samples incubated at 10 °C
and 4 °C, the MMB that was not exhausted from feces until 28.5 hr was
completely ejected from the feces by incubation at 40 °C (asterisk). b
Fecal MMB to fecal total volatile ratio was calculated by dividing the
emission amount of MMB by the sum of MMB and fatty acids every
90 min. Fig. S2 shows temporal changes in chemical profiles of fatty
acids emitted from the feces

Olfactory Discrimination Ability for Fecal MMB in Cats

In olfactory habituation-dishabituation tests, we examined
whether cats could discriminate between fecal odors with
and without MMB. By comparison of volatile chemical pro-
files between the copper solution-treated and the water-treated
feces, we found that although fatty acids, p-cresol, and indole
were detected at similar levels in both samples, MMB was
detectable in the water-treated feces, but not in the copper
solution-treated feces (Fig. 3a and b). These results confirmed
that both fecal samples exhibited the same chemical profiles of
volatile compounds, except for MMB. In the habituation trial,
the sniffing duration toward the copper solution-treated feces
decreased significantly in both sexes when the sample was
sniffed in the second round (Fig. 3c). By exposing the cats
to the water-treated feces, a significant (p < 0.05) increase in
sniffing duration toward the sample (dishabituation) was ob-
served in the eight male cats. This indicated that male cats
could discriminate between fecal odors with and without
MMB. In female cats overall, a statistically significant in-
crease in sniffing duration toward the water-treated feces
was not observed (Fig. 3d), although it was observed in three
of the five female cats.

In addition to laboratory cats, olfactory discrimination abil-
ity for MMB was also examined in free-roaming cats. Because
it would be difficult to test habituation-dishabituation tests in
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captured free-roaming cats because of capture-induced stress,
we compared their sniffing duration of cat feces with and
without MMB for free-roaming cats in their territories. In
the test presenting both copper solution-treated and water-
treated feces at the kindergarten playground (Fig. 3e), the
video camera captured five mature cats of unknown sex 15
times. For data analyses, we used nine captured movies, in
which they sniffed both samples sequentially within 5 min.
Three of the five cats were observed more than once on dif-
ferent trial days (Table S2). A mean, minimum, and maximum
numbers of observations/cat were 1.8, 1, and 3 times, respec-
tively. There was no significant difference in the total sniffing
duration of cats between copper solution-treated and water-
treated feces (Fig. 3f). In a second test, presenting only water-
treated feces at two locations, four of the five cats were cap-
tured 16 times. In analysis of 9 of the 16 movies in which they
sniffed both samples, there was a significant difference of
sniffing duration between the two samples (Fig. 3g). Three
of'the four cats observed more than once on different trial days
(Table S3). A mean, minimum, and maximum numbers of
observations/cat were 2.5, 1, and 3 times, respectively.
These results suggested that free-roaming cats recognized
the two samples as the same odor in the control assays, but
fecal odors with and without MMB as different odors in the
test assay.

Olfactory Discrimination Ability for Different Fatty
Acid Compositions in Cats

In habituation-dishabituation tests, olfactory discrimination
ability for two artificial fecal odors that had different fatty acid
compositions was examined in six male (M1-M6) and six
female cats (F1-F6). Chemical profiles of fatty acids used in
this test were markedly different between the two samples
(Fig. 4a). In the habituation trial, the sniffing duration toward
the M7’s sample was significantly decreased by repeated ex-
posures in both sexes (Fig. 4b and c). Then, during
dishabituation, the recovery of sniffing duration toward the
MS&’s sample, was observed in all cats. These results indicated
that male and female cats could distinguish the two artificial
fecal odors by sensing different fatty acid compositions.

Volatile Chemical Profiles of Body Odors in Cats

We questioned whether volatile compounds emitted from
bodies also contain species-specific volatile compounds such
as MMB, as well as excretions such as urine and feces. To
address this question, we analyzed volatile compounds emit-
ted from around the neck and the perianal area where cats sniff
each other preferentially. In TD-GC-MS TICs of volatile com-
pounds emitted from around the neck and the anus, there was
no peak with levels significantly higher in the neck region
compared to room air, except from isoflurane used for
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Fig. 3 Olfactory discrimination ability for fecal MMB in cats. a Data
acquired from TD-GC-MS TICs of volatile compounds emitted from
water- and copper solution-treated fecal samples used for behavior assays.
Insets show mass chromatograms at m/z 120, m/z 86, and m/z 69 for
MMB. [a: acetic acid, b: propionic acid, ¢: 2-methyl propanoic acid, d:
butanoic acid, e: 3-methyl butanoic acid, f: pentanoic acid, g: 4-methyl
pentanoic acid, h: p-cresol, i:, indole, and M: MMB] b. Mass spectra of
the compound detected at 20.1 min in water- and copper solution-treated
feces. Fragmentation patterns obtained from water-treated feces (Water),
but not from copper solution-treated feces (Feces-Cu), matched that of
authentic MMB. ¢ and d Olfactory habituation/dishabituation tests with 8

anaesthesia during sampling (Fig. 5a). In the perianal area,
several fatty acids were detected, as well as cat feces, but
MMB was not detected. In the PCA and HCA of GC-MS data
from five male (M1-M5) and five female cats (F1-F5) for
perianal odors, their chemical profiles markedly showed indi-
vidual differences, but there was no sex polarization as de-
scribed for fecal odors (Fig. 5b and c).

Discussion

Previous studies had shown that unburied cat feces are terri-
torial markers asserting the border of their home range, but
little was known which fecal compounds may function as
scent cues for species, sex, and individual recognition in cats.
The present study demonstrated scent communication using
feces from chemicals to behavioral responses in domestic cats.
A major finding is that the unusual amino acid, felinine, which
is found in certain Felidae species, is decomposed to the

males (¢) and 5 females (d) using copper solution-treated feces (Feces-
Cu) for habituation trials and water-treated feces (Feces) for
dishabituation tests. e A picture shows outdoor experiments, in which a
free-roaming cat came into the video recording location (kindergarten
sandbox) presenting water- (a) and copper solution-treated feces (b). f
The sniffing duration of free-roaming cats in outdoor experiments using
water- and copper solution-treated feces. g Sniffing duration of free-
roaming cats in outdoor experiments only using water-treated feces.
Different letters indicate significant differences among the groups
(p <0.05, repeated ANOVA followed by a Tukey Honestly Significant
Difference test)

volatile mercaptoethanol, MMB, in the large intestine. MMB
is then emitted from feces, whereas it was previously assumed
that MMB is found only in the urine (Miyazaki et al. 2006a).
Further studies suggest that variable subsets of short chain-
fatty acids provide individual identification to the fecal sam-
ples. In contrast to fatty acids that are major fecal components
of mammals, including humans (Kotani et al. 2009), MMB
has never been identified in other species including dogs, rab-
bits, and mice (Arnould et al. 1998; Goodrich et al. 1990;
Goodrich et al. 1981). These studies indicate that MMB con-
tributes to a cat-specific odor while the general odor of mam-
malian feces is produced by fatty acids and indole. Previous
studies suggested that MMB is a pheromone in cats
(MacDonald et al. 1984; Hendriks et al. 1995a; Miyazaki
et al. 2006b), but direct evidence had been lacking.
Considering discrimination ability for fecal MMB in cats,
we propose that MMB is a male sex recognition pheromone
in cats, which provides useful information for other males,
perhaps to avoid conflictions with scent owners.

@ Springer



370 J Chem Ecol (2018) 44:364-373
a 4o M7 40 M8 MMB levels were much higher in male cat feces than fe-
30+ ~ 307 male cat feces. We suggest that the measured sex-based dif-
%20 | % 204 ferences in MMB emission levels from cat feces is caused by
® ® sex-dependent felinine biosynthesis (Hendriks et al. 2008;
10 104 Hendriks et al. 1995b). Because our recent studies showed
0 b o d s f T b o d 6 f = that the biliary content.s of felinine precursors, 3-
b s C 15 methylbutanol-glutathione and 3-methylbutanol-
__ 1Male a ] Female cysteinylglycine, were significantly higher in males than in
i—* - E % ] females; nevertheless, there was no significant difference in
210 2101, felinine content between male and female fecal samples
3 3 ] é a (Futsuta et al. 2018). These results suggest that more felinine
25 R 2 5] E is decomposed to MMB in the large intestine of males than
£ b £ 4 b females, which results in higher MMB levels in males than
@ L1 @ = females. However, the remaining levels of felinine that do not

0 1st  2nd 0 1st  2nd decompose to MMB in feces are simi.lar .in .eith.er Sex.
— M8 — M8 Female cats have less olfactory discrimination ability for

Fig. 4 Olfactory discrimination ability for two artificial fecal odors in
cats. a GC-MS TICs of two artificial fecal odor that were prepared by
mixing authentic free fatty acids based on the GC-MS data of two male
cat feces (M7 and MS). [a: acetic acid, b: propionic acid, c: 2-methyl
propanoic acid, d: butanoic acid, e: 3-methyl butanoic acid, f: pentanoic
acid, g: 4-methyl pentanoic acid, h: hexanoic acid] b Olfactory
habituation/dishabituation tests in six laboratory male (M1-M6) and six
female cats (F1-F6). The M7’s sample was presented twice for 60 sec
with a 30 sec interval (habituation trial); and then M8’s sample was
presented once for 60 sec. Sniffing durations were measured. Different
letters indicate significant differences among the groups (p < 0.05, repeat-
ed ANOVA followed by a Tukey Honestly Significant Difference test)

fecal MMB than male cats have. The biological significance
of fecal MMB may be different between males and females.
Males have significantly larger home ranges than females, and
the overlap ratio of home ranges between cats is higher in
males than females (Yamane et al. 1994). Therefore, males
may expose feces with large amounts of MMB for territorial
defense in overlapping areas of territories, and such feces
emitting MMB may lead to avoidance by other males, with
whom contact could lead to fighting and injury. Olfactory
discrimination ability for fecal MMB may be more crucial
for territorial behavior in male cats than female cats.

2 Room
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2
mu

Intensity (x10,000,000)

-4 -2 0 2
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Fig. 5 Chemical profiles of volatile compounds emitted from cat bodies.
a Representative TD-GC-MS TICs obtained from Tenax-TA after con-
centrating the volatile compounds in a room without cats and from the
neck and perianal regions of a male cat. The asterisk denotes the back-
ground peak of isoflurane. Inset pictures show the sampling of volatile
compounds desorbed using Tenax TA tubes. b PCA score plot of the 10
GC-MS results obtained from the perianal regions of five male and five
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female cats. ¢ Heat map and dendrograms of the 10 GC-MS results ob-
tained from five male (M1-M5) and five female (F1-F5) cats. Ward’s
minimum variance was used for hierarchical clustering. [a: acetic acid,
b: propionic acid, c¢: 2-methyl propanoic acid, d: butanoic acid, e: 3-
methyl butanoic acid, f: pentanoic acid, g: 3-methyl pentanoic acid, h:
hexanoic acid]
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a Scent marks

Urine
g

Fig. 6 Schematic images to
explain differences of odor cues
emitted from between scent
marks and bodies. a For scent
marking, cats spray urine onto a
vertical surface and left feces on
the ground without burying.
‘When cats encounter scent marks,
since they cannot determine
species of scent owners only by
the outside appearance of feces
and dried urine, they utilize MMB
to recognize species and sexes of
scent owners before individual
recognition via individual
patterns of fatty acids. b Before
sniffing body odor of other
individuals, they obtain species
and sex information on scent
owners from visual cues. Cats use
their efforts to distinguish
individual patterns of fatty acids
during sniffing

Scent signals have advantages over visual and auditory
cues in that scent marks remain in the environment for a long
time, even if the owners are not present. For example, male
mice mark their territories using urine with major urinary pro-
teins (MUPs) that are scent signals for individual recognition
and remain stable in the marks over time without degradation
(Hurst and Beynon 2004). European badgers (Meles meles)
have subcaudal gland secretions containing medium- and long
chain-fatty acids (Buesching et al. 2002a). Chemical compo-
sitions of most of the fatty acids encoding group membership
and individuality remain stable in the secretions over days and
seasons, but contents of some fatty acids with temporal chang-
es during aging of the secretions encode the age of scent marks
(Buesching et al. 2002a, b). In addition to these reports, our
studies provide the knowledge on how a volatile compound
encoding species and sex also provide information on the age
of scent marks. In contrast to non-volatile MUPs and semi-
volatile fatty acids, emission rates of volatile MMB are not
fixed during aging of fecal samples. Therefore, MMB may be
used for time prediction, i.e., the time the other cat left after
depositing the feces. Cats use such scent information to decide
whether they penetrate the overlapping territorial area with
other cats. If cats sense a high level of MMB in feces, they
can predict that the scent owners may be present nearby. In
contrast, a low level of MMB may let cats know that scent
owners may have left the location some time ago. A male
identification pheromone would be important for the mainte-
nance of distance in time and space, and thus can help avoid
conflicts between cats.

Feces

b Body odors

Visual cues + Olfactory information

Individual recognltlon

Y h" A .
2. Sex recognition
e

Individual patterns
of fatty acids

= 3. Individual 'recognition

Prey animals of cats may also use MMB for discriminating
the resident cat’s presence in the environment. Brandt’s voles
(Lasiopodomys brandtii) exhibited higher levels of defensive
responses to freshly collected cat feces than old feces (stored
for a few days), suggesting the contribution of volatile com-
pounds emitted from fresh cat feces to these responses (Hegab
etal. 2014). There are reports that felinine serves as a predator
signal and has negative impacts on mouse reproduction; thus,
suggesting that mice recognize felinine as an indication of the
presence of cats, their primary predator (Voznessenskaya
2014). Considering that felinine is a non-volatile compound,
volatile MMB would be a candidate signal for prey species to
avoid encounters with predators.

Based on the present study and our previous studies, we
suggest that olfactory information, which animals acquire by
sniffing scent marks, such as urine and feces, and body areas,
differ from each other (Fig. 6). When cats encounter scent
marks of unknown owners, it is difficult to determine species
of the owners only by the appearance of the feces and dried
urine. They may recognize species and sex of the owners by
sensing MMB. Individual recognition may be carried out by
sensing subsets of fatty acids that differ among individuals. In
contrast, when the animals meet each other, they can obtain
species and sex information via visual cues before sniffing
body odor. They may use their efforts to distinguish individual
differences in body odors with individual patterns of fatty
acids, rather than MMB. Because major volatile contents of
cat anal sac secretions are fatty acids without MMB (Miyazaki
et al. 2017b), as well as those of the perianal area, anal sac
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secretions might contribute to body odors of the perianal area.
In addition to visual cues, olfactory cues may be useful for
individual identification of other cats, even if their appear-
ances are similar.

The identification of MMB in cat feces addresses a ques-
tion that concerns the public, especially cat owners: why do
their feces emit a distinctive, pungent smell to the atmo-
sphere? The present study showed that a copper ion solution
removes the MMB odor from cat feces, because a solution
containing copper ions binds to volatile compounds contain-
ing a thiol (-SH), and prevents their volatilization from the
solution. In other studies, the addition of copper sulfate to
solvent reduced the headspace concentration of a volatile thiol
compound, 3-mercapto-2-butanol (Vaughn et al. 2011).
Deodorants containing copper and silver ions will help to
neutralize the distinctive smell of cat feces.

In conclusion, fecal MMB is a male sex recognition pher-
omone in cats. Temporal changes of MMB emission rates
from feces also provide information about how recently the
scent owner was in the vicinity. Moreover, cat feces emit mix-
tures of short chain-fatty acids encoding individuality of scent
marks. In contrast to metabolic waste products using scent
marks, their body odors around perianal area emit fatty acids
but not specific compounds such as MMB. In summary, our
findings improve our understanding of scent communication
in mammals, particularly in the domestic cat.
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