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Abstract

In social animals, scent secretions and marking behaviors play critical roles in communica-
tion, including intraspecific signals, such as identifying individuals and group membership,
as well as interspecific signaling. Anal sacs are an important odor producing organ found
across the carnivorans (species in the mammalian Order Carnivora). Secretions from the
anal sac may be used as chemical signals by animals for behaviors ranging from defense
to species recognition to signaling reproductive status. In addition, a recent study suggests
that domestic cats utilize short-chain free fatty acids in anal sac secretions for individual rec-
ognition. The fermentation hypothesis is the idea that symbiotic microorganisms living in
association with animals contribute to odor profiles used in chemical communication and
that variation in these chemical signals reflects variation in the microbial community. Here
we examine the fermentation hypothesis by characterizing volatile organic compounds
(VOC) and bacteria isolated from anal sac secretions collected from a male Bengal cat
(Felis catus x Prionailurus bengalensis), a cross between the domestic cat and the leopard
cat. Both left and right anal sacs of a male Bengal cat were manually expressed (emptied)
and collected. Half of the material was used to culture bacteria or to extract bacterial DNA
and the other half was used for VOC analysis. DNA was extracted from the anal sac secre-
tions and used for a 16S rRNA gene PCR amplification and sequencing based characteriza-
tion of the microbial community. Additionally, some of the material was plated out in order to
isolate bacterial colonies. Three taxa (Bacteroides fragilis, Tessaracoccus, and Finegoldia
magna) were relatively abundant in the 16S rRNA gene sequence data and also isolated by
culturing. Using Solid Phase Microextraction (SPME) gas chromatography-mass spectrom-
etry (GC-MS), we tentatively identified 52 compounds from the Bengal cat anal sac secre-
tions and 67 compounds from cultures of the three bacterial isolates chosen for further
analysis. Among 67 compounds tentatively identified from bacterial isolates, 51 were also
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found in the anal sac secretion. We show that the bacterial community in the anal sac con-
sists primarily of only a few abundant taxa and that isolates of these taxa produce numerous
volatiles that are found in the combined anal sac volatile profile. Several of these volatiles
are found in anal sac secretions from other carnivorans, and are also associated with known
bacterial biosynthesis pathways. This is consistent with the fermentation hypothesis and the
possibility that the anal sac is maintained at least in part to house bacteria that produce vola-
tiles for the host.

Introduction

Social animals use olfactory as well as acoustic and visual signals to distinguish group members
from those that are not members of the group. Because odors can be shared within a group,
olfactory cues are thought to provide honest and reliable signals for group membership. Scent
secretions and marking behaviors play critical roles in animal communication, including
intraspecific signals, such as identifying individuals and group membership, as well as inter-
specific signaling. Anal sacs are an odor producing organ common to many mammals, includ-
ing members of the Order Carnivora (carnivorans) [1,2]. In carnivorans, anal sacs are two
small structures found on each side of the anus [3], located between the internal and external
sphincter muscles. The interior walls of each sac are lined with sebaceous and apocrine glands,
and the anal sac secretes a foul smelling, oily substance that ranges in color from yellow to
brown [4]. Anal sac secretions are used for defense by the hooded skunk (Mephitis macroura)
[5] and the honey badger (Mellivora capensis) [6], territory marking by the spotted hyena (Cro-
cuta crocuta) [7] and the wolf (Canis lupus) [8,9], individual identification by the domestic fer-
ret (Mustela putorius furo) [10,11], the small Indian mongoose (Herpestes auropunctatus) [12],
the giant panda (Ailuropoda melanoleuca) [13], the striped hyena (Hyaena hyaena) [14] and
the spotted hyena (C. crocuta) [15] and sex recognition by the brown bear (Ursus arctos) [16],
the giant panda (A. melanoleuca) [17], and Siberian weasels (Mustela sibirica) and steppe pole-
cats (M. eversmanni) [11,18]. In domestic cats (Felis catus) and meerkats (Suricata suricatta)
[19], anal sac secretions are used for territorial marking, and such secretions may have infor-
mation about sex, reproductive state, and recognition of individuals [1,20]. Further, these
chemical signals are species specific and chemical signals from scent glands in the Felidae were
found to retain a phylogenetic signal [21].

The chemical composition of anal sac secretions has been analyzed in a number of animals
in the Carnivora. Studies in the cheetah (Acinonyx jubatus), the red fox (Vulpes vulpes), the
domestic dog (Canis familiaris), the coyote (Canis latrans), the gray wolf (C. lupus), lion
(Panthera leo), and the small Indian mongoose (H. auropunctatus) have identified volatile
short-chain free fatty acids, such as acetic acid, propanoic acid, and butanoic acid as being par-
tially responsible for the odors [22-28]. The nature of these constituents led to the suggestion
that they may be metabolites produced by bacteria in the sac from available substrates [22].

The fermentation hypothesis posits that bacteria metabolize secretions and produce volatile
organic compounds, such as hydrocarbons, fatty acids, wax esters, and sulfur compounds
[15,16,29] that are used in communication by the host [30,31]. Evidence in support of this
hypothesis links bacterial action to specific, olfactory-mediated host behavior or to the produc-
tion of certain odorants. For example, researchers have shown that trimethylamine, an odorant
that plays a key role in mouse (Mus musculus) reproduction, requires commensal bacteria for
its production [32] [33]. Researchers have also inhibited odorant production in the small
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Indian mongoose (H. auropunctatus) and the Eurasian hoopoe (Upupa epops) by treating the
animals’ scent glands with antibiotics [30,34].

In this study, we investigated the fermentation hypothesis by focusing in detail on bacterial
isolates collected from a single animal, available at the time of this study. We studied a Bengal
cat, a hybrid between the Asian leopard cat (P. bengalensis) and the domestic cat (F. catus). We
collected anal sac secretions in order to characterize their chemical profile and analyze bacte-
rial community composition. Then we isolated and identified a set of bacteria that could be
cultivated under anaerobic conditions from these samples. Volatiles produced by these isolates
were identified and compared to those found in the anal sac secretions. This is the first study
we know of in felines to demonstrate that bacteria isolated from anal sacs produce volatile
compounds found in anal sac secretions.

Methods
Animal use and care

No laboratory animals were used in this research. The owner of a male Bengal cat volunteered
to have the cat’s anal sacs manually expressed by a veterinarian at the Berkeley Dog and Cat
Hospital in Berkeley, CA.

Sample collection

The UC Davis Institutional Animal Care and Use Committee (IACUC) determined that no
study approval was necessary for the collection of non-invasively sampled waste materials
(such as anal sac secretions and feces). The client requested that the veterinarian express the
anal sacs as part of a standard veterinary exam, and not for the purposes of this study.

With the owner’s consent, both left and right anal sacs were manually expressed in a male
Bengal cat (F. catus x P. bengalensis) by a veterinarian at the Berkeley Dog and Cat Hospital
in Berkeley, CA. Samples of anal sac secretions were collected using Puritan cotton swabs and
placed in 2 mL screw cap tubes. In total seven swabs were used to collect samples: two for 16S
rRNA gene PCR and sequencing, three for GC/MS analysis and two for culturing.

DNA extraction and 16S rRNA gene sequencing and analysis

Three swabs were used for 16S rRNA gene PCR and sequencing: one from the left anal sac
secretion, one from the right anal sac secretion, and one unused swab (used as a control). Each
of these swabs was placed into 100% ethanol prior to DNA extraction. Genomic DNA was
extracted using the MoBio PowerSoil DNA Isolation kit (MoBio, Carlsbad, CA, USA). Samples
were transferred to bead tubes containing C1 solution and incubated at 65 °C for 10 minutes,
followed by 3 minutes of bead beating. The remaining extraction protocol was performed as
directed by the manufacturer.

DNA samples were sent to the Integrated Microbiome Resource (IMR), Centre for Com-
parative Genomics and Evolutionary Bioinformatics, Dalhousie University for sequencing.
Bacterial diversity was characterized via PCR amplification of the 16S rRNA gene (V4-V5
region) using barcoded primers 515F and 926R [35]. PCR conditions were as follows: an initial
denaturation step at 98 °C for 30 seconds, 30 cycles of 98 °C for 10 seconds, 55 °C for 30 sec-
onds and 72 °C for 30 seconds, a final extension at 72 °C for 4 minutes 30 seconds, and a final
hold at 4 °C. Prior to sequencing, the amount of input DNA per sample was normalized using
a SequalPrep Normalization Plate, following the standard protocol (ThermoFisher Scientific,
Wilmington, DE, USA). The final library pool was quantified using the Qubit dsDNA HS
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assay (Invitrogen, Carlsbad, CA). The IMR then generated 300 bp paired end sequencing
reads of these PCR amplicons using v3 chemistry on an Illumina MiSeq machine.

Raw amplicon reads were demultiplexed and then processed using DADA2 v1.8, following
the standard online tutorial [36]. The reads were trimmed down to 250 base pairs to remove
low quality nucleotides. In addition, the quality of reads was ensured by trimming bases
that did not satisfy a Q2 quality score. Reads containing Ns were discarded and we used two
expected errors to filter the overall quality of the read (rather than averaging quality scores)
[37]. Chimeric reads were also removed using DADA?2 on a per sample basis. The remaining
pairs of reads were merged into amplicon fragments and unique Amplicon Sequence Variants
(ASVs) were identified. Reads that did not merge successfully were discarded. Upon comple-
tion of the DADA?2 pipeline, all ASV's (n = 52) that were found in the negative control swabs
were removed from the analysis, only three of these ASV's were also found in the anal sac sam-
ples. ASV's were assigned taxonomy using the DADA?2 function “assignTaxonomy” and the
Silva (NR v132) database [38-40]. One ASV that was assigned to “Eukaryotes” was removed.
All ASVs with the same taxonomy (at the genus level) were grouped and then ranked by num-
ber of reads. No ASV's were assigned to mitochondria or chloroplast.

Bacterial culturing and identification

Anal sac secretions from two swabs from the Bengal cat were vortexed with 1 mL Phosphate
Buffer Saline (PBS). Two serial 1:10 dilutions were performed and 100 uL of each dilution was
plated onto Columbia Blood Agar (CBA) and Brain Heart Infusion (BHI). Plates were incu-
bated anaerobically in a BD GasPak EZ Container System with packets of CO, generator for 5
days at 37 °C. Morphologically distinct colonies were streaked for isolation on both CBA and
BHI. The 16S rRNA gene from each culture was PCR amplified and sequenced using Sanger
sequencing using the 27F and 1391R primers. Taxonomy was assigned by the result of BLAST
queries to the nr database at NCBI (excluding unnamed/environmental sequences), a species
name was given in cases where the identity was >98% to only a single species.

Extraction and collection of volatiles

Cultured organisms. To extract volatiles from Bacteroides fragilis UCD-AAL1 and Tessaracoc-
cus sp. UCD-MLA, cultures were grown in 5 mL BHI anaerobically for 24 hours at 37 °C.
Three biological replicates were conducted by placing 100 pL of the culture into each of three
Restek (Bellefonte, PA) tubes filled with 5 mL of BHI. Two jar blanks (no media or bacteria)
and two BHI media-only blanks were used as controls. The same procedure was followed for
Finegoldia magna UCD-MLG, except that cultures were grown and incubated in BHI supple-
mented with 5% defibrinated sheep blood (BBHI) anaerobically for 24 hours at 37 °C.

Headspace extraction was performed with Solid Phase Microextraction (SPME) fibers (Part
57912-U, Sigma Aldrich), which had 50/30 um thickness and DVB/CAR/PDMA coating. Two
SPMEs were inserted into the headspace of each Restek tube prior to anaerobic incubation at
37 °C for 24 hours. SPME fibers were introduced by piercing the fibers through the septa insert
of the lids and making sure that the fibers were exposed to volatile compounds present in the
headspace without touching the media containing the bacteria. An internal standard was
introduced before sampling using 1 uL of the standard solution (10 mL/L of decane-d22 in eth-
anol) per jar.

Anal sac samples. For the anal sac samples, single swabs (two containing anal sac fluid sam-
ple and one unused control swab) were placed individually into single septa screw cap jars that
contained two SPME fibers. After a 24 hour incubation period, the SPMEs were removed.
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Then we performed a liquid extraction of volatiles by adding 20 mL of methanol to the jars
and letting them sit for 24 hours.

GC-MS analysis

Chromatography occurred on a 7890 GC (Agilent Technologies Inc., Santa Clara, CA) with a
ZB-WAX 30 m x 250 pum capillary column, coated with a 0.25 pm film stationary phase (Part
7HG-G007-11, 100% polyethylene glycol from Phenomenex, Torrance, CA) equivalent to
DB-Wax or Carbowax. Helium was used as the carrier gas at 1 ml/min in constant flow mode.
The inlet was set to 260 °C and SPMEs were splitlessly desorbed during the run. The oven tem-
perature was programmed to increase from 40 °C (held for 5 minutes) to 110 "C at a rate of 5
°C per minute, and raise to 250 "C (held for 10 min) at a rate of 40 °C per minute. A transfer
line set at 250 °C led to a 5977A mass spectrometer (Agilent Technologies Inc., Santa Clara,
CA) with a solvent delay of 5 minutes. The MS swept from 50 to 500 m/z. The mass spectrome-
ter was operated in the selected scan mode. The MS source was set to 230 °C and the MS quad
set to 150 °C. A standard mix of Cg-C,q alkanes was analyzed to calculate the Kovats Retention
Indices and to monitor control of the instruments.

Methanolic extract of cat anal secretion was analyzed by GC-MS as tert-butyldimethylsilyl
(TBDMS) derivative. 2 mL out of the 20 mL was used in the analysis. Samples were placed in
glass conical vials and dried, reacted with a mixture of 50 uL N-methyl-N-tert-butyldimethylsi-
lyltrifluoroacetamide (MTBSTFA; Sigma-Aldrich Co. LLC., St Louis, MO, U.S.A.) and 50 pL
acetonitrile at 60 °C for an hour. The derivatized anal sac solution was injected in duplicates
into the GC-MS.

GC-MS data analysis workflow

MassHunter Profinder B.08.00 (Agilent Technologies Inc.) was used to deconvolute, integrate
and align the data. Peaks with amplitudes of less than 1000 counts were ignored. Compounds
must have been present in at least 60% of replicates from one treatment to be included in sta-
tistical analyses. Peak areas were normalized to the internal standard peak area of each data
file. Furthermore, a VOC from a bacterial isolate or anal swab sample must have been, on aver-
age, three times greater than the respective controls (media blanks, etc.) to be included in this
analysis. Tentative compound identification was based on the combined comparing mass
spectra to the NIST 2014 Library and by a comparison of the calculated matching of standard
alkane retention indices (LRI) values, when available.

Results and discussion

The 16S rRNA gene PCR sequencing and analysis of the feline anal sac showed that 98% of the
reads that were placed into ASVs were assigned to six genera (Table 1). These ASVs generally
represent genera that contain anaerobic members known to be associated with mammals. Rep-
resentatives of the Tessaracoccus genus have been isolated in sediment and have also been
found in the gut of mammals including the Indian rhinoceros (Rhinoceros unicornis) and
humans [41-45]. Bacteroides is a genus of bacteria also often associated with mammals
[46,47]. Anaerococcus, Peptoniphilus and Finegoldia are all Gram Positive Anaerobic Cocci
(GPAC), formerly part of the Peptostreptophilus genus, and are found in mammalian guts and
urinary tracts [48-50]. Peptostreptococcus is another mammalian-associated GPAC, with
around 15 species in the genus. At least one member of the group has been found as an obli-
gate anaerobic bacterium in cats and dogs [51,52].

We cultured 25 bacterial isolates from this anal sac and found only Tessaracoccus, Escheri-
chia, Bacteroides, Finegoldia, and Clostridium isolates under the conditions used (Table 2). Of
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Table 1. 16S rRNA gene PCR and sequencing based survey of the Bengal cat anal sacs. Table shows the number of reads mapping to Amplicon Sequence Variants
(ASVs), summed by taxonomy at the genus level (e.g. everything with the same genus was collapsed into a single column). Not shown are any reads that were placed into
ASVs for which the genera of the taxonomic assignments summed to less than 1% of the total number of sequencing reads.

Right Anal Sac Left Anal Sac
# of reads % # of reads % Genus
15250 83% 17840 83% | Tessaracoccus
1532 8% 1986 9% | Anaerococcus
709 4% 746 3% | Finegoldia
325 2% 390 2% | Bacteroides
182 1% 114 1% | Peptoniphilus
117 1% 111 1% | Peptostreptococcus
18115 98% 21187 98% | n/a

https://doi.org/10.1371/journal.pone.0216846.t001

the cultured bacteria, three isolates were members of genera found in high abundance in the
anal sac: Tessaracoccus, Bacteroides fragilis, and Finegoldia magna. We therefore chose to focus
our experimental efforts on these genera.

Tessaracoccus is a genus in the Propionibacteriaceae family of the phylum Actinobacteria.
The characterized species in this genus are facultatively anaerobic and Gram-positive bacteria.

Table 2. Identified isolates in this study. Bolded taxa are those for which we generated volatile data. Taxonomic
assignments were made by examining the results of blastn searches of 16S rRNA gene sequences that were generated
via PCR amplification and Sanger sequencing.

Strain ID Genus Species
UCD-MLI Bacteroides fragilis
UCD-AAL1 Bacteroides fragilis
UCD-MBDI1A Clostridium perfringens
UCD-MBD2A Clostridium perfringens
UCD-MDIA Clostridium perfringens
UCD-MD1C Clostridium perfringens
UCD-MDI1E Clostridium perfringens
UCD-MD2A Clostridium perfringens
UCD-MLB Escherichia coli
UCD-MLG Finegoldia magna
UCD-MLA Tessaracoccus sp.
UCD-MLH Tessaracoccus sp.
UCD-ACL3 Tessaracoccus sp.
UCD-ADIA Tessaracoccus sp.
UCD-AD2B1 Tessaracoccus sp.
UCD-AD2B2 Tessaracoccus sp.
UCD-AD2B3 Tessaracoccus sp.
UCD-AD3C Tessaracoccus sp.
UCD-MLE Tessaracoccus sp.
UCD-MLF Tessaracoccus sp.
UCD-MBD1B Tessaracoccus sp.
UCD-MBDI1C Tessaracoccus sp.
UCD-MBD1D Tessaracoccus sp.
UCD-MBDIE Tessaracoccus sp.
UCD-MBD3A Tessaracoccus sp.
UCD-MD3B Tessaracoccus sp.

https://doi.org/10.1371/journal.pone.0216846.t1002
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Representatives from this genus have been isolated from a wide variety of environments,
including feces from the Indian rhinoceros [44], the gut of humans [43], metalworking fluid
[53], marine sediment [41], and activated sludge biomass [54]. For our work on Tessaracoccus,
we focused on a single isolate, Tessaracoccus sp. UCD-MLA. This full-length 16S rRNA gene
sequence was 97% identical to 16S rRNA gene sequences from multiple members of the genus
and we could not assign a species ID with confidence [55].

Bacteroides fragilis is the type species of the genus Bacteroides in the Bacteroidaceae family
(phylum Bacteroidetes) and is an obligate anaerobe [56]. It has previously been found in
numerous places, including the oral cavity of the domestic cat [57], as well as the gut micro-
biome of the domestic dog [58]. The 16S rRNA gene of our chosen isolate, Bacteroides fragilis
UCD-AALL, was 99% identical to 16S rRNA gene sequences from representatives of this spe-
cies at NCBI.

The only species in the genus of Finegoldia (Peptoniphilaceae family within the Firmicutes
phylum), Finegoldia magna, is an obligately anaerobic Gram-positive coccus that is part of the
normal flora of the human gastrointestinal and genitourinary tracts [49] and has been previ-
ously found in cats [59] as well as dogs [60]. The 16S rRNA gene from our single isolate, Fine-
goldia magna UCD-MLG, was 99% identical to 16S rRNA gene sequences from
representatives of this species at NCBI.

Anal sac secretion constituents and bacteria isolates headspace SPME

We tentatively identified 127 compounds from the domestic cat anal gland secretion. Out of
127 tentatively identified compounds, 89 compounds were found in liquid extraction of anal
secretion after TBDMS derivatization (S1 Table), and 52 compounds were measured by
SPME-GC-MS in the anal sac secretion. These compounds were tentatively identified on the
basis of the precise interpretation of its accurate mass spectra, MS fragmentation, and Kovats
index information. These VOC metabolites were identified in the following compound chemi-
cal classes: heterocyclic compounds (12%), alcohols (16%), fatty acids (17%), ketones (11%),
aromatic carbons (13%), amines (9%), aldehydes (7%), esters (6%).

A total of 67 unique compounds were tentatively identified from the SPME analysis of
the three bacterial isolates, with some compounds being found in more than one isolate (19
compounds from B. fragilis UCD-AALL, 44 compounds from Tessaracoccus sp. UCD-MLA,
and 23 compounds from F. magna UCD-MLG) (Table 3). Among these 67 compounds, 52
compounds were also found in the anal sac secretion. 11 compounds (octan-1-ol, 1-(H)-
indole, nonanoic acid, pentadecanoic acid, toluene, trans-2-pentenoic acid, non-2-enal,
tetradecanal, n-hexadecanoic acid, octadecanoic acid, and (Z)-docos-13-enoic acid) found
in the anal sac secretion have also been reported in other mammalian anal sac secretions
[10,13,14,17,19,20,26,27]. Octan-1-ol and 1-(H)-indole were found in the anal sac secretion
and in all three bacterial isolates. Octan-1-ol is a compound that produces a pungent odor and
was previously reported in C. lupus anal sac secretion [26]. 1-(H)-indole is known to be widely
distributed in the natural environment and can be produced by a variety of bacteria that have
a strong fecal odor. 1-(H)-indole has also been found in various mammalian anal secretions,
such as V. vulpes [61], F. catus [20], A. melanoleuca [13], C. lupus [26], and M. putorius furo
[10]. Toluene is an aromatic compound found naturally in petroleum and coal, and is a major
component of gasoline [62]. Raymer et. al. reported toluene found in C. lupus [26]. Although
anaerobic bacterial toluene degradation is a well-known pathway [63], toluene biosynthesis is
less common in bacteria. It is possible that our tentatively identified result could be a different
compound but is likely to contain the alkyl benzene structure. Non-2-enal, and tetradecanal
are chain aldehyde compounds. Non-2-enal was previously found in C. lupus [26] and
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Table 3. Tentatively identified compounds (compound name and formula listed) from cultures and anal sac. The presence of the compound is indicated by a ‘+” in
the column corresponding to each sample: Bengal cat anal sac secretion chemical profile (“Anal sac”) and headspace solid phase microextraction (SPME) for cultures of B.
fragilis UCD-AALI1 (“Bf”), Tessaracoccus sp. UCD-MLA (“Tess”), and F. magna UCD-MLG (“Fm”)).

Bacterial
isolates
Compound name Formula Reference Anal Bf | Tess |Fm
sac
cyclohexanone C6H100 + + |+ |+
dimethyl trisulfide C2H6S3 + + |+ |+
octan-1-ol C8H180 Wolf [8] + + |+ +
decan-1-ol C10H220 + + 0+ |+
1-(H)-indole C8H7N Red fox [27]; Domestic cat [20]; Giant panda [13]; Wolf + + |+ +
[8]; Ferret [10]
dimethyl disulfide C2H6S2 + + |+
m-Xxylene C8H10 + + |+
2,5-dimethylpyrazine C6H8N2 + + |+
phenylmethanol C7H80 + + |+
nonanoic acid C9H1802 Meerkats [19] + + | o+
pentadecanoic acid C15H3002 Lion [27]; Meerkats [19]; Giant panda [13,17] + + +
trichloromethane CHCI3 + | +
toluene C7HS8 Wolf [8] + +
2-aminocyanoacetamide C3H5N30 + +
butan-1-ol C4H100 + +
trans-2-pentenoic acid C5H802 Striped hyena [14] + +
Pyrazine C4H4N2 + +
azetidine C3H7N +
2-Methyl-2-propanyl acrylate C7H1202 +
ethenylbenzene C8H8 +
2-methylpyrazine C5H6N2 +
2-methylcyclopentanone C6H100 + +
methyl 3-amino-2-methylpropanoate C5HI1INO2 +
2-ethylpyrazine C6H8N2 +
1-isopropoxy-1-propene C6H120 + +
2-ethyl-5-methylpyrazine C7H8N2 +
2-ethylhexyl formate C9H1802 +
2-Isobutyl-3,6-dimethyl-pyrazine C10H16N2 +
Unknown + +
N-methyl-1-(methylthio)-2-nitroethenamine C4H8N202S +
1-(1,3-thiazol-2-yl)ethanone C5H5NOS +
1-phenylethan-1-one C8H8O + +
2-hexylaziridine C8H17N +
methyl (Z)-N-hydroxybenzenecarboximidate C8HINO2 +
non-2-enal C9H17NS Wolf [8] + +
2-decen-1-ol C10H200 + +
4-methyl-2,4-dihydro-3H-1,2,4-triazol-3-thion C3H5N3S + +
2-methylhexadecan-1-ol C17H360 + +
1-ethyl-5-methyltetrazole C9H10N4 + +
3-methylcinnoline C9HS8N2 + +
tetradecanal C14H280 Meerkats [8,19]; Giant panda [17] + +
(Z)-(N)-(2-methylpyridin-1-ium-1-yl)benzenecarboximidate C13H12N20 + +
(Continued)
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Table 3. (Continued)

n-hexadecanoic acid

octadecanoic acid

C16H3202 Lion [27]; Meerkats, [19]; Giant panda [17]
C18H3602 Lion [27]; Giant panda [13,17]; Brown bear [16]

Bacterial
isolates
Compound name Formula Reference Anal Bf | Tess |Fm
sac

phenyl carbamate C7H7NO2
4-amino-(N)-(3-morpholin-4-ylpropyl)-1,2,5-oxadiazole- CI10H17N503
3-carboxamide
pentadecyl acetate C17H3402 +
3,5-di-(tert)-butylphenol C14H220 +
2-hexyldecan-1-ol C16H340 +
decyl decanoate C20H4002 +
(n)-pentyldecanamide C18H3602 +

+

+

+

(Z)-docos-13-enoic acid

https://doi.org/10.1371/journal.pone.0216846.t003

C22H4202 Giant panda [13,17]

tetradecanal was found in both S. suricatta [19,27], and A. melanoleuca [17] anal sac secretions.
It is likely these aldehydes are formed by bacterial oxidation of a ubiquitous fatty acid such

as oleic acid [64]. Out of 52 compounds, six fatty acids were tentatively identified from the
anal sac secretion here; nonanoic acid, pentadecanoic acid, trans-2-pentenoic acid, n-hexade-
canoic acid, octadecanoic acid, and (Z)-docos-13-enoic acid. Fatty acids are one of the most
common compound groups known to be present in various animal anal sac secretions
[13,14,16,17,19,27] and all of the fatty acids found in the anal sac secretion have been previ-
ously reported in other mammalian anal sac secretions. Nonanoic acid is a nine carbon fatty
acid known to have unpleasant rancid odor, and previously found in S. suricatta anal sac secre-
tions [19]. Pentadecanoic acid was found in P. leo [27], S. suricatta [19], and A. melanoleuca
[13,17] anal sac secretions. Trans-2-pentenoic acid was found in H. hyaena [14] anal sac secre-
tions. N-hexadecanoic acid was found in P. leo [27], S. suricatta [19], A. melanoleuca [17] anal
sac secretions. (Z)-docos-13-enoic acid was found in A. melanoleuca [13,17] anal sac secre-
tions. Fatty acids are a very common group biosynthesized by variety of organisms. The bio-
genesis typically starts with acetyl CoA, which is extended with malonate units to ultimately
assemble fatty acids containing an even number of carbons [64]. All six fatty acids found in the
anal sac secretion were also found in the Tessaracoccus sp. UCD-MLA culture. It is possible
that the highly abundant (in the sample here) Tessaracoccus is largely contributing in the pro-
duction of fatty acid compounds in this anal sac.

41 compounds found in the Bengal cat anal sac secretion have not been previously
described in an anal sac secretion. Cyclohexanone and dimethyl trisulfide were found from
the anal sac secretion and also from all three bacteria isolates. Cyclohexanone is known to be
generated by the cyclohexanol degradation metabolomic pathway, which is widely used by
bacteria [65]. Including dimethyl trisulfide, volatile sulfur compounds (hydrogen sulfide,
methanethiol, dimethyl sulfide, dimethyl disulfide) such methionine derived volatiles are often
generated by bacteria [64] and have also been reported to be produced by the Bacteroides fam-
ily [66]. Hydrocarbons, aliphatic alcohols, and ketones are volatiles most likely formed by
modification of products of the fatty acid biosynthetic pathway [64]. Alkanes and methyl
ketones are often known to be produced from decarboxylation in bacteria [64]. Methyl ketone
group compounds (2-methyl cyclopentanone, 1-(1,3-thiazol-2-yl)ethanone, 1-phenylethan-
1-one) were tentatively identified from the cat anal sac secretion and at least one of the bacteria
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isolates. Another final modification process of the fatty acid metabolomic pathway is the
reduction of carboxy groups to aldehydes and into aliphatic alcohols. Several aliphatic alcohols
(decan-1-ol, butan-1-ol, 2-methylhexadecan-1-ol, 2-hexyldecan-1-ol) were tentatively identi-
fied from the anal sac secretion and from bacteria isolates. Butan-1-ol and its bishomologues
up to C16 have been found in different combinations in several bacteria [64,67,68]. Aromatic
compounds are common natural products in plants but also known to be produced by bacteria
[64]. Especially among the aromatic alcohols, such phenols, 2-penylethanol is one of the most
aromatic compounds produced by diverse bacteria. In this present study, aromatic alcohols,
such as benzyl alcohol, and 3,5-ditert-butylphenol were tentatively identified from both anal
sac and bacterial isolates. These aromatic alcohols can be assumed to be generated by the shiki-
mate pathway which is present only in microorganisms and plants, never in animals [69].

Conclusions

To our knowledge, this is the first study examining either the VOC profile of domestic feline
anal sacs or the VOC profiles of associated bacteria. We show that these particular feline anal
sacs are dominated by only a few taxa, most of which are easily culturable under anaerobic
conditions. These bacteria produce the majority of the identified volatiles in the total anal sac
scent profile. In total, 127 VOCs were found in anal sac secretions, 67 VOCs found in bacteria
culture, and 51 compounds found in both anal sec and bacteria samples. Our preliminary
identification of these volatiles is supported by the existence of known bacterial metabolic
pathways for many of these compounds. Together these results are consistent with the fermen-
tation hypothesis and suggest that further characterization of the anal sac microbial commu-
nity, as well as the VOC’s produced therein, could potentially shed light on the potentially
symbiotic relationship between these microbes and their host.

Supporting information

S1 Table. Tentatively identified compounds in the anal gland secretion of headspace solid
phase microextraction (SPME) and liquid extraction tert-butyldimethylsilyl (TBDMS)
derivative of domestic cat. Compounds were tentatively identified by calculating their Kovats
Retention Index in comparison to reported literature values and by comparison of extracted
mass spectra to the NIST 2014 mass spectral library.

(DOCX)

Acknowledgments

We thank Leah K. Isaacson, DVM for expressing the anal sacs and providing these samples to
us. The authors would also like to thank Petra Dahms, Dana De Vries, and Alex Martin who
worked on the initial stages of this project. We thank Alexandria Falcon for contributing her
technical expertise.

Author Contributions

Data curation: Mei S. Yamaguchi, Holly H. Ganz, Adrienne W. Cho, Thant H. Zaw, Guil-
laume Jospin, Mitchell M. McCartney, David A. Coil.

Formal analysis: Mei S. Yamaguchi, Mitchell M. McCartney.
Methodology: Mei S. Yamaguchi, Jonathan A. Eisen, David A. Coil.

Project administration: David A. Coil.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216846 September 13,2019 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216846.s001
https://doi.org/10.1371/journal.pone.0216846

@ PLOS | O N E Bacteria isolated from bengal cat anal sac secretions produce VOCs putatively associated with animal signaling

Resources: Holly H. Ganz.

Writing - original draft: Mei S. Yamaguchi, Holly H. Ganz, David A. Coil.

Writing - review & editing: Mei S. Yamaguchi, Mitchell M. McCartney, Cristina E. Davis,

Jonathan A. Eisen, David A. Coil.

References

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Feldman HN. Methods of scent marking in the domestic cat. Can J Zool. 1994; 72: 1093—1099.

Nordstrom NK, Noble WC. Colonization of the axilla by Propionibacterium avidum in relation to age.
Appl Environ Microbiol. 1984; 47: 1360—1362. PMID: 6742846

Gorman ML, Trowbridge BJ. The Role of Odor in the Social Lives of Carnivores. Carnivore Behavior,
Ecology, and Evolution. 1989. pp. 57-88.

McColl I. The comparative anatomy and pathology of anal glands. Arris and Gale lecture delivered at
the Royal College of Surgeons of England on 25th February 1965. Ann R Coll Surg Engl. 1967; 40: 36—
67. PMID: 6016560

Wood WF, Sollers BG, Dragoo GA, Dragoo JW. Volatile components in defensive spray of the hooded
skunk, Mephitis macroura. J Chem Ecol. 2002; 28: 1865-1870. PMID: 12449512

Begg CM, Begg KS, Du Toit JT, Mills MGL. Scent-marking behaviour of the honey badger, Mellivora
capensis (Mustelidae), in the southern Kalahari. Anim Behav. 2003; 66: 917-929.

Drea CM, Vignieri SN, Sharon Kim H, Weldele ML, Glickman SE. Responses to olfactory stimuli in spot-
ted hyenas (Crocuta crocuts): 1. Discrimination of conspecific scent. J Comp Psychol. 2002; 116: 342—
349. PMID: 12539929

Raymer J, Wiesler D, Novotny M, Asa C, Seal US, Mech LD. Chemical investigations of wolf (Canis
lupus) anal-sac secretion in relation to breeding season. J Chem Ecol. 1985; 11: 593-608. https://doi.
org/10.1007/BF00988570 PMID: 24310125

Asa CS, David Mech L, Seal US. The use of urine, faeces, and anal-gland secretions in scent-marking
by a captive wolf (Canis lupus) pack. Anim Behav. 1985; 33: 1034—1036.

Clapperton BK, Kay Clapperton B, Minot EO, Crump DR. An olfactory recognition system in the ferret
Mustela furo L. (Carnivora: Mustelidae). Anim Behav. 1988; 36: 541-553.

Zhang JX, Soini HA, Bruce KE, Wiesler D, Woodley SK, Baum MJ, et al. Putative chemosignals of the
ferret (Mustela furo) associated with individual and gender recognition. Chem Senses. 2005; 30: 727—
737. https://doi.org/10.1093/chemse/bji065 PMID: 16221798

Gorman ML. A mechanism for individual recognition by odour in Herpestes auropunctatus (Carnivora:
Viverridae). Anim Behav. 1976; 24: 141-145.

Zhang J-X, Liu D, Sun L, Wei R, Zhang G, Wu H, et al. Potential chemosignals in the anogenital gland
secretion of giant pandas, Ailuropoda melanoleuca, associated with sex and individual identity. J Chem
Ecol. 2008; 34: 398—407. https://doi.org/10.1007/s10886-008-9441-3 PMID: 18293041

Theis KR, Venkataraman A, Dycus JA, Koonter KD, Schmitt-Matzen EN, Wagner AP, et al. Symbiotic
bacteria appear to mediate hyena social odors. Proc Natl Acad Sci U S A. 2013; 110: 19832-19837.
https://doi.org/10.1073/pnas.1306477110 PMID: 24218592

Burgener N, Dehnhard M, Hofer H, East ML. Does anal gland scent signal identity in the spotted
hyaena? Anim Behav. 2009; 77: 707-715.

Rosell F, Jojola SM, Ingdal K, Lassen BA, Swenson JE, Armemo JM, et al. Brown bears possess anal
sacs and secretions may code for sex. J Zool. 2010; 283: 143—-152.

Yuan H, Liu D, Sun L, Wei R, Zhang G, Sun R. Anogenital gland secretions code for sex and age in the
giant panda, Ailuropoda melanoleuca. Can J Zool. 2004; 82: 1596—1604.

Zhang J-X, Sun L, Zhang Z-B, Wang Z-W, Chen Y, Wang R. Volatile compounds in anal gland of Sibe-
rian weasels (Mustela sibirica) and steppe polecats (M. eversmanni). J Chem Ecol. 2002; 28: 1287—
1297. PMID: 12184403

Leclaire S, Jacob S, Greene LK, Dubay GR, Drea CM. Social odours covary with bacterial community in
the anal secretions of wild meerkats. Sci Rep. 2017; 7: 3240. https://doi.org/10.1038/s41598-017-
03356-x PMID: 28607369

Miyazaki M, Miyazaki T, Nishimura T, Hojo W, Yamashita T. The Chemical Basis of Species, Sex, and
Individual Recognition Using Feces in the Domestic Cat. J Chem Ecol. 2018; 44: 364—373. https://doi.
org/10.1007/s10886-018-0951-3 PMID: 29637491

PLOS ONE | https://doi.org/10.1371/journal.pone.0216846 September 13,2019 11/14


http://www.ncbi.nlm.nih.gov/pubmed/6742846
http://www.ncbi.nlm.nih.gov/pubmed/6016560
http://www.ncbi.nlm.nih.gov/pubmed/12449512
http://www.ncbi.nlm.nih.gov/pubmed/12539929
https://doi.org/10.1007/BF00988570
https://doi.org/10.1007/BF00988570
http://www.ncbi.nlm.nih.gov/pubmed/24310125
https://doi.org/10.1093/chemse/bji065
http://www.ncbi.nlm.nih.gov/pubmed/16221798
https://doi.org/10.1007/s10886-008-9441-3
http://www.ncbi.nlm.nih.gov/pubmed/18293041
https://doi.org/10.1073/pnas.1306477110
http://www.ncbi.nlm.nih.gov/pubmed/24218592
http://www.ncbi.nlm.nih.gov/pubmed/12184403
https://doi.org/10.1038/s41598-017-03356-x
https://doi.org/10.1038/s41598-017-03356-x
http://www.ncbi.nlm.nih.gov/pubmed/28607369
https://doi.org/10.1007/s10886-018-0951-3
https://doi.org/10.1007/s10886-018-0951-3
http://www.ncbi.nlm.nih.gov/pubmed/29637491
https://doi.org/10.1371/journal.pone.0216846

@ PLOS | O N E Bacteria isolated from bengal cat anal sac secretions produce VOCs putatively associated with animal signaling

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Bininda-Emonds ORP, Decker-Flum DM, Gittleman JL. The utility of chemical signals as phylogenetic
characters: an example from the Felidae. Biol J Linn Soc Lond. 2001; 72: 1-15.

Albone ES, Perry GC. Anal sac secretion of the red fox, Vulpes vulpes; volatile fatty acids and
diamines: Implications for a fermentation hypothesis of chemical recognition. J Chem Ecol. 1976; 2:
101-111.

Apps P, Mmualefe L, Weldon McNutt J. Identification of volatiles from the secretions and excretions of
African wild dogs (Lycaon pictus). J Chem Ecol. 2012; 38: 1450-1461. https://doi.org/10.1007/s10886-
012-0206-7 PMID: 23129124

Decker DM, Ringelberg D, White DC. Lipid components in anal scent sacs of three mongoose species
(Helogale parvula, Crossarchus obscurus, Suricata suricatta). J Chem Ecol. 1992; 18: 1511-1524.
https://doi.org/10.1007/BF00993225 PMID: 24254283

Preti G. Volatile constituents of dog (Canis Familiaris) and coyote (Canis Latrans) anal sacs. J Chem
Ecol. 1976; 2: 177-186.

Raymer J, Wiesler D, Novotny M, Asa C, Seal US, Mech LD. Chemical investigations of wolf (Canis
lupus) anal-sac secretion in relation to breeding season. J Chem Ecol. 1985; 11: 593-608. https://doi.
org/10.1007/BF00988570 PMID: 24310125

Albone ES, Eglinton G, Walker JM, Ware GC. The anal sac secretion of the red fox (Vulpes
vulpes); its chemistry and microbiology. A comparison with the anal sac secretion of the lion
(Panthera leo). Life Sci. 1974; 14: 387—400. https://doi.org/10.1016/0024-3205(74)90069-1 PMID:
4813597

Poddar-Sarkar M, Brahmachary RL. Putative semiochemicals in the African cheetah (Acinonyx juba-
tus). J Lipid Mediat Cell Signal. 1997; 15: 285-287. PMID: 9041477

Hefetz A, Ben-Yaacov R, Yom-Tov Y. Sex specificity in the anal gland secretion of the Egyptian mon-
goose Herpestes ichneumon. J Zool. 2009; 203: 205-209.

Gorman M, Nedwell DB, Smith RM. An analysis of the contents of the anal scent pockets of Herpestes
auropunctatus (Carnivora: Viverridae). J Zool. 2009; 172: 389—-399.

Albone ES, Shirley SG. Mammalian semiochemistry: the investigation of chemical signals between
mammals. John Wiley & Son Ltd; 1984.

Li Q, Korzan WJ, Ferrero DM, Chang RB, Roy DS, Buchi M, et al. Synchronous evolution of an odor bio-
synthesis pathway and behavioral response. Curr Biol. 2013; 23: 11-20. https://doi.org/10.1016/j.cub.
2012.10.047 PMID: 23177478

al-Waiz M, Mikov M, Mitchell SC, Smith RL. The exogenous origin of trimethylamine in the mouse.
Metabolism. 1992; 41: 135-136. https://doi.org/10.1016/0026-0495(92)90140-6 PMID: 1736035

Martin-Vivaldi M, Pefia A, Peralta-Sanchez JM, Sanchez L, Ananou S, Ruiz-Rodriguez M, et al. Antimi-
crobial chemicals in hoopoe preen secretions are produced by symbiotic bacteria. Proc Biol Sci. 2010;
277:123-130. https://doi.org/10.1098/rspb.2009.1377 PMID: 19812087

Comeau AM, Douglas GM, Langille MGI. Microbiome Helper: a Custom and Streamlined Workflow for
Microbiome Research. mSystems. 2017; 2: pii: e00127-16.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: High-resolution
sample inference from lllumina amplicon data. Nat Methods. 2016; 13: 581-583. hitps://doi.org/10.
1038/nmeth.3869 PMID: 27214047

Edgar RC, Flyvbjerg H. Error filtering, pair assembly and error correction for next-generation sequenc-
ing reads. Bioinformatics. 2015; 31: 3476-3482. https://doi.org/10.1093/bioinformatics/btv401 PMID:
26139637

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Res. 2013; 41: D590—
6. https://doi.org/10.1093/nar/gks 1219 PMID: 23193283

Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, et al. The SILVA and “All-species Living
Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res. 2014; 42: D643-8. https://doi.org/10.
1093/nar/gkt1209 PMID: 24293649

Glockner FO, Yilmaz P, Quast C, Gerken J, Beccati A, Ciuprina A, et al. 25 years of serving the commu-
nity with ribosomal RNA gene reference databases and tools. J Biotechnol. 2017; 261: 169-176.
https://doi.org/10.1016/j.jbiotec.2017.06.1198 PMID: 28648396

Lee DW, Lee SD. Tessaracoccus flavescens sp. nov., isolated from marine sediment. Int J Syst Evol
Microbiol. 2008; 58: 785-789. https://doi.org/10.1099/ijs.0.64868-0 PMID: 18398170

Cai M, Wang L, CaiH, Li Y, Wang Y-N, Tang Y-Q, et al. Salinarimonas ramus sp. nov. and Tessaracoc-
cus oleiagri sp. nov., isolated from a crude oil-contaminated saline soil. Int J Syst Evol Microbiol. 2011;
61: 1767-1775. https://doi.org/10.1099/ijs.0.025932-0 PMID: 20802058

PLOS ONE | https://doi.org/10.1371/journal.pone.0216846 September 13,2019 12/14


https://doi.org/10.1007/s10886-012-0206-7
https://doi.org/10.1007/s10886-012-0206-7
http://www.ncbi.nlm.nih.gov/pubmed/23129124
https://doi.org/10.1007/BF00993225
http://www.ncbi.nlm.nih.gov/pubmed/24254283
https://doi.org/10.1007/BF00988570
https://doi.org/10.1007/BF00988570
http://www.ncbi.nlm.nih.gov/pubmed/24310125
https://doi.org/10.1016/0024-3205(74)90069-1
http://www.ncbi.nlm.nih.gov/pubmed/4813597
http://www.ncbi.nlm.nih.gov/pubmed/9041477
https://doi.org/10.1016/j.cub.2012.10.047
https://doi.org/10.1016/j.cub.2012.10.047
http://www.ncbi.nlm.nih.gov/pubmed/23177478
https://doi.org/10.1016/0026-0495(92)90140-6
http://www.ncbi.nlm.nih.gov/pubmed/1736035
https://doi.org/10.1098/rspb.2009.1377
http://www.ncbi.nlm.nih.gov/pubmed/19812087
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1093/bioinformatics/btv401
http://www.ncbi.nlm.nih.gov/pubmed/26139637
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1093/nar/gkt1209
http://www.ncbi.nlm.nih.gov/pubmed/24293649
https://doi.org/10.1016/j.jbiotec.2017.06.1198
http://www.ncbi.nlm.nih.gov/pubmed/28648396
https://doi.org/10.1099/ijs.0.64868-0
http://www.ncbi.nlm.nih.gov/pubmed/18398170
https://doi.org/10.1099/ijs.0.025932-0
http://www.ncbi.nlm.nih.gov/pubmed/20802058
https://doi.org/10.1371/journal.pone.0216846

@ PLOS | O N E Bacteria isolated from bengal cat anal sac secretions produce VOCs putatively associated with animal signaling

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Seck E, Traore Sl, Khelaifia S, Beye M, Michelle C, Couderc C, et al. Tessaracoccus massiliensis sp.
nov., a new bacterial species isolated from the human gut. New Microbes New Infect. 2016; 13: 3—12.
https://doi.org/10.1016/j.nmni.2016.05.002 PMID: 27358740

Li G-D, Chen X, Li Q-Y, Xu F-J, Qiu S-M, Jiang Y, et al. Tessaracoccus rhinocerotis sp. nov., isolated
from the faeces of Rhinoceros unicornis. Int J Syst Evol Microbiol. 2016; 66: 922—-927. https://doi.org/
10.1099/ijsem.0.000812 PMID: 26621119

Finster KW, Cockell CS, Voytek MA, Gronstal AL, Kjeldsen KU. Description of Tessaracoccus profundi
sp.nov., a deep-subsurface actinobacterium isolated from a Chesapeake impact crater drill core (940 m
depth). Antonie Van Leeuwenhoek. 2009; 96: 515-526. https://doi.org/10.1007/s10482-009-9367-y
PMID: 19669589

Xu J, Bjursell MK, Himrod J, Deng S, Carmichael LK, Chiang HC, et al. A genomic view of the human-
Bacteroides thetaiotaomicron symbiosis. Science. 2003; 299: 2074-2076. https://doi.org/10.1126/
science.1080029 PMID: 12663928

Slots J, Listgarten MA. Bacteroides gingivalis, Bacteroides intermedius and Actinobacillus actinomyce-
temcomitans in human periodontal diseases. J Clin Periodontol. 1988; 15: 85-93. https://doi.org/10.
1111/1.1600-051x.1988.tb00999.x PMID: 3279073

Song Y, Finegold SM. Peptostreptococcus, Finegoldia, Anaerococcus, Peptoniphilus, Veillonella, and
other anaerobic cocci. Manual of Clinical Microbiology, 10th Edition. American Society of Microbiology;
2011. pp. 803-816.

Murdoch DA, Shah HN. Reclassification of Peptostreptococcus magnus (Prevot 1933) Holdeman and
Moore 1972 as Finegoldia magna comb. nov. and Peptostreptococcus micros (Prevot 1933) Smith
1957 as Micromonas micros comb. nov. Anaerobe. Elsevier; 1999; 5: 555-559.

Ezaki T, Kawamura Y, Li N, Li ZY, Zhao L, Shu S. Proposal of the genera Anaerococcus gen. nov., Pep-
toniphilus gen. nov. and Gallicola gen. nov. for members of the genus Peptostreptococcus. Int J Syst
Evol Microbiol. 2001; 51: 1521-1528. https://doi.org/10.1099/00207713-51-4-1521 PMID: 11491354

Jang SS, Breher JE, Dabaco LA, Hirsh DC. Organisms isolated from dogs and cats with anaerobic
infections and susceptibility to selected antimicrobial agents. J Am Vet Med Assoc. 1997; 210: 1610—
1614. PMID: 9170087

Lawhon SD, Taylor A, Fajt VR. Frequency of resistance in obligate anaerobic bacteria isolated from
dogs, cats, and horses to antimicrobial agents. J Clin Microbiol. 2013; 51: 3804-3810. https://doi.org/
10.1128/JCM.01432-13 PMID: 24025899

Kéampfer P, Lodders N, Warfolomeow |, Busse H-J. Tessaracoccus lubricantis sp. nov., isolated from a
metalworking fluid. Int J Syst Evol Microbiol.; 2009; 59: 1545-1549. https://doi.org/10.1099/ijs.0.
006841-0 PMID: 19502351

Maszenan AM, Seviour RJ, Patel BK, Schumann P, Rees GN. Tessaracoccus bendigoensis gen. nov.,
Sp. nov., a gram-positive coccus occurring in regular packages or tetrads, isolated from activated sludge
biomass. Int J Syst Bacteriol.; 1999; 49 Pt 2: 459-468.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215: 403—410. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

Whitman WB, Rainey F, Kdmpfer P, Trujillo M, Chun J, DeVos P, et al., editors. Bacteroides. Bergey’s
Manual of Systematics of Archaea and Bacteria. Chichester, UK: John Wiley & Sons, Ltd; 2015. pp. 1—
24.

Love DN, Johnson JL, Moore LV. Bacteroides species from the oral cavity and oral-associated diseases
of cats. Vet Microbiol. 1989; 19: 275-281. https://doi.org/10.1016/0378-1135(89)90073-4 PMID:
2718354

Kirchoff NS, Udell MAR, Sharpton TJ. The gut microbiome correlates with conspecific aggressionin a
small population of rescued dogs (Canis familiaris). Peerd. 2019; 7: e6103. https://doi.org/10.7717/
peerj.6103 PMID: 30643689

Dewhirst FE, Klein EA, Bennett M-L, Croft JM, Harris SJ, Marshall-Jones ZV. The feline oral micro-
biome: a provisional 16S rRNA gene based taxonomy with full-length reference sequences. Vet Micro-
biol. 2015; 175: 294-303. https://doi.org/10.1016/j.vetmic.2014.11.019 PMID: 25523504

Gnanandarajah JS, Johnson TJ, Kim HB, Abrahante JE, Lulich JP, Murtaugh MP. Comparative faecal
microbiota of dogs with and without calcium oxalate stones. J Appl Microbiol. 2012; 113: 745-756.
https://doi.org/10.1111/j.1365-2672.2012.05390.x PMID: 22788835

Albone ES, Gronnerberg TO. Lipids of the anal sac secretions of the red fox, Vulpes vulpes and of the
lion, Panthera leo. J Lipid Res. 1977; 18: 474—-479. PMID: 894139

Parales RE, Parales JV, Pelletier DA, Ditty JL. Chapter 1 Diversity of Microbial Toluene Degradation
Pathways. Advances in Applied Microbiology. 2008. pp. 1-73.

Heider J. Anaerobic bacterial metabolism of hydrocarbons. FEMS Microbiol Rev. 1998; 22: 459-473.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216846 September 13,2019 13/14


https://doi.org/10.1016/j.nmni.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27358740
https://doi.org/10.1099/ijsem.0.000812
https://doi.org/10.1099/ijsem.0.000812
http://www.ncbi.nlm.nih.gov/pubmed/26621119
https://doi.org/10.1007/s10482-009-9367-y
http://www.ncbi.nlm.nih.gov/pubmed/19669589
https://doi.org/10.1126/science.1080029
https://doi.org/10.1126/science.1080029
http://www.ncbi.nlm.nih.gov/pubmed/12663928
https://doi.org/10.1111/j.1600-051x.1988.tb00999.x
https://doi.org/10.1111/j.1600-051x.1988.tb00999.x
http://www.ncbi.nlm.nih.gov/pubmed/3279073
https://doi.org/10.1099/00207713-51-4-1521
http://www.ncbi.nlm.nih.gov/pubmed/11491354
http://www.ncbi.nlm.nih.gov/pubmed/9170087
https://doi.org/10.1128/JCM.01432-13
https://doi.org/10.1128/JCM.01432-13
http://www.ncbi.nlm.nih.gov/pubmed/24025899
https://doi.org/10.1099/ijs.0.006841-0
https://doi.org/10.1099/ijs.0.006841-0
http://www.ncbi.nlm.nih.gov/pubmed/19502351
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1016/0378-1135(89)90073-4
http://www.ncbi.nlm.nih.gov/pubmed/2718354
https://doi.org/10.7717/peerj.6103
https://doi.org/10.7717/peerj.6103
http://www.ncbi.nlm.nih.gov/pubmed/30643689
https://doi.org/10.1016/j.vetmic.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25523504
https://doi.org/10.1111/j.1365-2672.2012.05390.x
http://www.ncbi.nlm.nih.gov/pubmed/22788835
http://www.ncbi.nlm.nih.gov/pubmed/894139
https://doi.org/10.1371/journal.pone.0216846

@ PLOS | O N E Bacteria isolated from bengal cat anal sac secretions produce VOCs putatively associated with animal signaling

64.

65.

66.

67.

68.

69.

Schulz S, Dickschat JS. Bacterial volatiles: the smell of small organisms. Nat Prod Rep. 2007; 24: 814—
842. https://doi.org/10.1039/b507392h PMID: 17653361

Stirling LA, Watkinson RJ, Higgins IJ. Microbial Metabolism of Alicyclic Hydrocarbons: Isolation and
Properties of a Cyclohexane-degrading Bacterium. J Gen Microbiol. 1977; 99: 119-125.

Tonzetich J, McBride BC. Characterization of volatile sulphur production by pathogenic and non-patho-
genic strains of oral Bacteroides. Arch Oral Biol. 1981; 26: 963—-969. https://doi.org/10.1016/0003-9969
(81)90104-7 PMID: 6122435

Kiviranta H, Tuomainen A, Reiman M, Laitinen S, Liesivuori J, Nevalainen A. Qualitative identification of
volatile metabolites from two fungi and three bacteria species cultivated on two media. Cent Eur J Public
Health. 1998; 6: 296-299. PMID: 9919382

Dickschat JS. Identification, Synthesis, and Biosynthesis of Volatiles from Diverse Bacteria. PhD The-
sis, TU Braunschweig, 2005.

Haslam E. Metabolites of the Shikimate Pathway. The Shikimate Pathway. London: Butterworths.
1974. pp. 80-127.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216846 September 13,2019 14/14


https://doi.org/10.1039/b507392h
http://www.ncbi.nlm.nih.gov/pubmed/17653361
https://doi.org/10.1016/0003-9969(81)90104-7
https://doi.org/10.1016/0003-9969(81)90104-7
http://www.ncbi.nlm.nih.gov/pubmed/6122435
http://www.ncbi.nlm.nih.gov/pubmed/9919382
https://doi.org/10.1371/journal.pone.0216846

