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ABSTRACT

Background: Many animals rely on chemical cues for intraspecific communication.
This is especially important in fossorial animals because visual restrictions of the
underground environment limit the opportunities for visual communication.
Previous experiments showed the ability of the amphisbaenian Trogonophis
wiegmanni to discriminate between several categories of conspecifics based on
chemical cues alone. However, in contrast with many other reptile species,

T. wiegmanni does not have external secretory glands, but uses uncharacterized
secretions from the cloaca in intraspecific chemosensory communication.
Methods: Using gas chromatography-mass spectrometry (GC-MS), we analyzed the
lipophilic compounds from feces and cloacal products freshly extracted from the
cloaca of male and female T. wiegmanni. We identified and estimated relative
proportions of the compounds found, and tested for intersexual and body-size
related differences.

Results: We found a total of 103 compounds, being some steroids (mainly cholesterol
and cholestanol), some alkanes and squalene the most abundant and frequent.
Further, we found intersexual differences, with males, especially larger ones, having
higher proportions of several alkanes between C;; and C,, and of squalene than
females, which had higher proportions of several steroids and also of nonacosane and
methylnonacosane than males. We compared these findings with secretions of other
animals and discuss the potential role of these compounds and their variations in
intraspecific communication of amphisbaenians.

Subjects Animal Behavior, Biochemistry, Ecology, Zoology
Keywords Amphisbaenians, Chemical Ecology, Communication, Lipids

INTRODUCTION

Chemical cues play a very important role in intra- and interspecific communication of

many animal species (Wyatt, 2014). This is often based on specific compounds secreted
from the skin or produced by specialized external glands. For example, in many reptiles,
compounds from external femoral or precloacal gland secretions seem to be the basis of
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intraspecific communication (Mason, 1992; Weldon, Flachsbarth e Schulz, 2008; Mason ¢
Parker, 2010; Martin & Lopez, 2011, 2014). In addition, in many animals, different
semiochemicals, secreted by internal glands are incorporated into feces or urine and used
in communication (Miiller-Schwarze, 2006). Reptiles are particularly interesting because in
many diverse species of reptiles, fecal pellets that likely contain secretions from internal
cloacal glands can provide detailed chemical information to conspecifics (e.g., Duvall,
Graves & Carpenter, 1987; Lopez, Aragon ¢ Martin, 1998; Bull, Griffin & Perkins, 1999;
Bull, Griffin & Johnston, 1999; Bull et al., 2001; Wilgers & Horne, 2009). These studies are a
strong evidence that chemical signaling via fecal/cloacal secretions is a conserved trait in at
least lizards, with an important role in their social and reproductive behavior (Mason,
1992; Martin & Lopez, 2011). However, the chemical ecology (chemical composition and
ecological roles) of these fecal and cloacal glandular secretions has been much less studied
in reptiles (e.g., Bull, Griffin & Perkins, 1999) than, for example, in mammals (e.g.,
Miiller-Schwarze, 2006; Martin, Barja ¢ Lépez, 2010; Miyazaki et al., 2018).

Amphisbaenians are a group of fossorial reptiles with characteristic morphological and
functional adaptations (e.g., loss of limbs, narrow heads and reduced vision) that allow an
underground lifestyle (Gans, 1974, 1978; Navas et al., 2004; Baeckens et al., 2017a). Given
that fossoriality clearly limits the utility of visual cues, and that amphisbaenians have only
very rudimentary vision (Gans, 1978), chemical senses seem prominent in these animals.
Although only a few species have been examined, amphisbaenians use chemical cues to
identify their prey and predators (Lépez ¢ Martin, 1994, 2001; Semhan, Halloy ¢ Montero,
2010; Lopez, Ortega ¢ Martin, 2014), and to discriminate between classes of conspecifics
(Cooper, Lopez & Salvador, 1994; Lopez & Martin, 2009; Martin et al., 2020; Martin et al.,
2021).

The checkerboard worm lizard Trogonophis wiegmanni is a strictly fossorial
amphisbaenian found in sandy soils in NW Africa (Bons ¢ Geniez, 1996; Martin, Lopez ¢
Garcia, 2013). Previous studies measuring tongue-flicking behavior showed that this
amphisbaenian is able to discriminate conspecifics using chemical cues from the cloaca
(Martin et al., 2020). At least male amphisbaenians recognized the sex of unfamiliar
conspecifics based on scent alone. Moreover, both males and females discriminated
between a familiar partner and an unfamiliar individual of the same sex as the partner, and
males discriminated between self and unfamiliar male scents (Martin et al., 2020). Further,
adult females, but not males, could discriminate between the scents of familiar juveniles,
likely their offspring, and unfamiliar ones (Martin et al., 2021). Therefore, these behavioral
studies suggest that cloacal chemical cues provide information on the sexual and individual
identity of this amphisbaenian.

However, the chemical basis of such chemosensory abilities of amphisbaenians are
practically unknown. In other amphisbaenian species, Blanus cinereus, sex discrimination
seems to be based on variation of some lipophilic compounds secreted by the external
precloacal glands, such as squalene, fatty acids, cholesteryl methyl ether and cholesterol
(Lopez &> Martin, 2005; Lopez ¢» Martin, 2009). Precloacal glands, however, are not found
in T. wiegmanni, although it has internal cloacal glands (Bons ¢ Saint Girons, 1963).
We hypothesized that similar lipophilic compounds in secretions coming from these
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cloacal glands might be incorporated into fecal products and be the basis of chemosensory
communication in this amphisbaenian.

In this article, we analyzed using gas chromatography-mass spectrometry (GC-MS) the
lipophilic compounds from fecal and cloacal products freshly and directly extracted in the
field from the cloaca of male and female amphisbaenians 7. wiegmanni. We identified and
estimated relative proportions of the compounds found, tested for intersexual and body
size-related differences, and discuss the potentiral role of these compounds in intraspecific
communication of this amphisbaenian.

MATERIALS AND METHODS

Field sampling of feces and cloacal products of amphisbaenians
During June 2022, we conducted field work at the Chafarinas Islands (35°11'N, 2°25'W;
Spain), where T. wiegmanni is very abundant (Martin et al., 2011a, 2011b). This is a small
volcanic archipelago located in the southwestern area of the Mediterranean Sea, 4.6 km
offshore the northern Moroccan coast (Ras el Ma, Morocco). The archipelago consists of
three small islands: Congreso (25.6 ha), Isabel II (15.1 ha; the only one inhabited by
humans) and Rey Francisco (13.9 ha).

We looked for amphisbaenians under stones in Isabel and Rey Island and captured
individuals by hand. Fecal and cloacal samples were obtained from live amphisbaenians
immediately after capture in the field. Amphisbaenians usually defecated gastrointestinal
contents when handled, but we sometimes needed to compress gently their vents to force
the expulsion of feces. We used 1.1 ml total recovery chromatography glass vials (ref.
V2275; Analisis Vinicos S.L., Tomelloso, Spain) to individually store a small amount of
each fecal sample and associated liquid products directly taken from the cloaca. Vials were
closed with a Teflon-lined stopper and a screw cap, labeled and temporally kept in a
refrigerated box in the field and later stored in a freezer at —20 °C until analyses were
performed 1 month after. We also made blank control vials using the same procedure but
without collecting feces, which were treated and analyzed in the same manner to compare
with the fecal samples and to be able to detect potential contaminants from the handling or
analytical procedure.

We determined the sex of amphisbaenians by carefully everting the hemipenes of males
from the cloacas (Martin et al., 2011b) and measured their snout-to-vent length (SVL)
using a metal ruler. Males and females sampled were adults that did not significantly
differ in SVL (males, mean * SE = 136 £ 9 mm, range = 83-174 mm, n = 11; females,
146 £ 6 mm, range = 124-176 mm, n = 9; One-way ANOVA on log-transformed SVL,
Fi18 = 0.99, p = 0.33). Animals were released to their capture sites in a few minutes.
We ensured that the same individuals were not sampled twice because amphisbaenians
were marked individually with PIT-tags as part of a long-term population study
(Recio et al., 2019).

The captures enforced all the present Spanish laws and were performed under license
granted by the “Organismo Auténomo de Parques Nacionales” (Spain) (n° 12706) and in
accordance with the national animal welfare standards and protocols supervised by the
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“Comision Etica de Experimentacién Animal (CEEA)” (Ethical Committee of the National
Museum of Natural Sciences, Spanish Research Council, CSIC) (Ref. 901/2020).

Chemical analyses of compounds in feces

In the laboratory, we thawed the vials with samples and added 250 pl of n-hexane
(capillary GC grade; Sigma-Aldrich Chemical Co, Saint Louis, MO, USA) to each vial.
The vial was closed and we mixed the solution for 1 min using a vortex. Thereafter, the vial
was placed in a fridge for 10 min to rest until the solid material that was not dissolved
precipitated at the bottom of the vial. We extracted the supernatant clear liquid phase with
a glass syringe and transferred it to a clean vial that was closed with a Teflon-lined stopper.

To analyze samples, we used a gas chromatograph (GC) (Agilent 7890A; Agilent, Santa
Clara, CA, USA) coupled to a mass spectrometer (MS) (Agilent 5975C with Triple-Axis
HED-EM detector). The GC was equipped with a poly (5% phenyl/95%
methylpolysiloxane) Agilent HP5-MS column (30 m length, 0.25 mm ID, 0.25 mm film
thickness). The oven of the GC was programmed so that the temperature was held initially
at 45 °C for 10 min, and then increased at a rate of 5 °C/min until a final temperature of
280 °C, which was held for 20 min. We used helium at 0.6 ml/min as the carrier gas.
We injected 2 pl of each sample in splitless mode with an inlet temperature of 255 °C.
Ionization by electron impact (70 eV) was carried out at 150 °C with a source temperature
of 230 °C. We did not record mass spectral fragments below m/z = 28.

The initial tentative identification of the compounds found in the fecal samples was
carried out by comparing the fragmentation patterns (i.e., mass spectra) of the compounds
detected in the samples with those available in the NIST/EPA/NIH 2002 computerized
mass spectral library. When possible, the identification was confirmed by comparing the
spectra and retention times with those obtained under the same analytical conditions of
the analysis using authentic standards (from Sigma-Aldrich Chemical Co) (see Table S1).
Impurities identified in the control vial samples (e.g., hydroperoxyhexanes, siloxanes,
phthalates, efc.) are not reported.

Data analyses

The relative amount of each chemical compound was determined as the compound
peak area in the chromatogram divided by the total peak area (TIC area), excluding
contaminants, and multiplied by 100. For this, we used the integration capacity of the peak
areas available in the software Xcalibur (Finningan Co., Saranac Lake, NY, USA). For
statistical analyses, the relative proportions of each compound were transformed
following the formula: In ((proportion)/(1- proportion)), to correct the problem of
non-independence between proportions (Aebischer, Robertson ¢ Kenward, 1993;
Garcia-Roa et al., 2018).

To test for intersexual differences in the chemical profiles, we used the software
PRIMER V6.1.13 (Clarke ¢» Gorley, 2006) and PERMANOVA + V1.0.3 (Anderson, Gorley
¢ Clarke, 2008). Analyses were made considering all the compounds found or restricted to
the 20 most abundant compounds (i.e., with the highest mean relative proportions
considering the average abundance across all individuals), and which frequencies of
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appearance were also high (mean = 63%; range = 35-100%). We first calculated the
Euclidean distances between every pair of individual samples and produced a resemblance
matrix that was the basis for further analyses. Then, to compare the chemical profiles
between sexes, we used permutational multivariate variance analyses (PERMANOVA,
based on the Euclidean resemblance matrix and using 999 permutations) (Anderson,
2001), and canonical analyses of principal coordinates (CAP) (Anderson & Willis, 2003).

The transformed areas of the 20 most abundant compounds were also used to make a
principal component analysis (PCA). The factor scores of the extracted principal
components (PCs) were used as new dependent variables in general linear models (GLM)
to test for differences between sexes (fixed factor) and in relationship with SVL (log;,-
transformed, continuous factor) and including the interactions sex x SVL in the models.
When an interaction was significant, we calculated separately for males and females
Spearman’s rank order correlations between PC scores and log;,-transformed SVL to
explore the meaning and direction of such interaction. Statistical analyses were performed
using the software Statistica 7.0 (StatSoft Inc., Tulsa, OK, USA).

RESULTS

Chemicals in feces and cloacal secretions of adult amphisbaenians
We found a total of 103 lipophilic compounds in fresh feces and cloacal secretions
collected directly from adult amphisbaenians (Table S1). However, the number of
compounds detected in a single individual was much lower, ranging between 10 and 54
(mean + SD = 33 * 13 compounds/fecal sample). Most of the major compounds were
found in most of the samples (i.e., 18 compounds appeared in at least half of the samples
with a mean proportion of 3.8%), whereas other minor compounds were found only
occasionally (i.e., 85 compounds appeared in less than half of the samples with a mean
proportion of 0.4%) (Table S1).

The main compounds were 34 steroids (population mean + SD = 53.90 + 24.07% of the
TIC area), 22 linear alkanes between n-C;, and n-Cs4 (18.86 + 14.18%), 21 branched
alkanes (13.13 £ 11.87%) and one terpenoid (squalene, 9.57 + 13.81%). In addition, we also
found other minor compounds, such as eight alcohols (3.14 + 5.07%), three aromatic
heterocyclic compounds (0.72 + 0.95%), nine methyl esters of carboxylic acids between
n-Cy4and n-Cyg (0.35 £ 0.69%), one ketone (0.17 + 0.48%), three aldehydes (0.14 + 0.36%),
and cyclic octaatomic sulfur (<0.01%) (Table S1). On average, pooling all adult individuals,
the five most abundant compounds were cholesterol (11.4%), cholestan-3f3-ol (10.3%),
squalene (9.6%), cholest-5-en-3-ol acetate (8.1%) and 11-methylnonacosane (6.7%),
although these proportions varied between sexes (see below).

Intersexual and body size-related differences

Males and females had similar types of lipophilic major compounds and a similar total
number of compounds in a single sample (males: mean + SD = 32 + 9; females: 34 + 17;
GLM on log;o-transformed number of compounds, sex, F; ;5 = 0.45, p = 0.51), and this
number was not significantly related with body size (SVL, F; 16 = 0.72, p = 0.41; sex x SVL,
F116 = 0.39, p = 0.54). However, there were some intersexual differences in the GC traces
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Figure 1 Intersexual differences in compounds in feces of amphisbaenians. Representative gas
chromatogram traces of a male (top) and a female (bottom) individual amphisbaenian T. wiegmanni.
Numbers above some peaks refer to characteristic compounds listed inside each graph.

Full-size K] DOIL: 10.7717/peerj.15002/fig-1

(Fig. 1). In particular, there were significant differences between males and females in the

proportions of the major classes of compounds (Pearson’s x* = 12.83, p = 0.025) (Fig. 2)

and in the rank order of the main compounds; the five most abundant compounds of
males were squalene (11.2%), cholestan-3f-ol (10.9%), cholesterol (9.3%), cholest-5-en-3-
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Figure 2 Classes of compounds in feces of amphisbaenians. Mean (+ SD) relative proportions (% of
TIC area) of the major classes of compounds found in feces and cloacal products of males (black bars)
and females (grey bars) of the amphisbaenian T. wiegmanni.

Full-size K] DOL: 10.7717/peerj.15002/fig-2

ol acetate (6.7%) and cholest-3-one (3.9%), whereas the main compounds of females were
cholesterol (13.8%), 11-methylnonacosane (10.5%), cholest-5-en-3-ol acetate (9.9%),
cholestan-3f-ol (9.6%) and squalene (7.5%) (Table S1). The PERMANOVA analysis based
on the resemblance matrix comparing samples of each sex showed significant differences
in the overall proportion of compounds between males and females (pseudo F, ;g = 5.35,
p = 0.004). The CAP analysis assigned 80% of the chemical profiles into the correct sex
using the Euclidean distances between samples (permutational test, §,o = 0.97, p = 0.02,
using leave-one-out cross-validation and m = 11 axis). Similar analyses restricted to the 20
most abundant compounds yielded similar results (PERMANOVA, pseudo F; ;5 = 6.25,
p =0.004; CAP, 80% correct assignations; permutational test, §,9 = 0.81, p=0.019,m=10
axis). Interestingly, the three individual males, which sex was incorrectly assigned by the
CAP based on their chemical profiles, were those with the smallest SVL.

The PCA analysis of the transformed areas of the 20 most abundant compounds
extracted four principal components (PCs) with eigenvalues greater than one, which
together accounted for 86.2% of the variance (Table 1). The analysis of the PC scores
resulting from the PCA showed that there were significant intersexual differences in the
compounds described by PC1 (GLM, sex: F ;7 = 10.33, p = 0.0051), which were not
significantly related to body size when pooling all individuals (SVL: F; ;; = 0.08, p = 0.78),
but the interaction was significant (sex x SVL: F; ;; = 11.51, p = 0.0035). Analyzing the two
sexes separately, the relationship between PC1 and SVL was positive and significant in
males (Spearman’s correlation, r; = 0.67, t = 2.73, p = 0.023), but there was not any
significant relationship in females (r; = 0.02, t = 0.04, p = 0.97) (Fig. 3). Thus, according to
correlations of the compounds with the PC1 (Table 1), males, especially larger ones, had
higher proportions of several alkanes between C,; and C,, and higher proportions of
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Table 1 Principal components analysis (PCA) for the 20 compounds more abundant in feces of the
amphisbaenian Trogonophis wiegmanni. Compound are presented in order of abundance. Correlations
between variables (compounds) and the principal components that were significant at p < 0.01 are
marked in bold. RT = retention time (min).

Compound PC1 PC2 PC3 PC4
Cholesterol —-0.69 —0.48 0.21 0.37
Cholestan-3f-ol —-0.59 0.55 0.29 0.48
Squalene 0.75 —0.03 0.26 —-0.20
Cholest-5-en-3-ol, acetate -0.39 —-0.38 0.68 —-0.26
11-Methylnonacosane -0.81 0.25 -0.07 -0.16
Cholest-5-en-3-ol, unidentified derivative —0.28 -0.64 0.67 0.02
Nonacosane -0.80 0.16 —0.42 0.11
Cholestan-3-one 0.04 0.91 0.13 —-0.13
Cholest-3-ene —-0.15 0.76 0.37 0.18
Sitosterol —0.76 -0.32 —0.34 0.27
Unidentified branched alkane at RT 58.1 —-0.63 0.34 0.04 -0.47
Octadecane 0.95 —-0.05 —-0.07 0.18
Eicosane 0.90 -0.10 0.06 0.22
Docosane 0.95 0.01 —0.04 0.15
Cholesta-3,5-diene —-0.13 —0.84 0.25 0.00
Tridecane 0.92 —-0.06 0.01 0.19
Unidentified steroid at RT 58.4 —-0.92 -0.23 —-0.11 —-0.01
Cholest-2-ene —-0.48 0.65 0.42 0.38
Tetracosane 0.93 —-0.11 —-0.01 0.17
Stigmastan-3,5-diene -0.76 —0.46 -0.26 0.24
Eigenvalue 9.90 4.21 1.89 1.23
Explained variance (%) 49.52 21.03 9.47 6.14

squalene than females, which in contrast had higher proportions of several steroids such as
cholesterol, cholestanol or sitosterol and also high proportions of nonacosane and
methylnonacosane than males (Table S1). There were not significant differences between
sexes or significant relationships with SVL in PC2 (GLM, sex: F; ;; = 0.21, p = 0.65; SVL:
Fy.17 = 0.01, p = 0.90; sex x SVL: F, 1, = 0.20, p = 0.66), PC3 (GLM, sex: F, ;, = 0.70,
p=041; SVL: F; ,, = 0.02, p = 0.880; sex x SVL: F; ,; = 0.69, p = 0.42) or PC4 (GLM, sex:
Fi,, = 0.58, p = 0.46; SVL: F, ;7 = 0.05, p = 0.83; sex x SVL: F; ;; = 0.53, p = 0.47).

DISCUSSION

Our chemical analyses showed the occurrence of a high diversity of lipophilic compounds,
mainly steroids and alkanes, in feces of the amphisbaenian T. wiegmanni. Some of these
compounds might have a role as semiochemicals in intraspecific communication, as
suggested by previous behavioral experiments based on tongue-flicking assays that
measured the rate of biochemical sampling to cloacal scents (Martin et al., 2020, 2021).
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Figure 3 Sex and body size-related variation in compounds in feces of amphisbaenians. Relationship
between body size (SVL) of males (black circles, continuous line) and females (white circles) of the
amphisbaenian T. wiegmanni and the PC-1 scores from a PCA describing the profile of compounds
found in their feces and cloacal products. The arrow indicates the correlations of the PC-scores with the
relative proportions of determined compounds. Full-size K] DOTI: 10.7717/peerj.15002/fig-3

The consistent patterns of presence and abundance of some specific major compounds
in feces of T. wiegmanni suggest that these compounds are not merely remains of the prey
(e.g., insects and other invertebrates), which can vary between individual fecal samples
(e.g., feces containing mainly snails vs. those with mainly adult beetles). Thus, part of the
compounds showing a consistent pattern across individuals might be secreted by cloacal
glands and be incorporated into feces. Moreover, given that there are no intersexual
differences in the diet of this species (Martin et al., 2013), the observed significant
intersexual overall differences in proportion of compounds in feces and cloacal secretions
also support that at least some of these compounds are not dependent directly on the prey
remains contained in feces. Also in lizards, exocrine secretions coming from femoral or
preclocacal glands are not directly produced by diet/prey components and, moreover, diet
seems a relatively poor predictor of interspecific differences in the chemical profiles of
femoral secretions of lizards (Baeckens et al., 2017b).

Similarly, in some skinks and lizard species, compounds with a semiochemical function
are secreted onto the surface of the feces, probably coming from cloacal glands, as feces are
deposited by the animal. These feces have been found to allow conspecific and sex
discrimination in several skinks (Bull, Griffin ¢ Perkins, 1999; Bull, Griffin & Johnston,
1999; Bull et al., 2000, 2001), lacertids (Aragon, Lépez & Martin, 2000; Nisa-Ramiro et al.,
2019), iguanians (Duvall, 1979, 1981; Duvall, Graves ¢ Carpenter, 1987; Labra et al., 2002;
Wilgers & Horne, 2009) and geckos (Carpenter ¢ Duvall, 1995). Fecal pellets may even be
used for territorial scent marking (Duvall, Graves ¢ Carpenter, 1987; Carpenter ¢ Duvall,
1995; Lopez, Aragon ¢ Martin, 1998). For example, in some Australian skinks (Egernia
striolata and E. stokesii), individuals respond more strongly to chemicals from feces of
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unfamiliar conspecifics than to their own scats (Bull, Griffin & Perkins, 1999; Bull, Griffin
e~ Johnston, 1999). This difference in behavior was unrelated to diet because there was no
difference in the response to scats from unfamiliar lizards fed on the same or a different
diet from the test skink. Specific compounds with semiochemical properties have not been
identified in the feces of these skinks. However, these semiochemicals are probably a
combination of several lipids that were contained in scat extracts made with organic
solvents (dichloromethane), because further fractionation of the scats with different
solvents (pentane and methanol) led to loss of the lipids and the unique signals needed for
individual recognition (Bull, Griffin ¢ Perkins, 1999).

Steroids are the major compounds found in feces of T. wiegmanni amphisbaenians,
which coincides with the overall composition of femoral gland secretions of many lizards
(Weldon, Flachsbarth & Schulz, 2008; Martin ¢ Lopez, 2014) and of precloacal gland
secretions of the amphisbaenian B. cinereus (Lopez ¢ Martin, 2005, 2009). In most lizard
species examined so far, cholesterol is often the main compound found in glandular
secretions (Weldon, Flachsbarth ¢ Schulz, 2008; Martin e~ Lopez, 2014). Also, cholesterol is
a major compound in feces of T. wiegmanni, although cholestanol is also similarly
abundant. The latter is a metabolite of its biological precursor, cholesterol, produced by
oxidation by symbiotic anaerobic microorganisms found in the digestive tract (Scheline,
1973). Therefore, similarly to lizards, it is likely that cholesterol might be the main
compound in cloacal secretions of T. wiegmanni, although a large part of cholesterol would
be later transformed to cholestanol in the cloaca by bacteria before being expelled in feces.
Also, in birds, symbiotic bacteria in the uropygial gland are known to transform and
produce volatile compounds that are behaviorally relevant for communication (Whittaker
et al., 2019). In general, in vertebrates, the source specificity of fecal steroids is a
combination of steroid intake, metabolic production of steroids and also the characteristics
of the microbiota resident within the animal’s digestive tract (Leeming et al., 1996). Thus,
as it occurs in lizards (Martin & Lopez, 2015), variations in steroids in feces and cloacal
secretions of T. wiegmanni amphisbaenians may indirectly reflect not only the sex, but also
the metabolism, body size, condition and quality of the producer and be important in
communication.

Alkanes were the second more abundant class of compounds found in feces of
T. wiegmanni, which could be simply remains of prey. However, the higher abundance and
diversity of alkanes found in males in comparison with females, in spite of the lack of dietary
differences (Martin et al., 2013), suggests again that at least some of these alkanes might have
a different source, perhaps from internal cloacal glands whose secretion might differ between
sexes. In many insects, differences in cuticular or glandular hydrocarbon profiles allow
interspecific and intersexual discrimination (Wyatt, 2014). Similarly, differences in alkane
profiles might also have an important role in communication in T. wiegmanni, for example,
explaining its reported self and familiar chemosensory recognition abilities (Martin et al.,
2020, 2021). In this sense, the relative high abundance in feces of T. wiegmanni, especially
in females, of two long-chain alkanes (heptacosane and nonacosane) and their derivative
monomethylalkanes (11-methylheptacosane and 11-methylnonacosane) is particularly
interesting for their potential in sex and familiar recognition. Similarly, many insects, such as
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some beetles and ants, utilize 11-methylnonacosane and similar branched alkanes in their
chemical communication systems (e.g., Dahbi et al., 1996; Sugeno, Hori ¢» Matsuda, 2006).
For example, the mating behavior of male beetles Gastrophysa atrocyanea is elicited by the
presence of these and similar cuticular monomethylalkanes on the surface of the female body
(Sugeno, Hori & Matsuda, 2006). Also, multiple species of garter snakes and the brown
treesnake produce in the skin blends of long-chain hydrocarbons (methyl ketones) that have
a chemical signaling function (Mason et al., 1989; Mason et al., 1990; Parker et al., 2018) and
similar long-chain lipids are also used by cockroaches for chemical communication (Eliyahu
et al., 2008). Therefore, the blends of long-chain alkanes found in feces of T. wiegmanni
might have a similar role in sex identification, and even in familiar recognition and
reproductive behavior, which warrants further investigation.

Squalene seems also an important compound in the feces of T. wiegmanni, being the
main single compound in males, which have higher proportions than females.
Interestingly, in the precloacal gland secretions of the amphisbaenian B. cinereus, squalene
also shows similar importance and intersexual differences, and this compound alone seems
to allow chemosensory sex discrimination by males (Lopez ¢ Martin, 2005, 2009).
Squalene has also been identified as one component of the male recognition system of
garter snakes (Thamnophis sirtalis) (Mason et al., 1989). Thus, when squalene was
experimentally supplemented on the skin of a female snake, the intensity of courtship to
which this female was subjected was reduced (Shine et al., 2005). Furthermore, in
amphisbaenians, squalene might also signal dominance status or aggressiveness of males
because higher concentrations of squalene presented alone elicit higher levels of aggression
by males in the amphisbaenian B. cinereus (Lopez & Martin, 2009). The relationhsip
between squalene and a signal of dominance might be explained because squalene is the
biochemical precursor of many steroids, including steroid hormones such as testosterone,
and there is likely some metabolic relationship between the circulating amounts of these
two compounds. Similar roles might be predicted for the squalene found in feces and
cloacal secretions of the amphisbaenian T. wiegmanni. In fact, we found that proportions
of squalene, and of several alkanes too, were greater in larger males (see Fig. 3). Further
experiments should examine responses of this amphisbaenian to squalene and alkanes
with different concentrations, and look for empirical and experimental relationships
between proportions of these compounds, body size, reproductive hormones and
behavioral variables such as aggressiveness.

Finally, other minor compounds that are common in secretions of other reptiles were
also found in feces of T. wiegmanni. However, these minor compounds appeared in very
low proportions and in most cases only occasionally, which would not point to a potential
role in communication in this amphisbaenian. For example, in contrast to exocrine
secretions of lizards and the amphisbaenian B. cinereus, where fatty acids, such as
hexadecanoic, octadecenoic and octadecanoic acid, are often very abundant and frequent
(Weldon, Flachsbarth & Schulz, 2008; Martin ¢ Lopez, 2014), we only found occasional
and very small amounts of several methyl esters of fatty acids in some feces of
T. wiegmanni.
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CONCLUSIONS

We conclude that the presence and patterns of intersexual and body size-related
differences in some compounds in feces of T. wiegmanni strongly suggest that these
compounds, and their variations, might be the basis for explaining the already known
intraspecific chemosensory responses to feces and cloacal secretions of this amphisbaenian
species. Future studies should examine experimentally the behavioral responses to these
specific compounds, or mixes of compounds, and explore the potential physiological
relationships between chemical profiles and individual characteristics, which would help to
maintain the reliability of these potential semiochemicals in intraspecific communication.

ACKNOWLEDGEMENTS

We thank two anonymous reviewers for helpful comments and the personal of the field
station of the “ZEC Islas Chafarinas” for logistical support and the use of their facilities.
We thank J. I. Montoya, J. Diaz, G. Martinez, A. Sanz, F. Lépez and A. Ruiz for friendship
and help in the Islands.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

Financial support was provided by the Spanish Ministerio de Ciencia, Innovacion y
Universidades project PGC2018-093592-B-100 (MCIU/AEI/FEDER, UE) and by the
Ministerio de Ciencia e Innovacion project PID2021-122358NB-100 (MCIN/AEI/
10.13039/501100011033 and ERDF A way of making Europe). The publication charges
were funded by the CSIC Open Access Publication Support Initiative through its Unit of
Information Resources for Research (URICI). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Spanish Ministerio de Ciencia, Innovacién y Universidades: PGC2018-093592-B-100
(MCIU/AEI/FEDER, UE).

Ministerio de Ciencia e Innovacion: PID2021-122358NB-100 (MCIN/AEI/10.13039/
501100011033 and ERDF A way of making Europe).

Unit of Information Resources for Research (URICI).

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e José Martin conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Martin et al. (2023), PeerdJ, DOI 10.7717/peerj.15002 12/17


http://dx.doi.org/10.7717/peerj.15002
https://peerj.com/

Peer/

e Gonzalo Rodriguez-Ruiz performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

o José Javier Cuervo performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.

e Pilar Lopez conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The captures enforced all the present Spanish laws and were performed under license
granted by the “Organismo Auténomo de Parques Nacionales” (Spain) (n° 12706) and in
accordance with the national animal welfare standards and protocols supervised by the
“Comision Etica de Experimentacién Animal (CEEA)” (Ethical Committee of the National
Museum of Natural Sciences, Spanish Research Council, CSIC) (Ref. 901/2020).

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

The captures enforced all the present Spanish laws and were performed under license
granted by the “Organismo Auténomo de Parques Nacionales” (Spain) (n° 12706).

Data Availability
The following information was supplied regarding data availability:

The data is available at figshare: martin, jose; Rodriguez-Ruiz, Gonzalo; Cuervo, Jose
Javier; Lopez, Pilar (2022): Intersexual and body size variation in chemical constituents
from feces and cloacal products involved in intraspecific communication of a fossorial
amphisbaenian. figshare. Dataset. https://doi.org/10.6084/m9.figshare.21774497 v1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peer;j.15002#supplemental-information.

REFERENCES

Aebischer NJ, Robertson PA, Kenward RE. 1993. Compositional analysis of habitat use from
animal radio-tracking data. Ecology 74:1313-1325 DOI 10.2307/1940062.

Anderson MJ. 2001. A new method for non-parametric multivariate analysis of variance. Austral
Ecology 26(1):32-46 DOI 10.1111/].1442-9993.2001.01070.pp.x.

Anderson MJ, Gorley RN, Clarke KR. 2008. PERMANOVA+ for PRIMER: guide to software and
statistical methods. Plymouth, UK: PRIMER-E Ltd.

Anderson MJ, Willis TJ. 2003. Canonical analysis of principal coordinates: a useful method of

constrained ordination for ecology. Ecology 84(2):511-525
DOI 10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2.

Martin et al. (2023), PeerdJ, DOI 10.7717/peerj.15002 13/17


https://doi.org/10.6084/m9.figshare.21774497.v1
http://dx.doi.org/10.7717/peerj.15002#supplemental-information
http://dx.doi.org/10.7717/peerj.15002#supplemental-information
http://dx.doi.org/10.2307/1940062
http://dx.doi.org/10.1111/j.1442-9993.2001.01070.pp.x
http://dx.doi.org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2
http://dx.doi.org/10.7717/peerj.15002
https://peerj.com/

Peer/

Aragoén P, Lopez P, Martin J. 2000. Size-dependent chemosensory responses to familiar and
unfamiliar conspecific faecal pellets by the Iberian rock-lizard, Lacerta monticola. Ethology
106(12):1115-1128 DOI 10.1046/j.1439-0310.2000.00638 x.

Baeckens S, Garcia-Roa R, Martin J, Ortega J, Huyghe K, Van Damme R. 2017a. Fossorial and
durophagous: implications of molluscivory for head size and bite capacity in a burrowing worm
lizard. Journal of Zoology 301(3):193-205 DOI 10.1111/jz0.12412.

Baeckens S, Garcia-Roa R, Martin J, Van Damme R. 2017b. The role of diet in shaping the
chemical signal design of lacertid lizards. Journal of Chemical Ecology 43(9):902-910
DOI 10.1007/s10886-017-0884-2.

Bons J, Geniez P. 1996. Amphibians and reptiles of morocco. Madrid, Spain: Asociacion
Herpetoldgica Espaiiola.

Bons J, Saint Girons H. 1963. Ecologie et cycle sexuel des amphisbeniens du Maroc. Bulletin de la
Société des Sciences Naturelles et Physiques du Maroc 43:117-158.

Bull CM, Griffin CL, Bonnett M, Gardner MG, Cooper SJ. 2001. Discrimination between related
and unrelated individuals in the Australian lizard Egernia striolata. Behavioral Ecology and
Sociobiology 50:173-179 DOI 10.1007/s002650100348.

Bull CM, Griffin CL, Johnston GR. 1999. Olfactory discrimination in scat-piling lizards.
Behavioral Ecology 10(2):136-140 DOI 10.1093/beheco/10.2.136.

Bull CM, Griffin CL, Lanham EJ, Johnston GR. 2000. Recognition of pheromones from group
members in a gregarious lizard, Egernia stokesii. Journal of Herpetology 34(1):92-99
DOI 10.2307/1565244.

Bull CM, Griffin CL, Perkins MV. 1999. Some properties of a pheromone allowing individual
recognition from the scats of an Australian lizard, Egernia striolata. Acta Ethologica 2:35-42
DOI 10.1007/PL00012230.

Carpenter GC, Duvall D. 1995. Fecal scent marking in the western banded gecko (Coleonyx
variegatus). Herpetologica 51:33-38.

Clarke KR, Gorley RN. 2006. PRIMER v6: user manual/tutorial. Plymouth, UK: PRIMER-E Ltd.

Cooper WE, Lopez P, Salvador A. 1994. Pheromone detection by an amphisbaenian. Animal
Behaviour 47(6):1401-1411 DOI 10.1006/anbe.1994.1187.

Dahbi A, Lenoir A, Tinaut A, Taghizadeh T, Francke W, Hefetz A. 1996. Chemistry of the
postpharyngeal gland secretion and its implication for the phylogeny of Iberian Cataglyphis
species (Hymenoptera: Formicidae). Chemoecology 7:163-171 DOI 10.1007/BF01266308.

Duvall D. 1979. Western fence lizard (Sceloporus occidentalis) chemical signals. I. Conspecific
discriminations and release of a species-typical visual display. Journal of Experimental Zoology
210(2):321-325 DOI 10.1002/jez.1402100215.

Duvall D. 1981. Western fence lizard (Sceloporus occidentalis) chemical signals. II. A replication
with naturally breeding adults and a test of the Cowles and Phelan hypothesis of rattlesnake
olfaction. Journal of Experimental Zoology 218(3):351-361 DOI 10.1002/jez.1402180306.

Duvall D, Graves BD, Carpenter GC. 1987. Visual and chemical composite signalling effects of
Sceloporus lizards fecal boli. Copeia 1987(4):1028-1031 DOI 10.2307/1445568.

Eliyahu D, Nojima S, Mori K, Schal C. 2008. New contact sex pheromone components of the
German cockroach, Blattella germanica, predicted from the proposed biosynthetic pathway.
Journal of Chemical Ecology 34:229-237 DOI 10.1007/s10886-007-9409-8.

Gans C. 1974. Biomechanics: an approach to vertebrate biology. Philadelphia, USA: Lippincot.

Gans C. 1978. The characteristics and affinities of the Amphisbaenia. Transactions of the Zoological
Society of London 34(4):347-416 DOI 10.1111/j.1096-3642.1978.tb00376 x.

Martin et al. (2023), PeerdJ, DOI 10.7717/peerj.15002 14/17


http://dx.doi.org/10.1046/j.1439-0310.2000.00638.x
http://dx.doi.org/10.1111/jzo.12412
http://dx.doi.org/10.1007/s10886-017-0884-2
http://dx.doi.org/10.1007/s002650100348
http://dx.doi.org/10.1093/beheco/10.2.136
http://dx.doi.org/10.2307/1565244
http://dx.doi.org/10.1007/PL00012230
http://dx.doi.org/10.1006/anbe.1994.1187
http://dx.doi.org/10.1007/BF01266308
http://dx.doi.org/10.1002/jez.1402100215
http://dx.doi.org/10.1002/jez.1402180306
http://dx.doi.org/10.2307/1445568
http://dx.doi.org/10.1007/s10886-007-9409-8
http://dx.doi.org/10.1111/j.1096-3642.1978.tb00376.x
http://dx.doi.org/10.7717/peerj.15002
https://peerj.com/

Peer/

Garcia-Roa R, Saiz ], Gémara B, Lopez P, Martin J. 2018. How to tackle chemical
communication? Relative proportions versus semiquantitative determination of compounds in
lizard chemical secretions. Ecology and Evolution 8(7-8):2032-2040 DOI 10.1002/ece3.3825.

Labra A, Escobar CA, Aguilar PM, Niemeyer HM. 2002. Sources of pheromones in the lizard
Liolaemus tenuis. Revista Chilena de Historia Natural 75(1):141-147
DOI 10.4067/S0716-078X2002000100013.

Leeming R, Ball A, Ashbolt N, Nichols P. 1996. Using faecal sterols from humans and animals to
distinguish faecal pollution in receiving waters. Water Research 30(12):2893-2900
DOI 10.1016/S0043-1354(96)00011-5.

Lépez P, Aragon P, Martin J. 1998. Iberian rock lizards (Lacerta monticola cyreni) assess
conspecific information using composite signals from faecal pellets. Ethology 104(10):809-820
DOI 10.1111/j.1439-0310.1998.tb00033 .x.

Lépez P, Martin J. 1994. Responses by the amphisbaenian Blanus cinereus to chemicals from prey
or potentially harmful ant species. Journal of Chemical Ecology 20(5):1113-1119
DOI 10.1007/BF02059747.

Loépez P, Martin J. 2001. Chemosensory predator recognition indices specific defensive behaviours
in a fossorial amphisbaenian. Animal Behaviour 62(2):259-264 DOI 10.1006/anbe.2001.1762.

Lépez P, Martin J. 2005. Intersexual differences in chemical composition of precloacal gland
secretions of the amphisbaenian, Blanus cinereus. Journal of Chemical Ecology 31(12):2913-2921
DOI 10.1007/s10886-005-8403-2.

Lépez P, Martin J. 2009. Potential chemosignals associated with male identity in the
amphisbaenian Blanus cinereus. Chemical Senses 34(6):479-486 DOI 10.1093/chemse/bjp021.

Lopez P, Ortega J, Martin J. 2014. Chemosensory prey detection by the amphisbaenian
Trogonophis wiegmanni. Journal of Herpetology 48(4):514-517 DOI 10.1670/12-268.

Martin J, Barja I, Lopez P. 2010. Chemical scent constituents in feces of wild Iberian wolves (Canis
lupus signatus). Biochemical and Systematics Ecology 38(6):1096-1102
DOI 10.1016/j.bse.2010.10.014.

Martin J, Lopez P. 2011. Pheromones and reproduction in Reptiles. In: Norris DO, Lopez KH, eds.
Hormones and Reproduction of Vertebrates, Vol 3. Reptiles. San Diego, California: Academic
Press, 141-167.

Martin J, Lopez P. 2014. Pheromones and chemical communication in lizards. In: Rheubert JL,
Siegel DS, Trauth SE, eds. The Reproductive Biology and Phylogeny of Lizards and Tuatara. Boca
Raton, Florida: CRC Press, 43-75.

Martin J, Lépez P. 2015. Condition-dependent chemosignals in reproductive behavior of lizards.
Hormones and Behavior 68:14-24 DOI 10.1016/j.yhbeh.2014.06.009.

Martin J, Lopez P, Garcia LV. 2013. Soil characteristics determine microhabitat selection of the
fossorial amphisbaenian Trogonophis wiegmanni. Journal of Zoology 290(4):265-272
DOI 10.1111/jz0.12033.

Martin J, Ortega J, Lopez P, Pérez-Cembranos A, Pérez-Mellado V. 2013. Fossorial life does not
constrain diet selection in the amphisbaenian Trogonophis wiegmanni. Journal of Zoology
291:226-233 DOI 10.1111/jz0.12064.

Martin J, Polo-Cavia N, Gonzalo A, Lépez P, Civantos E. 2011a. Distribucion, abundancia y
conservacion de la culebrilla mora (Trogonophis wiegmanni) en las Islas Chafarinas. Boletin de la
Asociacién Herpetolégica Espafiola 22:107-112.

Martin J, Polo-Cavia N, Gonzalo A, Lopez P, Civantos E. 2011b. Structure of a population of the
amphisbaenian Trogonophis wiegmanni in North Africa. Herpetologica 67:250-257
DOI 10.2307/41239000.

Martin et al. (2023), PeerdJ, DOI 10.7717/peerj.15002 1517


http://dx.doi.org/10.1002/ece3.3825
http://dx.doi.org/10.4067/S0716-078X2002000100013
http://dx.doi.org/10.1016/S0043-1354(96)00011-5
http://dx.doi.org/10.1111/j.1439-0310.1998.tb00033.x
http://dx.doi.org/10.1007/BF02059747
http://dx.doi.org/10.1006/anbe.2001.1762
http://dx.doi.org/10.1007/s10886-005-8403-2
http://dx.doi.org/10.1093/chemse/bjp021
http://dx.doi.org/10.1670/12-268
http://dx.doi.org/10.1016/j.bse.2010.10.014
http://dx.doi.org/10.1016/j.yhbeh.2014.06.009
http://dx.doi.org/10.1111/jzo.12033
http://dx.doi.org/10.1111/jzo.12064
http://dx.doi.org/10.2307/41239000
http://dx.doi.org/10.7717/peerj.15002
https://peerj.com/

Peer/

Martin J, Raya-Garcia E, Ortega ], Lopez P. 2020. How to maintain underground social
relationships? Chemosensory sex, partner and self recognition in a fossorial amphisbaenian.
PLOS ONE 15(8):¢0237188 DOI 10.1371/journal.pone.0237188.

Martin J, Raya-Garcia E, Ortega J, Lopez P. 2021. Offspring and adult chemosensory recognition
by an amphisbaenian reptile may allow maintaining familiar links in the fossorial environment.
Peer] 9:€10780 DOI 10.7717/peerj.10780.

Mason RT. 1992. Reptilian pheromones. In: Gans C, Crews D, eds. Biology of the Reptilia, Vol 18.
Chicago: University of Chicago Press, 114-228.

Mason RT, Fales HM, Jones TH, Pannell LK, Chinn JW, Crews D. 1989. Sex pheromones in
snakes. Science 241:290-293 DOI 10.1126/science.2749261.

Mason RT, Jones TH, Fales HM, Pannell LK, Crews D. 1990. Characterization, synthesis, and
behavioral responses to sex attractiveness pheromones of red-sided garter snakes (Thamnophis
sirtalis parietalis). Journal of Chemical Ecology 16(7):2353-2369 DOI 10.1007/BF01026943.

Mason RT, Parker MR. 2010. Social behavior and pheromonal communication in reptiles. Journal
of Comparative Physiology A 196(10):729-749 DOI 10.1007/s00359-010-0551-3.

Miyazaki M, Miyazaki T, Nishimura T, Hojo W, Yamashita T. 2018. The chemical basis of
species, sex, and individual recognition using feces in the domestic cat. Journal of Chemical
Ecology 44(4):364-373 DOI 10.1007/s10886-018-0951-3.

Miiller-Schwarze D. 2006. Chemical ecology of vertebrates. Cambridge: Cambridge University
Press.

Navas CA, Antoniazzi MM, Carvalho JE, Chaui-Berlink JG, James RS, Jared C, Kohlsdorf T,
Pai-Silva MD, Wilson RS. 2004. Morphological and physiological specialization for digging in
amphisbaenians, an ancient lineage of fossorial vertebrates. Journal of Experimental Biology
207(14):2433-2441 DOI 10.1242/jeb.01041.

Nisa-Ramiro C, Rodriguez-Ruiz G, Lopez P, da Silva Junior PI, Trefaut-Rodrigues M, Martin J.
2019. Chemosensory discrimination of male age by female Psammodromus algirus lizards based
on femoral secretions and feces. Ethology 125(11):802-809 DOI 10.1111/eth.12934.

Parker MR, Patel SM, Zachry JE, Kimball BA. 2018. Feminization of male brown treesnake
methyl ketone expression via steroid hormone manipulation. Journal of Chemical Ecology
44(2):189-197 DOI 10.1007/s10886-018-0935-3.

Recio P, Rodriguez-Ruiz G, Ortega J, Martin J. 2019. PIT-Tags as a technique for marking
fossorial reptiles: insights from a long-term field study of the amphisbaenian Trogonophis
wiegmanni. Acta Herpetologica 14(2):101-107 DOI 10.13128/a_h-7747.

Scheline RR. 1973. Metabolism of foreign compounds by gastrointestinal microorganisms.
Pharmacological Review 25:451-523.

Semhan RV, Halloy M, Montero R. 2010. Chemical prey discrimination of termites in
Amphisbaena heterozonata (Reptilia: Squamata): a learned trait? Journal of Herpetology
44(3):489-492 DOI 10.1670/09-062.1.

Shine R, Langkilde T, Wall M, Mason RT. 2005. Do female garter snakes evade males to avoid
harassment or to enhance mate quality? American Naturalist 165(6):660-668
DOI 10.1086/429591.

Sugeno W, Hori M, Matsuda K. 2006. Identification of the contact sex pheromone of Gastrophysa
atrocyanea (Coleoptera: Chrysomelidae). Applied Entomology and Zoology 41(2):269-276
DOI 10.1303/aez.2006.269.

Weldon PJ, Flachsbarth B, Schulz S. 2008. Natural products from the integument of nonavian
reptiles. Natural Products Report 25(4):738-756 DOI 10.1039/b509854h.

Martin et al. (2023), PeerdJ, DOI 10.7717/peerj.15002 16/17


http://dx.doi.org/10.1371/journal.pone.0237188
http://dx.doi.org/10.7717/peerj.10780
http://dx.doi.org/10.1126/science.2749261
http://dx.doi.org/10.1007/BF01026943
http://dx.doi.org/10.1007/s00359-010-0551-3
http://dx.doi.org/10.1007/s10886-018-0951-3
http://dx.doi.org/10.1242/jeb.01041
http://dx.doi.org/10.1111/eth.12934
http://dx.doi.org/10.1007/s10886-018-0935-3
http://dx.doi.org/10.13128/a_h-7747
http://dx.doi.org/10.1670/09-062.1
http://dx.doi.org/10.1086/429591
http://dx.doi.org/10.1303/aez.2006.269
http://dx.doi.org/10.1039/b509854h
http://dx.doi.org/10.7717/peerj.15002
https://peerj.com/

Peer/

Whittaker DJ, Slowinski SP, Greenberg M, Alian O, Winters AD, Ahmad MM, Burrell MJE,
Soini HA, Novotny MV, Ketterson ED, Theis KR. 2019. Experimental evidence that symbiotic
bacteria produce chemical cues in a songbird. Journal of Experimental Biology
222(20):jeb202978 DOI 10.1242/jeb.202978.

Wilgers DJ, Horne EA. 2009. Discrimination of chemical stimuli in conspecific fecal pellets by
visually adept iguanid lizard, Crotaphytus collaris. Journal of Ethology 27:157-163
DOI 10.1007/s10164-008-0100-5.

Wyatt TD. 2014. Pheromones and animal behaviour. Chemical signals and signatures. Cambridge:
Cambridge University Press.

Martin et al. (2023), PeerdJ, DOI 10.7717/peerj.15002 1717


http://dx.doi.org/10.1242/jeb.202978
http://dx.doi.org/10.1007/s10164-008-0100-5
https://peerj.com/
http://dx.doi.org/10.7717/peerj.15002

	Intersexual and body size-related variation in chemical constituents from feces and cloacal products involved in intraspecific communication of a fossorial amphisbaenian ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


