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1. Introduction

There are several applications of chromatographic science in the field of animal ecology,
biology and physiology. One of the most spread uses is identifying the bile acid profiles
either by Thin Layer Chromatography, Gas chromatography or High Performance Liquid
Chromatography in wild collected feces.

The analysis of wild collected feces is a fundamental ecological tool, applied in studies about
population size, diet analysis and to identify the presence of a species in a certain area.
Moreover, it is useful when it is necessary to monitor those species which are elusive,
difficult to observe, threatened, nocturnal or sympatric, or exist in low densities. The
identification can be done by external physical characteristics such as size, shape, odor and
color, or through specific signals associated with the deposition of feces, for example tracks
and scrapes [1,2]. However, this technique is sometimes useless because of the difficulties
that exist in the correct identification of feces. Often, this sort of evidence is not present
mainly because many of these external characteristics are sensitive to environmental
conditions such as heat, desiccation or fast decomposition in humid and rainy regions, and
can be affected by another type of factors: health, diet, size and age of the individual [3, 4].

Because of these reasons is that other techniques become necessary. The use of
chromatographic techniques to identify or confirm the identity of wild collected feces is of
great importance for biologists, because invasive procedures such as capture and
manipulation are avoided. During the last years, the chromatographic determination of
fecal bile acids has become a more precise method to identify unknown feces from the
wild. The comparison of the whole pattern of fecal bile acids between field-collected scats
and scats with known origin allows identifying the species. It has been demonstrated in
several studies that fecal bile acids and their relative concentration follow patterns that
are species-specific, particularly for mammals [5-7], including our recent studies in
Xenarthra species [8].
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36 Chromatography — The Most Versatile Method of Chemical Analysis

In this chapter we will discuss the general chromatographic methods commonly used for
the analysis of bile acids in biological samples. Moreover, we will emphasize the TLC and
HPLC methodologies we used at our laboratory and the most relevant results we obtained,
applied to the identification of mammal species, particularly of the Magnaorden Xenarthra
(Mammalia).

2. Bile acids

Bile acids are the main components of bile and are among the first products isolated in a
pure form, generally from gallbladder bile where it is present in high concentrations. They
are acidic steroids produced during cholesterol metabolism in the liver and are secreted in
the gallbladder or in the intestine.

Bile acids are produced by all vertebrates and show a great structural diversity among
different species [9, 10]. Indeed, no other class of small molecules shows such striking
variety across vertebrates. The diversity in bile salt chemical structures originates from
differences in the two basic structural components of bile salt molecules: the 19-carbon (Cu)
steroid nucleus and a side-chain. In all bile salts characterized to date, the four-ring
cyclopentanophenanthrene ('steroid') nucleus (rings labelled A, B, C and D) is fully
saturated. The A/B ring juncture is cis in most bile salts but trans in some species, a shift that
greatly influences the overall shape of the steroid nucleus. A/B trans (5a) bile salts have an
extended, planar orientation of the steroid rings, while A/B cis 5p) bile salts have a bent'
orientation of the A ring relative to the other three rings [10].

The structural variation in the Ci of the steroid nucleus would be stereochemistry of the
A/B ring juncture, sites of the oxo or hydroxy groups and orientation of hydroxyl groups («a
or fB). The structural variation in the side chain includes the length, the presence and
orientation of OH groups, the presence of unsaturation, the stereochemistry of the Cos
carbon atom and the site of carboxyl group in bile acids and OH group in bile alcohols [9,
10]. Other than length, further structural variation in the side-chain includes the presence
and orientation of hydroxyl groups, the presence of unsaturation in the side-chain, and
above all, the substituent on the terminal carbon atom, which are a hydroxyl group in bile
alcohols and a carboxyl group in bile acids. Side-chain length and the state of oxidation at
C27 is used to assign bile salts to three broad classes: C27 bile alcohols, C27 bile acids and Ca4
bile acids [10]. The structure of the side chain determines the class of compound; bile acids
have a carboxyl group at the end of the chain and bile alcohols have a primary alcohol

group [11] (Fig. 1).

Unlike the majority of biological small molecules, whose structures have remained constant
since the formation of prokaryotic and eukaryotic cells, the molecular structure of bile acids
show a distinctive evolution which parallels that of the vertebrate species which formed
them (from Cz bile alcohols, C27 bile acids to Ca4 bile acids). The progressive nature of bile
acid evolution is detectable between different genera, between members of different families
and members of different orders [10].
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Figure 1. Sites of hydroxylation of the three main classes of bile salts. A: cholesterol; B: Cz7 bile alcohols
(sulfates); C: C2rbile acids (as tauroamidated) and D: Ca4 bile acids (also as tauroamidated) (from [11]).

Conjugation of bile acids with the amino acids glycine and taurine occurs in the liver, before
storage in the gallbladder and subsequent secretion into the duodenum via the bile duct.
Within the intestinal lumen, bile acids interact with lipases and assist the lipolysis and
absorption of fats, including fat-soluble vitamins, by the formation of mixed micelles.
During enterohepatic circulation, the primary bile acids, CA and CDCA which are both
synthesized in the liver may be modified by intestinal bacteria to form secondary bile acids,
mainly DCA, LCA and UDCA (Fig. 2). In the colon of animals with a cecum, anaerobic
bacteria remove the hydroxyl group at C7 to form 7-deoxy bile acids. In the side chain, bile
acids suffer deconjugation [11, 12-14].

COH

24

OH 1X=Y=0H Chalicasid
2 ¥ = H: ¥= OH; Deoxycholic acid
3 X = OH; ¥= H; Chenodeaxycholic Acikd
4 X = Y = H; Lithocholic acsd

o

o
N™ TGO Ma
OH H z
OH

OH
Sodium glycochalate Sodium taurocholate

Figure 2. Structure of the main primary and secondary bile acids in mammals (from [15]).

Fecal bile acid patterns are complex due to bacterial metabolism during intestinal transit,
which gives mono-, di- and/or —trioxo compounds, and also iso-(33-hydroxy), urso-(7p3-
hydroxy) and lago-(12-hydroxy) bile acids [16-18]. The colon bacteria deconjugate bile
acids. The majority of the unconjugated bile acids are 7a-dehydroxylated, being LCA and
DCA the predominant secondary fecal bile acids. They are reabsorbed from the colon,
modified by hepatic enzymes and circulate in the enterohepatic circulation. Bile acids in the
jejunum remain conjugated because of the absence of bacteria in the small intestine [19].
Moreover, in feces, certain bile acids are firmly bound to bacteria [12].
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38 Chromatography — The Most Versatile Method of Chemical Analysis

3. Bile acid analysis

The simultaneous separation and quantification of bile acids and their conjugates are
challenging and have always presented technical difficulties due to marked differences in
physicochemical properties, the presence of isomeric forms, their structural similarity or
their relatively low concentrations in some biological samples [14, 20].

The most used techniques for the analysis of bile acid patterns in different biological
samples include TLC coupled to densitometry, colorimetry, fluorimetry [5, 7, 21, 22], GC [16,
23, 24] and HPLC [25-27]. Moreover, non-chromatographic methods have been developed
non chromatographic methods such as enzymatic, immunological and electrochemical ones.
However, several of those methods are either not sensitive or are non-specific and have been
displaced by GC, HPLC and radioimmunoassay. Radioimmunoassay, although it is highly
sensitive, is not quite specific and overlaps of different bile acids occur [28]. On the other
hand, both GC and HPLC are highly specific and sensitive to the extent of measuring even a
tew picomoles of bile acids [19].

Enzymatic methods using bile acid hydroxysteroid dehydrogenase are used for routine
analysis of physiological fluids due to their simplicity. However, one of the main
disadvantages is that differentiation of individual bile acids is not possible because total bile
acids, rather than individual bile acids, are quantified [14].

Immunoassays of bile acids in different matrixes have provided relatively simple and
sensitive methods for determining the concentration of selected sub-groups of bile acids.
However, these assays do not provide full data for each of the individual bile acids.

Bile acids are haptens, nonantigenic low molecular weight, therefore complexes of bile acids
covalently bound to large immunogenic molecules, for example bovine serum albumin, are
required to obtain specific antibodies. In early experiments, ['“C]- or [*H]-labelled bile acids
were used as tracers for analysis of serum bile acids, whereas ['*]]-labelled tracers were
used in later publications. RIA can detect bile acids at the picomol level and are useful for
high-throughput analysis. RIA for different bile acids in serum was described early for CA
[29] and for CDCA, UDCA and LCA [30].

EIA use a hapten-enzyme conjugate as a tracer instead of radioisotope-labelled antigens.
The construction of an effective EIA system requires the preparation of an enzyme-labelled
antigen that possesses a high specific activity without decreasing the enzyme activity or
immunoreativity. The labelling enzymes that have been employed for these assays include
alkaline phosphatase and peroxidase [31]. Therefore, a quality antibody, preferably a
monoclonal one, is very important for reliable analysis of bile acids in biological fluids.

The drawback of most RIAs and EIAs remains the limited specificity of the antibody.
Usually, antibodies demonstrate high structural specificity for bile acids but often there is
a low level of cross-reactivity with bile acids having similar structure to the target bile
acid.
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4. Sample collection

The collection of samples for analysis is a critical step and constitutes a potential source of
variation. For this reason, the procedure must be standardized. To determine the fecal bile
acid pattern, it is necessary to collect feces from a known origin of the species under study.
These reference feces can be collected in zoos, reserves or any place where one can assure
the procedence of the fecal material. Moreover, feces can be collected during the capture and
handling of a wild individual.

Feces are put in paper bags with silica gel so as to avoid humidity. They are correctly
identified with: number, collector, date and place of collection, GPS coordinates, a
microhabitat description, fecal external aspect (fresh, old, very old) and any information that
it is considered relevant. Unknown feces from the study area, should match the external
physical characteristics of the species under study, shape, size, colour and odour.

In our study, we analyzed the fecal bile acid patterns of different species from the
Magnaorden Xenarthra (Mammalia). Our aim was to identify wild collected feces through
their fecal bile acid patterns, and find in chromatography, a simple and rapid ecological tool.

For this purpose, samples were collected in zoos, reserves from the wild in different areas of
Argentina. The studied species were: pichi (Zaedyus pichiy), screaming hairy armadillo or
crying armadillo (Chaetophractus vellerosus), big hairy armadillo (Chaetophractus villosus),
southern long-nosed armadillo (Dasypus hybridus), giant armadillo (Priodontes maximus),
southern tamandua (Tamandua tetradactyla), giant anteater (Myrmecophaga tridactyla),
southern three-banded armadillo (Tolypeutes matacus) and six-banded armadillo (Euphractus
sexcinctus).

5. Sample pre-treatment and solvent extraction

The method of extraction will depend on the physicochemical properties of the biological
material to be analyzed. Solid materials, such as feces, present particular problems due to
the need of disrupting the matrix before extraction, either by homogenization,
saponification, enzymatic digestion or lyophilization. Bile acids are hydrophobic steroids
and hence, capable of extraction from aqueous media by organic solvents. The ease of
extraction of bile acids from biological samples depends on four factors: the extent and type
of conjugation, the number of hydroxyl groups, the state of ionization of the carboxyl group
and the degree of binding to proteins. An increase in the number of hydroxyls or the
presence of sulfates, glucuronides and to a lesser extent, glycine and taurine conjugates, will
greatly increase the relative polarity (water solubility) of the bile acid. The state of ionization
primarily depends upon the pK of the terminal group of the side chain, which varies from
around 5.8 for the carboxyl group in the free bile acids to 4.3 for the glycine-conjugates and
1.9 for the sulfonic acid group of the taurine-conjugates. Although it would be expected that
a decreased pH would favor extraction of bile acids because of the suppression of ionization,
in fact bile acid extraction is, in many instances, favored at alkaline pH, presumably because
of the reduced protein binding that occurs [12].
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Although there are a wide variety of methods available for the extraction of bile acids from
biological materials, there is no general method that covers all eventualities. For that reason,
the researcher must establish the solvent system which best fits to the aim of each particular
study.

Previously to the extraction step, feces are dried in oven at 30°C for one day to eliminate
humidity and are stored in hermetic flasks in a dry and dark place. Feces are crushed with
the use of a mortar and pestle and sieved with a fine mesh. They are macroscopically
observed and rests of preys (plants, seeds, insects, bones, feathers) are eliminated. Fecal
extracts must be filtered and concentrated to an adequate final volume, preferably under
nitrogen stream.

For the extraction step, the ratio solvent/sample should be kept high, 20:1 or 10:1 (v/w). In
our study, we extracted 1 gram of the fecal powder with a mixture of benzene:methanol (1:1
v/v). With the use of this solvent system, we could extract from feces the highest number of
compounds in a single step. In addition, we also tested another extraction solvent system
composed of dichloromethane:methanol (1:1 v/v). We replaced benzene with
dichloromethane because it has the same extractive properties as benzene but is less toxic
and thus easier to handle [3]. For HPLC, dried fecal extracts were resuspended in methanol
and filtered with a polytetrafluorethylene filter of 0.45 um before injection.

6. Thin-layer chromatography

TLC of bile acids has been used to differentiate feces of several mammal species, mainly
carnivores such as the lesser grisson (Galictis cuja), guifa cat (Leopardus guigna), red fox
(Lycalopex culpaeus), grey fox (Lycalopex griseus), pampas’s fox (Lycalopex gymnocercus), puma
(Puma concolor), jaguar(Panthera onca), snow leopard(Panthera pardus ciscaucasica), pandas
and different species of bears [6, 7, 32-37]. It had also been applied to a wide variety of other
species: manatees [38], sperm whales [32], storks and herons [39]. Our study was the first
one which reported the use of TLC to differentiate Xenarthra species, through their fecal bile
acid patterns [8].

TLC is a type of planar chromatography in which the stationary phase is a solid adsorbent
of fine particles, and the mobile phase is liquid. Aluminum or glass plates are used and they
are covered with a fine and uniform layer of the stationary phase which is generally, silica.
In some cases, it is chemically modified so as to provide suitable resolution conditions
depending on the analyte. The correct choice of the mobile or stationary phase is essential to
obtain an efficient separation of compounds to be analyzed [40-42]. Mobile phase generally
consists of a solvent system composed of 2, 3 or 4 components which vary in their polarity
and selectivity and they can include water, organic solvents and buffers [43, 44]. Silica gel is
the most common adsorbent used in TLC as stationary phase, especially for the
identification and separation of steroids such as bile acids in several biological samples, due
to its adsorptive properties, great active surface and high pore size [45].
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TLC separation mechanism consists of the differential migration of the mixture components
through the chromatographic plate, dragged by the moving solvent; the distance travelled
by each compound depends on its chemical structure and its affinity for both phases.
Several mechanisms are involved in the separation process and predominant forces depend
on the phases and solutes properties [43, 44].

Although various separation techniques are commonly applied for the determination of bile
acids in biological samples, TLC offers practical advantages, mainly its simplicity,
economical equipment needed, ease of operation, short analysis time and high efficiency in
analysing simultaneously a large number of samples [43, 46]. It enables reliable separation
and analysis of a wide variety of compounds from different types of biological samples.
Moreover, this technique is versatile because it can be modified using different types of
mobile and stationary phases and visualizing methods [43, 45].

The choice of the correct stationary and mobile phases is of great importance and it depends
upon the type of sample and the objectives of the study. Thus, the greatest problem in using
TLC in specific cases, such as bile acid analysis, is the selection of suitable mobile phases
[47].

6.1. Experimental protocol

Since there are a great variety of TLC methodologies to separate bile acids, in this section we
report the technique used at our laboratory, which allows us to resolve the highest number
of compounds in a single chromatographic run. The best results were obtained using
HPTLC silicagel 60F254 plates with aluminium base of 20 x 20 cm, with a bed thickness of 0.2
mm. We follow the protocol cited in [5]. Each sample extract and standards for the most
common bile acids for mammals are spotted on the plates with the use of a capillary tube:
LCA, TCA, GCA, CA, CDCA, DCA, DHCA, GCDCA and CHOL. Bile acid standard stock
solutions are prepared in methanol at a concentration of 0.1 %. We tested the use of different
sample (75, 90, 105, 120, 150 and 180 pl) and standard (7.5, 15, 22.5 and 30 ul) quantities
being spotted on the plates, so as to standardize the optimal concentrations for a better
visualization.

As development solvent we use a mixture of toluene:aceticacid:water in a proportion of
5:5:1.5 v/v. We first saturate the mobile phase with water vapour and then we extract the
rest of the liquid water. This gives more reproducibility to the analysis since variations in
ambient humidity and temperature can alter the results.

Bile acid spots are visualized by spraying the plates with a revealing solution of
anysaldehide:glacial acetic acid:sulphuric acid in a concentration of 0.5:50:1 v/v; plates are
heated in oven at 150 °C for 15 minutes.

The bile acid pattern of each species is determined by the comparison of Rr values (relation
between distance travelled by the compound and distance travelled by the eluent) and colour
of the compounds with those of standard solutions. The relative intensity (concentration) of
sample spots helps in the identification of the fecal bile acid pattern of each species.



42 Chromatography — The Most Versatile Method of Chemical Analysis

6.2. Results and discussion

In our study, we could differentiate all the Xenarthra species through their fecal bile acid
patterns. We detected 15 compounds in feces; seven bile acids, seven unidentified
compounds and cholesterol.

Moreover, we showed the resolution of TLC because some pairs of bile acids with very
similar R¢ values, CDCA-DCA and CA-GCA, were discriminated. Although the Rt value is
the main parameter to identify a compound, several other characteristics of the bands had to
be carefully analysed in the chromatographic plates to determine bile acid patterns.

Some standard Rr values partially overlapped; however, we established a Rt range for each
compound and, together with their colour, the spots were correctly identified. The
concentration of the compounds was proportional to the relative intensity of each band in
the chromatographic plate, as determined visually. Specific colours obtained through the
oxidation by anisaldehyde for each bile acid allowed the identification of the spots in the
plates. DHCA differed from the other standards because it showed two and, in some cases,
three bands with a distinctively orange colour. Standards which showed more intense
colours were LCA (dark green), TCA (blue-grey) and CHOL (dark pink); the rest of the bile
acids had less intense colours (Fig. 3).

Figure 3. A chromatographic plate revealed with anisaldehyde:glacial acetic acid:sulphuric acid
(0.5:50:1 v/v), shows bands of different colours. Left: 12 sample lines. Right: 8 standard bile acids.

Therefore, we stress the importance of spotting standard solutions together with the
samples in each chromatographic plate to correctly identify compounds.

Even if TLC of fecal bile acids offers practical advantages such as simplicity and ease of
operation [43, 46], like any laboratory technique it needs much of practical knowledge and
skills [7] and it requires a careful and detailed analysis from the researcher.

In our study, TLC was useful to identify feces from Xenarthra species as it allowed the
extraction, visualization and identification of fecal bile acids from individuals of all the
studied species.

For several years, TLC has been used to identify wild-collected feces, mainly for species
with low contents of vegetal material in their diets, such as carnivores [5, 35, 48, 49].
Nevertheless, in [34] they were not able to differentiate feces from Lycalopex culpaeus and
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L. griseus in Chile; they argued that there was too much variability in the spot pattern even
among feces from the same individual. In spite of that, in [3] they could discriminate feces
from both species. Moreover, in [6] authors demonstrated that bile acid patterns were
specific for some threatened carnivore species in Chile.

Several factors should be considered when analysing TLC results. One of them is the
concentration of the sample; in the case of our study, samples from captive animals showed
more intense bands while samples from wild animals had little concentration of some bile
acids, making the correct identification sometimes difficult. However, we could find the
optimal concentration, i.e., the concentration that allowed the detection of the compounds in
the chromatographic plates, for wild and captive animals, being higher for wild ones.

A second factor that should be considered, especially when working with wild animals, is
the effect of the type of diet, which has been reported in other investigations. It is possible
that the presence of chemical substances in the feces, as products of the diet, has an effect on
the detectability of bile acids, masking the spots [34] as it was observed previously, for
example in coyotes [50].

Xenarthra species are omnivores and carnivores-omnivores [51], including invertebrates, small
vertebrates, carrion, plant roots, tubers and seeds in their diets [52-55]. During plate running,
other colour bands were observed; they corresponded to plant pigments which were yellow or
orange for captive animals and green for wild ones. Differences in extract colours among
species may reflect variations in the diet composition, mainly due to vegetal pigments which
are naturally colored contrary to bile acid which are uncolored. Although we found some
plant material in the feces, they had only small amounts and there was no evidence that prey
items interfere with bile acid identification.

Age of wild-collected scats and thus, weathering, plays an important role in the analysis
of feces by TLC [7, 36]. Some authors [7, 35, 48, 56] suggested that feces weathering can
lower the concentration of bile acids in scats, leading to their erroneous identification. In
our study, it was demonstrated that bile acids were clearly identified even in two-year old
feces.

Further, small sample size can worsen TLC performance [36, 56, 57]; however, this was not
the case of our study since we used sufficient quantity of dry pulverized fecal material to
allow a good detection of the compounds [5].

The experience of the analyst in applying TLC is also important. For example, the spraying
with the visualizing agent is not always uniform and some areas of the chromatographic
plate may be uncoloured, resulting in an incorrect interpretation of the bands.

Several authors reported different TLC methods for the analysis and separation of bile acids.
In [58] they reported a solvent system which allows group separation; free bile acids are
separated with the first solvent system acetic acid:carbon tetrachloride:di-isopropyl
ether:iso-amyl acetate:n-propanol:benzene (5:20:30:40:10:10 v/v), then with the second
solvent system propionic acid:iso-amyl acetate:water:n-propano (15:20:5:10 v/v) they
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separated taurine and glycineconjugated standard bile acids. In [21], authors reported 15
solvent systems to separate bile acids, being the most efficient the acidic one.

In [59] they reported two solvent systems. The first one (isopropanol:glacial acetic acid, 93:7
v/v) allows separation of free bile acids, glycine conjugates and taurine conjugates from one
another, and a second solvent system consisting of hexane:methylethylketone:glacial acetic
acid, 56:36:8 v/v (Petcoff’s solution), for the separation of the four free bile acids found in
human bile. Authors in [48] used a TLC methodology to identify the fecal bile acid patterns
in several carnivore species; plates were developed in a paper-lined, equilibrated bath
containing Petcoff’s solution. After air drying, plates were visualized by spraying with a
solution of acetic acid:sulphuric acid:anisaldehyde 50:1:0.5 (v/v) as revealing agent, and
placing in a 120°C oven [60].

On the other hand, as cited in [33], they developed plates in Petcoff’s solution and then
visualized with a 50:1:0.5 v/v solution of acetic acid:sulfuric acid:p-anisaldehyde to
identify bile acids from grizzly and black bear feces. In [35] they used used a developing
bath of Petcoff’s solution to run the plates and they visualized bile acid bands by spraying
the plates with 50% v/v sulfuric acid, which allowed them to observe spot colors in cougar
and jaguar feces [3]. Sulfuric acid was also present in our visualizing agent. [61] reported
a method to separate standard bile acids consisting of a reversed thin-layer
chromatography using a mixture of metanol:water as the solvent system, in the
concentration range 50-75% (v/v).

In [6] they reported a TLC method to determine the fecal bile acid patterns in carnivore
feces. It consisted of an alkaline extraction to purify the bile acids from other lipophilic
steroidal compounds; plates were eluted with Petcoff’s solution and developed with a
mixture of glacial acetic acid, water, sulfuric acid and 3,4-dimethoxybenzaldehyde.

From our results, and because TLC of fecal bile acids has proved to offer robust data to
establish habitat use and to study food habits of some sympatric mammal species [6, 36], we
assume that this technique would also be useful for future ecological studies in Xenarthra
and in other species. Considering the scarcity of available information about some ecological
and biological aspects of Xenarthra, these results, the first ones on the application of TLC for
the identification of their feces, could be very important for future studies about the
conservation, distribution and eco-physiology of this group.

7. Gas chromatography

GC and GC-MS have been widely used for quantitative and qualitative analysis of bile acids
in different biological samples [10, 14, 37, 62-65]. In broad terms, GC works on the same
principle as HPLC, however, in GC compounds are in gaseous form and an inert gas, like
nitrogen or helium, is used for elution. The various compounds are resolved on the basis of
their retention/elution behavior on the stationary phase of the column. There are two basic
requirements for GC analysis, an appropriate column and derivatization of the compounds,
to cause vaporization under the chromatographic conditions used [19].
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Then, those techniques are limited by complex sample preparation, derivatization and
most importantly, because requires the hydrolysis of conjugated bile acids into their free
forms, prior to their analysis [66]; although GC-MS provides high sensitivity and
resolution of isomeric bile acids, it is necessary to isolate and purify bile acids before
analysis [14, 19].

Bile acids are present in unconjugated and/or conjugated form in biological fluids. They
range from 1-2 pg/ml in plasma and urine to significant amounts in the intestinal content
and as much as 10 mg/ml in the gallbladder bile. Bile acids are present in association with
proteins, sterols and their esters, free or esterified fatty acids, bile pigments and water-
soluble small molecules, which must be either removed before chromatography or the
chromatographic conditions should be such that these compounds do not interfere in bile
acid analysis. Since bile acids are present mainly as glycine or taurine conjugate in plasma
and bile, unconjugated in feces and unconjugated as well as conjugated with glycine,
taurine, glucuronic acid and sulfuric acid in the urine, the methods for isolation of bile acids
from these sources need to be appropriately modified [19].

However, a major difficulty in quantitative analysis of fecal bile acids is their strong binding
with the bacterial debris in the stool, and quantitative extraction is difficult. Stool contains
bile acids, neutral sterols, cholesterol and its bacterial metabolites, plant sterols and their
bacterial metabolites and fatty acids, which need to be removed before GC. Since fatty acids
are less strongly retained on the capillary columns, bile acids can usually be quantitated in
their presence.

For GC fecal bile acid analysis, several methods have been reported and most of them are
quite complex [23, 62, 67].

In [68] they used continuous soxhlet extraction of aliquots of stool using chloroform and
methanol. Extracts were derivatized and the methyl esters obtained were subjected to
preparative TLC, respective bands were eluted and prepared for GC. On the other hand, in
[23] they did a similar procedure but with tedious and longer steps. In alternate methods,
bile acids from feces have been extracted with ammoniacal alcohol, methanol-hydrochloric
acid, acetic acid-toluene, after removal of neutral sterols [23, 67].

In [19] they digested fecal samples with internal standard, extracted neutral sterols by
repeated extractions, extracted bile acids with ethyl acetate, remove mineral acid and the
residue was subjected to methyl ester formation; part of the aliquot was used for GC after
trimethylsilylation. However, this method was not applicable to samples which contained
conjugated bile acids.

Since the basic requirement for GC is that the compounds are in gaseous form at the column
temperature, it is necessary to derivatize the polar functional groups. The carboxyl group in
bile acids is often converted into the methyl ester. In addition, other bile acid esters have
been used for GC, such as ethyl, n-propyl, isobutyl and n-butyl esters. Moreover, other
derivatizations are common: of the hydroxyl group or the oxo group.
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8. High performance liquid chromatography

The first report of the application of HPLC for bile acid separation was in 1976 [68 in 12];
and although its usefulness has been demonstrated for bile acid analysis in a wide variety of
biological samples, up to the present it has never been used for the identification of species
through their fecal bile acid pattern.

During the last years, HPLC has been one of the most used techniques for the analysis and
identification of different lipid classes [44] and, particularly, for the separation and
quantification of bile acids and their derivatives in different biological materials, due to its
possibility to be coupled to a great variety of detectors [14, 27, 69-74]. HPLC presents several
advantages in relation to other techniques such as high resolution, high sensitivity and
specificity [44, 75].

A chromatographic system consists of four main components: a device for sample
introduction, a mobile phase, a stationary phase (column) and a detector. The injector is
simply required to allow introduction of the analytes into a flowing liquid stream without
introducing any discrimination effects, being manually or automatically operated. The two
components which are associated with the separation that occurs in a chromatographic
system are the mobile and stationary phases. In HPLC the mobile phase is a liquid delivered
under high pressure to ensure a constant flow rate, and reproducible retention times. The
stationary phase is packed into a cylindrical column with a particulate support to which is
bonded the stationary phase and it is capable of withstanding the high pressures which are
necessary.

Detectors and columns vary depending on the objectives of the study and the type of
sample. A small quantity of liquid sample is injected into the mobile phase which is flowing
through the column, so the individual components of the mixture are separated [76, 77].

To take advantage of an HPLC column, it is necessary to use integrated chromatographic
systems; all the components are specifically designed and coupled to get a maximum
efficiency.

A chromatographic separation occurs if the components of a mixture interact to different
extents with the mobile and/or stationary phases (Fig. 3), and therefore take different times
to move from the position of sample introduction to the position at which they are detected.
So, there are two extremes, as follows: a) all analytes have total affinity for the mobile phase
and do not interact with the stationary phase; all analytes move at the same rate as the
mobile phase, they reach the detector very quickly and are not separated, and b) all analytes
have total affinity for the stationary phase and do not interact with the mobile phase; all
analytes are retained on the column and do not reach the detector. The role of the analyst is
therefore, based on a knowledge of the sample, to manipulate the properties of the
stationary and/or mobile phases to move between these extremes and reach the desired
separation [77].
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Reversed-phase HPLC is the most used type of liquid chromatography for compound
separation; it has been reported that almost 75% of all HPLC separations are done in the
reverse mode. It is one of the most reliable and powerful methods for a direct and no
destructive analysis of those compounds which are less volatile than others, polar and
particularly, steroids and their conjugates [27]. Particularly, the resolution of compounds
with similar polarities to bile acids results efficient if reversed-phase HPLC is used [78, 79].

The main characteristic of reversed-phase HPLC is that the mobile phase is more polar than
the stationary phase, and therefore the components of the sample elute from the column in
order of their hydrophobicity, number, position and configuration of hydroxyl groups in the
steroid nucleus [44, 46, 80].

The retention behavior of a certain compound in reversed-phase HPLC depends on its
solubility in and the partition between mobile and stationary phases. The polarity of a
molecule controls the solubility in the mobile phase while the hydrophobic surface plays a
key role in the interaction with the stationary phase. Bile acids have a hydrophobic region in
the 3 face of the steroid nucleus, an area which is constant among common bile acids.
Therefore, when increasing the number of OH groups in the a face of the molecule,
increases the polarity and improve the solubility in an aqueous mobile phase. On the other
hand, the presence of a 3 OH or carbonyl group, reduces the hydrophobic area of {3 face,
resulting in a diminished of retention time [79]. The most polar bile acids are trihydroxilated
tauroconjugated ones and the least polar are free monohydroxylated bile acids [74, 79].

The choice of the mobile phase will depend not only on the characteristics of the analyte, but
also on the detection mode. Almost all methods use an elution gradient with a binary or
tertiary solvent system, which are combined depending on their polarities; so, a satisfactory
resolution of different lipid classes is achieved [44].

8.1. HPLC detectors

In different biological samples, bile acids are present as a complex mixture with a wide
variety of polarities due to the presence of conjugated and free forms. For that reason is that
the choice of the detection system will be largely governed by the structures of the analytes
[14, 27].

There are several detectors that can be coupled to an HPLC system. However, at the present
it is not available a simple, sensitive and direct method for the simultaneous analysis and
quantification of individual bile acids in different tissues and fluids [20].

UV detectors have been widely used for the determination of bile acids in biological samples
[25, 38, 81-83], mainly due to their relative low costs [44] and also because it allows the direct
analysis of conjugated bile acids without prior derivatization [27, 71] and the reduction of
the analysis time. However, HPLC-UV does not provide the required sensitivity and
selectivity to detect the trace amounts of some bile acids or bile acid-sulfates in biological
matrices [14, 20, 66, 73, 84], for example free bile acids [27, 80]. The simultaneous analysis of
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individual bile acids from a mixture presents several technical difficulties due to their
similar and complex chemical structures, to their low UV absorbance, their low volatility,
the presence of isomeric forms and the low concentration in certain type of samples [20, 27],
particularly feces [46, 73, 84].

In several studies, it is necessary to pretreat samples which involve extraction, purification
and derivatization so as to increase sensitivity and specificity [40].

Moreover, HPLC has been coupled to other types of detectors, for example RID, FLD and
Electrochemical Detector.

The use of RID is limited by poor sensitivity and unstableness of base-line in gradient
elution conditions, which is necessary for the separation of a complicated mixture with
relatively short analysis time. Furthermore, the use of FLD or electrochemical detection does
not detect non-chromophoric bile acids without a suitable pre-column derivatization [27].
Methods for sample derivatization are complex, with fluorescing chemicals [71, 85] or other
complex derivatizations [27], which can introduce contaminants and produce secondary
incomplete reactions, involving more complexity and longer analysis times [14, 27, 44, 73].
That is why derivatization methods are not the choice for a comprehensive analysis of fecal
bile acid patterns [84].

The majority of lipids show a maximum absorbance in the range of wavelengths from 190 to
210 nm [44]; particularly, bile acids show different capabilities of absorption to UV light
depending on their structure. UV detection can be used at 200-210 nm with moderate
sensitivity for glycine- and taurine-amidated bile acids, which can be analyzed directly
without previous derivatization steps, using conventional UV detectors [27, 71].
Unconjugated bile acids and their sulfated and glycosylated conjugates have a markedly
low absorbance in this range [27, 80].

For that reason, in certain cases, depending on the aim of the study, is necessary to pretreat
samples. This involves steps of extraction, purification and derivatization to increase
sensitivity and specificity [40]. Although a great variety of pre-column derivatizations have
been used to increase detection of bile acids to UV light, the complete conversion of
compounds it is not assured and in general, required long steps that finally led to the loss of
sample [14, 27].

In recent years, another detector used is ELSD. Theoretically, this detector responds to all
solutes that are not volatile and the response is proportional to the mass of the solute
present. The eluent is atomized in a stream of nitrogen and the finely divided spray passes
down a heated chamber during which time the solvent is evaporated. The removal of the
solvent produces a stream of particles which pass through a collimated beam of light. The
scattered light at an angle in relation to the incident light, is focused onto a photomultiplier
tube and the output is processed in an appropriate manner electronically. For a linear
response, the droplet size must be carefully controlled. The device is fairly compact and
relatively simple to operate. Detector sensitivity is in the range of 10-20 ng of solute.
However, the magnitude of the response varies widely between different substances.
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8.2. Liquid chromatography-mass spectrometry

Methods using FAB-MS and ESI-MS are applied in bile acid analysis. FAB-MS, however, has
inferior quantitative capabilities and yields less intact ions (more in-source fragmentation)
compared to ESI. Therefore, ESI-LC-MS remains a powerful technique for direct
quantitative analysis of bile acids in biological matrices. Several methods have been
developed and used to quantify bile acids in biological matrices using ESI-LC-MS [73, 86,
87].

The persistent need for rapid and sensitive methods has motivated efforts to exploit the high
sensitivity, specificity and the minimal sample preparation requirements of HPLC-MS/MS
for bile acid analysis in biological fluids, including the complex profile of secondary bile
acids in feces resulting from colonic bacterial metabolism [88].

In conventional ESI the sample eluting from HPLC is pumped through a thin capillary
(internal diameter approximately 0.1 mm) which is raised to a high potential (4 kV). Small
charged droplets are sprayed from the ESI capillary into a stream of inert gas, generally
nitrogen, at atmospheric pressure and travel down towards an orifice in the mass-
spectrometer high-vacuum system. As the droplets traverse this path they become
desolvated and reduced in size to such an extent that surface-coulombic forces overcome
surface-tension forces and the droplets break up into smaller droplets. This process
continues until they reach a point in which either an ion desorbs from a droplet or solvent is
completely removed. This mechanism results in a beam of ions, which are directed to the
mass spectrometer.

In a quadrupole mass analyzer MS/MS instrument, a precursor ion is mass-selected by first
mass analyzer and focused into a collision cell preceding a second mass analyzer. The mass
analyzers are arranged in series. Inert gas is generally introduced into the collision region
and collisions occur between the precursor ion and inert gas molecules. In these collisions
part of the precursor ions translational energy can be converted into internal energy, and as
a result of single or multiple collisions an unstable excited precursor ions decompose to
product ions. Product ions are mass-analyzed by the second mass analyzer [89].

MS/MS of steroids and bile acids has been an area of considerable study [90, 91]. When
analyzed by negative-ion FAB or ESI-MS, bile acids, steroid sulphates and steroid
glucuronides give abundant [M-H]-ions and few fragment ions. To gain structural
information, MS/MS spectra are recorded. Any modification of the steroid skeleton or side
chain would result in a change in the pattern of fragment ions [91].

LC-MS/MS is a simple, sensitive and rapid technique for the analysis of bile acids in
complex matrix as feces [46].

8.3. Experimental protocol

In this section, we will describe the HPLC methods used to identify fecal bile acids in
Xenarthra species.
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We used a HPLC Thermo Finnigan made up of a gradient quaternary pump, on-line
degassifier, a thermostatic module for the column and an UV-Vis detector with double
wavelength, set at 200 and 210 nm. Analyses were performed on a reversed-phase C-18
column and a similar pre-column. We adapted the HPLC experimental protocol from [25] to
our objectives.

Standard bile acids were CA, DCA, DHCA, CDCA, LCA, UDCA, GCA, sodium
glicocholate, GDCA, GCDCA, TCA, TDCA, TLCA and CME, and CHOL. All were prepared
in methanol at a concentration of 0.1%; and, when it was necessary, at 0.2% and 0.4%, and
filtered through a 0.45 um syringe driven HPLC filter.

As mobile phase we used a solution of 0.3% ammonium carbonate in water/acetonitrile. The
analyses were performed under a linear gradient constituted as follows: 73:27 v/v for 10
minutes, 68:32 v/v for 10 minutes, 50:50 v/v for 10 minutes and from 50 to 100% acetonitrile
until 60 minutes. The flow rate was 0.8 ml/min. Column temperature was set at 25-27°C, and
the sample volume injected was 20 pl. For the most retained compounds, solvent gradient
was modified, gradually increasing from the minute 30 to the minute 60 from 50% to 100%
acetonitrile.

We run a mixture of all standards before each series of samples, so as to compensate any
possible variation in retention times due to column efficiency loss or environmental
conditions. Sample peaks were tentatively assigned comparing their retention times with
those of standard solutions, previously injected in the same conditions.

For purposes of quantification, calibration curves for all standards in methanol were
constructed. Regression equations were obtained through linear regression analysis and
applied to the peak area of each bile acid as a function of concentration.

In each chromatogram we measured the retention time (Rt) expressed in minutes which is
defined as the time that each compound spends in eluting from the column, the peak area
(A) expressed in absorbance units (mAU), which determines the quantity of each compound
present in the sample and the peak width measured at the base line (W).

8.4. Results and discussion

HPLC has been applied in a great variety of studies with different aims; however it has
never been used as an ecological tool for differentiating species through fecal bile acids. In
our work, we could identify the fecal bile acid pattern for all Xenarthra studied species,
allowing the differentiation of wild-collected feces. No differences were observed between
males and females, or between captive and wild individuals of the same species. All the
species presented DHCA, TCA, TLCA and LCA, besides from CHOL, and three
unidentified peaks.

When we calculated the percentage composition of each bile acid in samples from different
individuals of the same species, we could observe that the compounds were the same;



Use of Chromatography in Animal Ecology 51

however, their quantities vary between them. This can be due to intra and/or interindividual
variations.

Variations in the composition of bile acids were reported for other biological samples. In [71]
authors found differences in the hepatic composition of bile acids among different
individuals of rats. Moreover, in [92] they recently reported diurnal variations, between
morning and afternoon, in liver and plasma bile acids in laboratory mice. Bile acid circadian
rhythm has been recognized for several years by various authors in different biological
materials such as plasma, liver, gallbladder and intestinal contents. Our results coincide
with those studies in which they did not report variations in the bile acid pattern of the
species but only in the quantity of some of them [92].

Individual retention times for all 15 standard bile acids and CHOL, were obtained. A typical
chromatogram of the mixture of standards shown in Fig. 4. Free bile acids, taurine-
conjugated and glycine-conjugated bile acids were resolved in less than 32 minutes,
achieving also the resolution of DCA and GDCA acids which could not be separated in
previous works [25, 80].
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Figure 4. A typical HPLC chromatogram of the mixture of all the standards used. CA, GCA, TCA,
CME, DHCA, DCA, CDCA, GDCA, GCDCA, UDCA, TDCA, TCDCA, LCA, TLCA, CHOL.
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For several years, a great variety of analytical methods for quantitative determination of bile
acids in various biological materials have been described [19, 27, 73, 74], including HPLC-
UV assays [25, 38, 81, 83]. The different classes of bile acids have different absorption
intensities to UV light, showing some limitations in their detection [27, 80]. The main
disadvantages of these methods are the limited sensitivity and specificity of UV detection,
especially in complex biological matrices, such as tissues and feces, due to the lack of a
chromophore in the bile acid molecule [14, 66, 73, 84].

In our study, compounds showed greater absorbance at 200 nm, demonstrated by their
larger areas. As it was demonstrated before by other authors [27, 69]; free bile acids were
harder to detect than conjugated ones. Tauro-conjugated bile acids showed greater
absorbance values than their corresponding glyco-conjugated ones.

We could demonstrate not only the great resolution power of HPLC even with a UV
detector, but also we achieved the resolution of the majority of the identified compounds in
a relatively short time. In previous works, although they reported separation of different
bile acid types, running times were longer [71].

The C-18 column was the most appropriated for the resolution of the majority of the
compounds. Although when doing HPLC, there are several parameters that should be taken
into account to achieve an efficient separation of all bile acids; among the most important
ones, are the composition and strength of the mobile phase. The strength is involved in the
peaks symmetry control and in the bile acid elution order [40, 93]; in this work, for most
retained compounds we increased the mobile phase strength increasing the proportion of
acetonitrile, so for example, we could elute cholesterol. Under these conditions, the analysis
reproducibility in terms of retention time and areas between different runs, even among
long periods of inactivity, was satisfactory, allowing a precise identification of the peaks.
Moreover, the high efficiency of this chromatographic system was demonstrated and this is
reflected in the peak sharpness.

As we found unidentified compounds which did not coincide with any of the standards
used, we are in process of identifying them and also confirming the identity of fecal bile
acids found by HPLC-UV, through ESI-MS/MS.

Finally, we were able to differentiate all Xenarthra species through their fecal bile acid
patterns, by HPLC. This study is of great relevance because is the first one in reporting
HPLC as an ecological tool for the identification of wild-collected mammal feces. Moreover,
it has proved to be a relatively simple method, without large preparation and derivatization
steps, achieving resolution and identification of most of the compounds in a short time.

9. Conclusion

As a non-invasive method, the analysis of feces is a fundamental tool for field work in
ecological studies, not only to identify the presence of certain species in a particular area
[94], but also for studying threatened species or animals difficult to observe and trap. For the
identification, the original fecal shape must be maintained; however, as several factors can
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corrode it through time, visual identification is not always reliable. Particularly, feces from
Xenarthra are sometimes difficult to identify in the wild because they are, commonly, total
or partially mixed with the substrate.

The chromatographic determination of fecal bile acids has become a more precise method to
identify unknown feces from the wild. The comparison of the whole pattern of fecal bile
acids between field-collected scats and scats with known origin allows identifying the
species from fecal material, avoiding capture and manipulation of animals.

We were able to establish the fecal bile acid patterns for Xenarthra species, which were
different for all of them. Moreover, these patterns were consistent among different
individuals of the same species. As it was reported before for other mammal species [3, 5-7,
25, 35, 36], we confirm that chromatographic determination of fecal bile acids is a precise
technique to identify unknown wild-collected feces.

Chromatographic techniques are the method of choice for a detailed analysis of bile acid
profiles in biological samples. However, there is no a single satisfactory method for the
analysis of all bile acids in biological fluids. All techniques present limitations in their
specificity, analysis times or simplicity. Some types of samples, such as urine or feces, can
contain complex mixtures of bile acids; other samples, such as tissues and cells, can contain
small quantities of bile acids, being, then, easier to analyze. Thus, the choice of the analytical
method will depend on the particular aim of the study and the type of sample. Certainly, in
our case, the use of multiple analytical techniques (TLC, HPLC, HPLC-ESI-MS/MS) allows a
precise resolution and confirmation of complex bile acid patterns.

HPLC-UV analysis has been widely used for the determination of bile acids in several
biological fluids [68]. The main disadvantage is its limited sensitivity and specificity to UV
detection in complex biological samples, such as tissues and feces [66].

In our study, both techniques, TLC and HPLC, presented advantages and disadvantages in
the analysis of Xenarthra feces. Although TLC offers advantages such as relative simplicity,
short analysis times, ease of operation and simultaneous analysis of a big number of
samples, as reported previously [43, 47, 93], it can be affected by external factors such as
environmental conditions, humidity and temperature, and by the operability of the
researcher. Moreover, it has lower resolution power and reproducibility than HPLC [44].

TLC separation selectivity allowed resolving and visualizing CHOL, free and amidated bile
acids in a single run, as it was reported before [95]. TLC could also resolve pairs of bile acids
with very similar Rf values, for example CA-GCA and DCA-CDCA. Previous works have
reported the performance of both methodologies for bile acid analysis in gallbladder bile or
liver. In [95] they reported that TLC produces quick, precise and reproducible results, with
shorter analysis times and low costs.

On the other hand, HPLC most important advantages were precision, higher resolution
power than TLC, high sensitivity and specificity, as it was observed by other authors before
[44, 75]. However, one disadvantage is longer analysis times due to the injection of only one
sample at the time.
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Diet of animals, and particularly in the case of Xenarthra species, can have an effect on the
detectability of some bile acids. In our study, in feces with high contents of vegetal material,
pigments appeared as colored bands in the TLC chromatographic plates and unidentified
peaks in HPLC. However, they did not interfere with bile acid detection and we were able
to correctly identify compounds.

With the application of HPLC we corroborate TLC results, not only confirming the presence
of the compounds found by TLC but also identifying new compounds which were not
resolved by TLC, in Xenarthra feces.

Bile acid detection constituted an essential step in both techniques. The choice of the
detection system is governed mainly by bile acid structures. In TLC, spraying the plates
with the revealing reagent is the critical step, in which it is important the ability and
experience of the operator. Spraying must be uniform to avoid uncolored areas that later
interfere with the correct identification of spots. In HPLC, different classes of bile acids have
different absorption capabilities to UV light; this is a critical factor especially for free bile
acids, showing limitations for their detection. However, in our study we could detect free
bile acids.

In relation to the components of the chromatographic system, the choice of the mobile and
stationary phase is very important, as they depend on the type of sample and the objectives
of the study. In TLC we used silica gel as stationary phase, which is the most used phase for
lipid analysis [47]. The solvent system composed of toluene:acetic acid:water (5:5:1.5 v/v)
proposed by [5] was the most adequate for our aims, achieving a good resolution of the
great majority of the compounds, except for some tauro-conjugated bile acids such as TDCA
and TLCA. In HPLC we used a reversed-phase column with a ODS stationary phase, and
the mobile phase composed of ammonium carbonate and acetonitrile; under these
conditions we were able to separate almost all bile acids, including tauro-conjugated bile
acids not resolved by TLC.

Thus, our work demonstrates that both techniques, TLC and HPLC, are complementary,
and they should be used together to take advantage of the positive aspects of each one.

The analysis of fecal bile acids is a useful tool not only for ecological and biological studies,
but also is of great clinical interest. These determinations can be helpful in the evaluation of
intestinal, biliary and hepatic functions, and in the diagnosis and treatment of some related
diseases such as colon cancer [46, 96, 97].

Chromatographic techniques have been widely used to identify bile acids in different
biological materials, mainly in gallbladder bile of mammal species. However, our study is
the first one to report the use of TLC and HPLC to differentiate Xenarthra species through
their fecal bile acid patterns.

Finally, our work established the validity of fecal bile acids to differentiate close related
species, being useful to assess habitat use and to study food habits of sympatric species. The
determination of these species-specific patterns offers robust data for the elaboration of
conservation strategies in the long term.
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