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Coprolites can provide detailed information about the nutritional habits and digestive processes of the
animals that produced them and may also yield information about the palaeoenvironment in which
the animal existed. To test the utility of the lipid biomarker approach to coprolite analysis, lipids were
extracted from a coprolite of the Pleistocene ground sloth Nothrotheriops shastensis. Gas chromatography/mass
spectrometry results revealed a dominant spiroketal sapogenin component identified, using nuclear
magnetic resonance spectroscopy, as epismilagenin. The dominance of epismilagenin is probably due to
ingestion of Yucca spp. and Agave spp., which is consistent with previous studies on the diet of this
species.
© 2009 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction
Coprolites (fossilised faeces) provide a unique means of inves-
tigating the diet of animals in ancient ecosystems and can establish
a direct link between the animal and the plants and/or animals it
consumed (Chin et al., 1998). Coprolites have been studied pre-
viously on the basis of gross morphology (e.g. Mead et al., 1986a,b;
Thulborn, 1991) and by identifying preserved fragments of ingested
material such as bone (Chin et al., 1998), muscle (Chin et al., 2003),
wood (Chin, 2007), plant leaves, stems and seeds (e.g. Eames, 1930;
Mead et al., 1986a,b; Ambwani and Dutta, 2005; Kropf et al., 2007),
phytoliths (e.g. Prasad et al., 2005) and pollen and spores (e.g.
Martin et al., 1961; Mead et al., 1986b; James and Burney, 1997).
Various chemical approaches have also been adopted including trace
element analysis using emission spectroscopy (Martin et al., 1961),
carbon and nitrogen stable isotope analysis (Ghosh et al., 2003),
molecular (DNA) analysis (Poinar et al., 1998; Hofreiter et al., 2000)
and pyrolysis coupled to gas chromatography mass spectrometry
(py–GC/MS) (Hollocher et al., 2001). Radiocarbon dating of copro-
lites of appropriate age has also been conducted (e.g. Mead and
Agenbroad, 1992).

Coprolites therefore possess the potential to provide detailed
information about the diet, digestive processes and lifestyle of extinct
animals, as well as the wider palaeoenvironment and palaeoclimate.
However, when interpreting physical or chemical data from copro-
lites it is critical to consider the taphonomic processes that the spe-
ashington. Published by Elsevier I
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cimen has been subjected to. For example, Pleistocene mammal
coprolites from the Southwestern USA are typically preserved by
dessication in cave deposits and have not been lithified (e.g. Eames,
1930; Martin et al., 1961; Mead et al., 1986a,b). Consequently, such
specimens are likely to exhibit a much higher organic matter con-
tent and better preservation of biomolecules than older, lithified
coprolites.

Existing techniques of coprolite analysis based on identification
of preserved food fragments, while useful, may be biased by the
variable resistance of different food materials to the chemical and
physical processes of digestion. Existing chemical approaches can
overcome these limitations in identifying dietary materials although
these methods have their own limitations in that chemical signatures
of all kinds may be subject to diagenetic loss or alteration (Peters
et al., 2005). The lipid biomarker approach has the specific additional
potential to provide information about the digestive processes and
microbial communities of extinct animals. To date, biomarker ana-
lyses have rarely been applied to coprolites (notable exceptions inc-
lude Lin et al., 1978; Chin and Brassell, 1993; Chin, 1996), but their
successful and wide ranging application in other settings, particu-
larly organic geochemistry, archaeological chemistry, environmental
science, biogeochemistry, geomicrobiology and palaeoclimatology,
indicates that they could prove a useful tool for the study of copro-
lites. The work reported herein comprises part of a larger study to
assess the utility of the biomarker approach in coprolite analysis.
As part of that study a coprolite from the Pleistocene ground sloth
Nothrotheriops shastensiswas analysed to test the twofold hypothesis
that faecal biomarkers are present within the coprolite and that
these extant compounds are indicative of the ground sloth's dietary
preferences.
nc. All rights reserved.
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Materials and methods

A samplewas taken from specimen BRSUG19569-3, a coprolite from
Gypsum Cave, Nevada, USA, attributed to the ground slothN. shastensis.
The sample was ground using a pestle and mortar and approximately
1 g of the powdered sample was extracted, using a modified version of
the lipid extraction and separation method of Kawamura et al. (2003).
Briefly, the powdered sample was sonicated for 15 min and heated at
70°C for 2 hwith 10ml of 0.1Mmethanolic potassiumhydroxide (KOH)
solution with 5% water. The sample was centrifuged for 5 min at 2500
revolutions perminute to separate the liquid extract from the remaining
solid particles, transferred to a clean, round-bottomed flask and solvent
was removed by rotary evaporation. Neutral lipids were isolated from
the total lipid extract by dissolving it in hexane:dichloromethane
(DCM) mixture 9:1; the solution was then acidified to pH1–0 and
acidic lipids were extracted using DCM. Following removal of the
solvent the remaining neutral lipids were separated into “aliphatic,”
“aromatic,” “aldehyde and ketone,” and “alcohol” fractions using the
silica column chromatography method described by Kawamura et al.
(2003). The alcohol fraction was derivatised prior to analysis, by
adding 50 μl of N,O-bis(trimethylsilyl)trifluoroacetamide with 1%
trimethylchlorosilane and 50 μl pyridine and heating at 70°C for 1 h.
The samples were dissolved in ethyl acetate prior to analysis by gas
chromatography (GC; Carlo ErbaHRGC 5300 equippedwith a non-polar
fused silica capillary column, CPSil-5CB, 50 m×0.32 mm×0.12 μm,
Varian Chrompack). Gas chromatography-mass spectrometry (GC/MS)
was conducted using a Thermoquest TraceMS GC-MS equippedwith an
identical column. In both cases the following temperature programme
was used: initial temperature 70°C, rising to 130°C at 20°C min−1, then
rising to 300°C at 4°C min−1, holding at 300°C for 25 min.

NMR spectroscopy

All NMR spectra were recorded on a 600 MHz Varian INOVA
spectrometer equippedwith a 1H,13C,15N triple resonance inverse probe
Figure 1. Total ion current (TIC) and an m/z 215 (a major fragmentation ion of saturated, t
shastensis coprolite lipid extract and the mass spectrum and structure of the predominant t

rg/10.1016/j.yqres.2009.06.006 Published online by Cambridge University Press
and shielded Z-pulsed field gradients. The 1D and 2D NMRexperiments
were recorded on 1.2 mg 600 μL−1 in CDCl3 at 25°C. Two-dimensional
double quantum filtered DQF-COSY, 1H-1H TOCSY, 1H–13C constant time
HSQC and HMBC experiments were used in combinationwith reported
13C assignments of epismilagenin (Lajis et al., 1993).

Results and discussion

Provenance and age of the specimen

Specimen BRSUG 19569-3 was not directly dated, but previous
coprolites from Gypsum Cave, shown by molecular analysis to have
derived from N. shastensis, have ages of between 11,005±100 14C yr
BP (Ua-12506) and 29205 14C yr BP (Ua-13224) (Hofreiter et al.,
2000). Coprolites attributed to N. shastensis from other localities have
also been datedwithin a similar range (e.g. Long et al. (1974) 10,780±
200 14C yr BP (A-1067) to 36,200±6000 14C yr BP (A-1043);
Thompson et al. (1980) 10,500±180 14C yr BP (A-2174) to 33,910±
3720 14C yr BP (A-1609). Specimen BRSUG 19569-3 is morphologically
identical to figured coprolites attributed to N. shastensis (e.g. Poinar,
2002, Figs. 5 and 6; Kropf et al., 2007, Fig. 2A) in terms of size, shape,
structure and texture and we are therefore confident that the spe-
cimen analysed is a coprolite from N. shastensis, with a minimum age
of approximately 11,000 14C yr BP.

The original label included with the specimen indicated that the
coprolite was “almost entirely composed of yucca leaves,” an assess-
ment based on the gross morphology of the fragments comprising the
coprolite (J. Attridge, pers. comm., 2008).

GC/MS results

Figure 1 depicts the total ion current (TIC) chromatogram obtained
for the alcohol fraction of the sloth coprolite extract and the mass
chromatogram for the m/z 215 fragment ion. These chromatograms
showtheunsaturated sterols cholesterol and sitosterol and someof their
rimethylsilylated sterols) mass chromatogram of the alcohol fraction of Nothrotherium
rimethylsilylated (25R)-5β-spirostan-3α-ol (epismilagenin).

https://doi.org/10.1016/j.yqres.2009.06.006


Table 1
1H and 13C chemical shift data for epismilagenin (ppm).

1H 13C

1 0.97, 1.79 35.3
2 1.32, 1.62 30.4
3 3.63 71.7
4 1.51, 1.74 36.4
5 1.4 41.9
6 1.11, 1.43 26.7
7 1.26, 1.86 27.1
8 1.58 35.4
9 1.42 40.5
10 – 34.8
11 1.28, 1.40 20.7
12 1.15, 1.71 40.1
13 – 41.0
14 1.16 56.2
15 1.25, 1.98 31.8
16 4.4 80.9
17 1.77 62.2
18 0.75 16.5
19 0.95 23.3
20 1.86 41.6
21 0.97 14.4
22 – 109.2
23 1.58, 1.66 31.4
24 1.46, 1.63 28.7
25 1.64 30.3
26 3.38, 3.48 66.9
27 0.8 17.1

Figure 2. Chemical structures of a) (25R)-5β-spirostan-3β-ol (smilagenin) and b)
(25R)-spirost-5-en-3β-ol (diosgenin).
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saturated stanol analogues, including5β-cholestan-3β-ol (coprostanol),
5α-cholestan-3β-ol (5α-cholestanol), 24-ethyl-5β-cholestan-3β-ol
(5β-stigmastanol) and 24-ethyl-5α-cholestan-3β-ol (5α-stigmasta-
nol). 5β-stanols, such as coprostanol and 5β-stigmastanol, are uniquely
formed in the gut by biohydrogenation of unsaturated sterols by
digestive tract bacteria (Murtaugh and Bunch, 1967). Their presence,
albeit at only trace concentrations, therefore serves to confirm the faecal
origin of thismaterial. Thepresence of cholesterol and sitosterol, derived
from body cells and diet respectively, is consistent with this interpreta-
tion and the preservation of these unsaturated sterols also confirms the
relatively low diagenetic maturity of the sample (Gaskell and Eglinton,
1976). However, these faecal biomarkers are present at relatively low
levels (between 0.8% and 6.9%).

The alcohol fraction is dominated by a compound tentatively
identified as a spirostanol sapogenin on the basis of its mass spectrum
(Fig. 1), exhibiting a characteristic base peak fragment ion of m/z 139
and amolecular ion ofm/z 416 (Taylor et al., 1997), and co-injection of
authentic standards of (25R)-5β-spirostan-3β-ol (smilagenin; Sigma-
Aldrich) and (25S)-5β-spirostan-3β-ol (sarsasapogenin; Sigma-
Aldrich). In order to confirm the identity of this predominant
compound, 1H and 13C NMR assignments were made using a
combination of DQF-COSY, TOCSYand 1H–13C CT-HSQC in combination
with 1H-detected long range hetereonuclear multiple bond connec-
tivity (HMBC) experiments. The 1H and 13C chemical shift data are
presented in Table 1. The 1H–13C CT-HSQC was well resolved enabling
most 1H–13C spin systems to be unambiguously grouped and assigned.
Of note was the presence of the R configuration at C25 which was
assigned by the identical matching of the 1H, 13C chemical shifts of ring
F to the published assignments of (25R)-5β-spirostan-3β-ol (smila-
genin) (Agrawal et al., 1997). Similarly assignments for the A ring of
the molecule confirmed the α-configuration of the hydroxyl group at
C3, consistent with identical 13C shifts previously reported for
epismilagenin (Lajis et al., 1993), thereby identifying the compound
as (25R)-5β-spirostan-3α-ol (epismilagenin).

Discussion

Epismilagenin, the dominant component of the hydroxylated
lipids extracted from the coprolite, is a sapogenin, a class of com-
oi.org/10.1016/j.yqres.2009.06.006 Published online by Cambridge University Press
pounds derived from saponins, which are widely distributed second-
ary plant metabolites (Glasby, 1991). Saponins consist of a glycone
(sugar) moiety and an aglycone (non-sugar) moiety, the sapogenin,
which may commonly have a spirostane steroid structure (Flåøyen et
al., 2002). Epismilagenin may be formed from one of two aglycone
moieties, smilagenin and diosgenin (Figs. 2a, b).

Smilagenin and diosgenin are found predominantly in plants in
their conjugated forms, i.e. as saponins, with a glyconemoiety at the C3
position. When an animal consumes a plant containing such saponins,
they are hydrolysed in the digestive tract to give free sapogenins that
may then be converted to their epimeric analogues (Flåøyen and
Wilkins, 1997). Miles et al. (1992, Fig. 2) proposed a scheme for the
conversion of diosgenin and smilagenin to epismilagenin. Thefirst step
in the conversion of diosgenin is the stereoselective hydrogenation
of the double bond at the C5 position to give smilagenin, with the
hydroxyl group at the C3 position in the beta configuration. Smilagenin
is then oxidised to smilagenone and reduced to give epismilagenin,
with the hydroxyl group in the alpha configuration.

In ruminant animals hydrolysis of saponins and oxidation and
reduction of sapogenins occurs predominantly in the rumen, omasum
and abomasum (Flåøyen and Wilkins, 1997). In the sheep studied by
Flåøyen and Wilkins (1997) episapogenins were re-conjugated in the
liver andmainly re-hydrolysed in the lower intestine to give a mixture
of free and conjugated episapogenins in the faeces, with the latter
dominating. A similar process is invoked to explain the occurrence of
epismilagenin in the sloth coprolite, which may have originally been
present in both free and conjugated forms. Thus, the high epismila-
genin content of the coprolite analysed is interpreted to derive from
the digestive processing of a saponin precursor contained in the
animal's food. The methodology used in the present study, with a
combined hydrolysis and extraction step, ensured that any conjugated
sapogenins would be hydrolysed to give free sapogenins for analysis.

The conversion of smilagenin and diosgenin to epismilagenin has
only been demonstrated to occur in ruminant animals such as sheep
(e.g. Miles et al., 1992, 1993; Flåøyen et al., 2002; Flåøyen and Wilkins,
1997). Althoughmodern three-toed tree sloths, e.g. Bradypus variegatus,
are not ruminants they have a complex stomach with fore-gut fermen-
tation taking place in the pre-gastric pouch (Pacheco et al., 2007). By
analogy and also based on tooth occlusal surface area (Vizcaíno et al.,
2006) extinct ground sloths have been interpreted to have had a simi-
lar ruminant-likemode of digestion and the presence of epismilagenin
in the N. shastensis coprolite is consistent with this interpretation.

Plant taxa reported to contain saponins with an epismilagenin
precursor aglycone molecule, i.e. smilagenin or diosgenin, are listed in
Table 2. In theory, any of these twenty-three taxa could have been the
dietary component from which the epismilagenin in the N. shastensis
coprolite was derived. However, some taxa can be excluded on the

https://doi.org/10.1016/j.yqres.2009.06.006


Table 2
Plant taxa with saponins containing an epismilagenin precursor aglycone moiety i.e.
smilagenin or diosgenin.

Taxon Reference

Agave spp. Glasby, 1991
Allium spp. Do et al., 1992

Fattorusso et al., 1998
Akhov et al., 1999

Asparagus africanus Debella et al., 1999
Balanites aegyptiaca Chapagain and Wiesman, 2007
Brachiaria decumbens Cruz et al., 2000
Chamaerlerium carolinianum Marker et al., 1942
Clintonia borealis Marker et al., 1942
Costus spp. Lin et al., 1997

Meagher et al., 2001
Dioscorea spp. Marker et al., 1942

Hoyer et al., 1975
Dacosta and Mukherjee, 1984
Glasby, 1991
Haraguchi et al., 1994
Nino et al., 2007

Dracaena australis Glasby, 1991
Helonias sp. Marker et al., 1942
Lycium barbarium Harsh and Nag, 1981
Narthecium ossifragum Flåøyen et al., 2002
Panicum miliaceum Miles et al., 1993
Phoenix humilis Asami et al., 1991
Radix sarsaparilla Agrawal et al., 1997
Smilax spp. Kar and Sen, 1984

Glasby, 1991
Solanum spp Sato and Latham, 1953

Glasby, 1991
Yahara et al., 1996

Tofeilia garmnifolia Marker et al., 1942
Tribulus terrestris Miles et al., 1993
Trigonella foenum-graecum Taylor et al., 1997
Trillium spp Marker et al., 1942
Yucca spp. Glasby, 1991

Flåøyen et al., 2002
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grounds of their geographical distribution, e.g. Asparagus africanus
(Debella et al., 1999), Balanites aegyptiaca (Chapagain and Wiesman,
2007), Trigonella foenum-graecum (Taylor et al., 1997). Coprolites of N.
shastensis have been studied previously in order to deduce its diet,
palaeoenvironment and possible causes of extinction (e.g. Eames,
1930; Martin et al, 1961; Hansen, 1978; Thompson et al., 1980; Poinar
et al., 1998, Hofreiter et al., 2000). These studies are in broad agree-
ment regarding the diet of N. shastensis, which was found to be
variable, e.g. Hansen (1978) identified seventy-two genera of plants
from over 500 different coprolites, but largely featured the following
taxa: Ephedra nevadensis, Sphaeralcea ambigua, Atriplex spp., Pinaceae
(probably the genus Pinus, pines), Moraceae (probably Morus micro-
phylla), Caparales (capers and mustards), Poaceae (grasses), Lilliales
(Yucca or Agave spp.), Lamiales (scrophs and mints), Asteraceae
(asters) and Vitis (grapes). Of these taxa, only Yucca spp. and Agave
spp. are known to produce saponins with a diosgenin or smilagenin
aglycone moiety (See Table 2). Yucca spp. and/or Agave spp. are
therefore interpreted to have formed the bulk of the sloth's diet prior
to production of the coprolite. The biomarker evidence is thus in
agreement with the original interpretation of the specimen consisting
predominantly of yucca fibres.

Conclusions

The hypothesis tested by this study was twofold:

(1). that the N. Shastensis coprolite would contain biomarkers.

(2). that any such biomarker would be indicative of the animal's
dietary preferences.
rg/10.1016/j.yqres.2009.06.006 Published online by Cambridge University Press
Recovery of diagnostic faecal biomarkers such as 5β-stanols, e.g.
coprostanol, from the coprolite upholds Hypothesis 1. The dominant
lipid component extracted from the coprolite was epismilagenin,
derived from a secondary metabolite found in a limited range of
plants. Comparison of dietary plants previously reported from N.
shastensis coprolites with plants known to contain an epismilagenin
precursor (Table 2) reveals that only two genera, Yucca spp. and Agave
spp. appear in both lists. Therefore, the most parsimonious explana-
tion for the presence of epismilagenin in the coprolite is that the sloth
had eaten a meal rich in Yucca spp. and/or Agave spp. prior to
defecating. This result supports Hypothesis 2, but is not conclusive,
since the epismilagenin could have been derived from another plant
taxon not yet reported to contain an epismilagenin precursor.

Our results suggest that biomarker analysis is a useful source of
complementary information about the diet of coprolite producers
and can be used to corroborate dietary information obtained by other
means, such as microhistological analysis (and vice versa). Although
epismilagenin cannot be shown conclusively to derive from specific
dietary plants, its recovery from the coprolite of N. shastensis is
encouraging and suggests the possibility that other, more specific,
dietary lipid biomarkers may be recovered from other suitably pre-
served coprolites. The recovery of epismilagenin, which has only been
reported to have been formed in extant ruminant animals suggests
that lipid biomarkers from coprolites may have the potential to reveal
information about the digestive physiology of extinct animals and is
therefore a promising area for future study.
Acknowledgments

This work was undertaken within the Organic Geochemistry Unit
(OGU; www.organicgeochemistry.co.uk), a subdivision of the Bristol
Biogeochemistry Research Centre at the University of Bristol. The
authors wish to thank the NERC for funding of the mass spectrometry
facilities at Bristol (contract no. R8/H12/15; www.lsmsf.co.uk). The
authors thank John Attridge for his personal communication to us and
his interest and encouragement in this work and thank Dr. Elizabeth
Loeffler for making the specimen available to us and putting us in
contact with John Attridge. The authors also thank two anonymous
reviewers for their helpful comments on this manuscript.
References

Agrawal, P.K., Bunsawansong, P., Morris, G.A., 1997. NMR spectral investigations .46.
Complete assignment of the H-1 and C-13 NMR spectra of steroidal sapogenins:
smilagenin and sarsasapogenin. Magnetic Resonance in Chemistry 35, 441–446.

Akhov, L.S., Musienko, M.M., Piacente, S., Pizza, C., Oleszek, W., 1999. Structure of
steroidal saponins from underground parts of Allium nutans L. Journal of
Agricultural and Food Chemistry 47, 3193–3196.

Ambwani, K., Dutta, D., 2005. Seed-like structure in dinosaurian coprolite of Lameta
Formation (Upper Cretaceous) at Pisdura, Maharashtra, India. Current Science 88,
352–354.

Asami, A., Hirai, Y., Shoji, J., 1991. Studies on the constituents of palmae plants .6. Steroid
saponins and flavonoids of leaves of Phoenix canariensis hort. ex Chabaud, P. humilis
Royle var. hanceana Becc., P. dactylifera L, and Licuala spinosaWurmb. Chemical and
Pharmaceutical Bulletin 39, 2053–2056.

Chapagain, B.P., Wiesman, Z., 2007. Determination of saponins in the kernel cake of
Balanites aegyptiaca by HPLC–ESI/MS. Phytochemical Analysis 18, 354–362.

Chin, K., 1996. The paleobiological implications of herbivorous dinosaur coprolites:
ichnologic, petrographic, and organic geochemical investigations. Unpublished
doctoral thesis, University of California at Santa Barbara. 162 p.

Chin, K., 2007. The paleobiological implications of herbivorous dinosaur coprolites from
the Upper Cretaceous TwoMedicine Formation of Montana:Why eat wood? Palaios
22, 554–566.

Chin, K., Brassell, S.C., 1993. The biomarker composition of coprolites from marine and
terrestrial vertebrates: an untapped source of paleoecological information. In:
Øygard, K. (Ed.), Organic Geochemistry Poster Sessions from the 16th International
Meeting on Organic Geochemistry, Stavanger, pp. 444–447 (1993).

Chin, K., Tokaryk, T.T., Erickson, G.M., Calk, L.C., 1998. A king-sized theropod coprolite.
Nature 393, 680–682.

Chin, K., Eberth, D.A., Schweitzer, M.H., Rando, T.A., Sloboda, W.J., Horner, J.R., 2003.
Remarkable preservation of undigested muscle-tissue within a Late Cretaceous
tyrannosaurid coprolite from Alberta, Canada. Palaios 18, 286–294.

http://www.organicgeochemistry.co.uk
http://www.lsmsf.co.uk
https://doi.org/10.1016/j.yqres.2009.06.006


288 F.L. Gill et al. / Quaternary Research 72 (2009) 284–288

https://d
Cruz, C., Driemeier, D., Pires, V.S., Colodel, E.M., Taketa, A.T.C., Schenkel, E.P., 2000.
Isolation of steroidal sapogenins implicated in experimentally induced cholangio-
pathy of sheep grazing Brachiaria decumbens in Brazil. Veterinary and Human
Toxicology 42, 142–145.

Dacosta, F.F., Mukherjee, R., 1984. Diosgenin and yamogenin from Dioscorea multiflora.
Journal of Natural Products 47, 909–910.

Debella, A., Haslinger, E., Kunert, O., Michl, G., Abebe, D., 1999. Steroidal saponins from
Asparagus africanus. Phytochemistry 51, 1069–1075.

Do, J.C., Jung, K.Y., Son, K.H., 1992. Steroidal saponins from the subterranean part of
Allium fistulosum. Journal of Natural Products 55, 168–173.

Eames, A.J., 1930. Report on ground sloth coprolite from Dona Ana County, NewMexico.
American Journal of Science 5th Series 20, 353–356.

Fattorusso, E., Lanzotti, V., Magno, S., Taglialatela-Scafati, O., 1998. Chemistry of the
genus Allium. Part 5—sapogenins of Allium porrum L. Journal of Agricultural and
Food Chemistry 46, 4904–4908.

Flåøyen, A., Wilkins, A.L., 1997. Metabolism of saponins from Narthecium ossifragum—a
plant implicated in the aetiology of alveld, a hepatogenous photosensitization of
sheep. Veterinary Research Communications 21, 335–345.

Flåøyen, A., Wilkins, A.L., Sandvik, M., 2002. Ruminal metabolism in sheep of saponins
from Yucca schidigera. Veterinary Research Communications 26, 159–169.

Gaskell, S.J., Eglinton, G., 1976. Sterols of a contemporary Lacustrine sediment.
Geochimica Et Cosmochimica Acta 40, 1221–1228.

Ghosh, P., Bhattacharya, S.K., Sahni, A., Kar, R.K., Mohabey, D.M., Ambwani, K., 2003.
Dinosaur coprolites from the Late Cretaceous (Maastrichtian) Lameta Formation of
India: isotopic and othermarkers suggesting a C-3 plant diet. Cretaceous Research 24,
743–750.

Glasby, J.S., 1991. Dictionary of Plants Containing Secondary Metabolites. Taylor and
Francis, London.

Hansen, R.M., 1978. Shasta ground sloth food-habits, Rampart Cave, Arizona.
Paleobiology 4, 302–319.

Haraguchi, M., Dossantos, A.P.Z., Young, M.C.M., Chu, E.P., 1994. Steroidal prosapogenins
from Dioscorea olfersiana. Phytochemistry 36, 1005–1008.

Harsh, M.L., Nag, T.N., 1981. Diosgenin and phytosterols from Lycium barbarium Linn.
Current Science 50, 235.

Hofreiter, M., Poinar, H.N., Spaulding, W.G., Bauer, K., Martin, P.S., Possnert, G., Paabo, S.,
2000. A molecular analysis of ground sloth diet through the last glaciation.
Molecular Ecology 9, 1975–1984.

Hollocher, T.C., Chin, K., Hollocher, K.T., Kruge, M.A., 2001. Bacterial residues in coprolite of
herbivorous dinosaurs: role of bacteria inmineralization of feces. Palaios 16, 547–565.

Hoyer, G.A., Sucrow, W., Winkler, D., 1975. Diosgenin saponins from Dioscorea flori-
bunda. Phytochemistry 14, 539–542.

James,H.F., Burney,D.A.,1997. The diet andecologyofHawaii's extinctflightlesswaterfowl:
evidence from coprolites. Biological Journal of the Linnean Society 62, 279–297.

Kar, D.K., Sen, S., 1984. Smilax zeylanica Linn—a new source of diosgenin. Current
Science 53, 661.

Kawamura, K., Ishimura, Y., Yamazaki, K., 2003. Four years’ observations of terrestrial
lipid class compounds in marine aerosols from the western North Pacific. Global
Biogeochemical Cycles 17 (1), 1003.

Kropf, M., Mead, J.I., Anderson, R.S., 2007. Dung, diet, and the paleoenvironment of
the extinct shrub-ox (Euceratherium collinum) on the Colorado Plateau, USA.
Quaternary Research 67, 143–151.

Lajis, N.H., Abdullah, A.S.H., Salim, S.J.S., Bremner, J.B., Khan, M.N., 1993. Epi-
sarsasapogenin and epi-smilagenin—2 sapogenins isolated from the rumen content
of sheep intoxicated by Brachiaria decumbens. Steroids 58, 387–389.

Lin, D.S., Connor, W.E., Napton, L.K., Heizer, R.F., 1978. Steroids of 2000-year-old human
coprolites. Journal of Lipid Research 19, 215–221.

Lin, R.C., LacailleDubois, M.A., Hanquet, B., Correia, M., Chauffert, B., 1997. New
diosgenin glycosides from Costus afer. Journal of Natural Products 60, 1165–1169.

Long, A., Hansen, R.M., Martin, P.S., 1974. Extinction of Shasta ground sloth. Geological
Society of America Bulletin 85, 1843–1848.
oi.org/10.1016/j.yqres.2009.06.006 Published online by Cambridge University Press
Marker, R.E., Wagner, R.B., Ulshafer, P.R., 1942. Sterols CXLVI sapogenins. LX. Some
new sources of diosgenin. Journal of the American Chemical Society 64,
1283–1285.

Martin, P.S., Sabels, B.E., Shutler, D., 1961. Rampart Cave coprolite and ecology of the
Shasta ground sloth. American Journal of Science 259, 102–127.

Mead, J.I., Agenbroad, L.D., 1992. Isotope dating of Pleistocene dung deposits from the
Colarado Plateau, Arizona and Utah. Radiocarbon 34, 1–19.

Mead, J.I., Agenbroad, L.D., Davis, O.K., Martin, P.S., 1986a. Dung of Mammuthus in the
arid southwest, North America. Quaternary Research 25, 121–127.

Mead, J.I., O Rourke, M.K., Foppe, T., 1986b. Dung and diet of the extinct Harrington's
mountain goat (Oreamnos harringtoni). Journal of Mammalogy 67, 284–293.

Meagher, L.P., Smith, B.L., Wilkins, A.L., 2001. Metabolism of diosgenin-derived
saponins: implications for hepatogenous photosensitization diseases in ruminants.
Animal Feed Science and Technology 91, 157–170.

Miles, C.O., Wilkins, A.L., Munday, S.C., Holland, P.T., Smith, B.L., Lancaster, M.J., Embling,
P.P., 1992. Identification of the calcium salt of epismilagenin beta-d-glucuronide in
the bile crystals of sheep affected by Panicum dichotomiflorum and Panicum schinzii
toxicoses. Journal of Agricultural and Food Chemistry 40, 1606–1609.

Miles, C.O., Wilkins, A.L., Munday, S.C., Flåøyen, A., Holland, P.T., Smith, B.L., 1993.
Identification of insoluble salts of the beta-d-glucuronides of episarsasapogenin
and epismilagenin in the bile of lambs with alveld and examination of Narthecium
ossifragum, Tribulus terrestris, and Panicum miliaceum for sapogenins. Journal of
Agricultural and Food Chemistry 41, 914–917.

Murtaugh, J.J., Bunch, R.L., 1967. Sterols as a measure of fecal pollution. Journal Water
Pollution Control Federation 39, 404.

Nino, J., Jimenez, D.A., Mosquera, O.M., Correa, Y.M., 2007. Diosgenin quantification by
HPLC in a Dioscorea polygonoides tuber collection from Colombian flora. Journal of
the Brazilian Chemical Society 18, 1073–1076.

Pacheco, M.A., Concepcion, J.L., Rangel, J.D.R., Ruiz, M.C., Michelangeli, F., Dominguez-
Bello, M.G., 2007. Stomach lysozymes of the three-toed sloth (Bradypus variegatus),
an arboreal folivore from the Neotropics. Comparative Biochemistry and Physiology
a-Molecular and Integrative Physiology 147, 808–819.

Peters, K.E., Walters, C.C., Moldowan, J.M., 2005. The Biomarker Guide Volume 1.
University Press, Cambridge, United Kingdom. 471p.

Poinar, H.N., 2002. The genetic secrets some fossils hold. Accounts of Chemical Research
35, 676–684.

Poinar, H.N., Hofreiter, M., Spaulding, W.G., Martin, P.S., Stankiewicz, B.A., Bland, H.,
Evershed, R.P., Possnert, G., Paabo, S., 1998. Molecular coproscopy: dung and diet of
the extinct ground sloth Nothrotheriops shastensis. Science 281, 402–406.

Prasad, V., Stromberg, C.A.E., Alimohammadian, H., Sahni, A., 2005. Dinosaur coprolites
and the early evolution of grasses and grazers. Science 310, 1177–1180.

Sato, Y., Latham, H.G., 1953. The isolation of diosgenin from Solanum xanthocarpum.
Journal of the American Chemical Society 75, 6067.

Taylor, W.G., Zaman, M.S., Mir, Z., Mir, P.S., Acharya, S.N., Mears, G.J., Elder, J.L.,
1997. Analysis of steroidal sapogenins from amber fenugreek (Trigonella
foenum-graecum) by capillary gas chromatography and combined gas chroma-
tography mass spectrometry. Journal of Agricultural and Food Chemistry 45,
753–759.

Thompson, R.S., Vandevender, T.R., Martin, P.S., Foppe, T., Long, A., 1980. Shasta ground
sloth (Nothrotheriops shastense hoffstetter) at Shelter Cave, New Mexico—
environment, diet, and extinction. Quaternary Research 14, 360–376.

Thulborn, R.A., 1991. Morphology, preservation and palaeobiological significance of
dinosaur coprolites. Palaeogeography Palaeoclimatology Palaeoecology 83,
341–366.

Vizcaino, S.F., Bargo, M.S., Cassini, G.H., 2006. Dental occlusal surface area in relation to
body mass, food habits and other biological features in fossil xenarthrans.
Ameghiniana 43, 11–26.

Yahara, S., Nakamura, T., Someya, Y., Matsumoto, T., Yamashita, T., Nohara, T., 1996.
Studies on the solanaceous plants. 36. Steroidal glycosides, indiosides A–E, from
Solanum indicum. Phytochemistry 43, 1319–1323.

https://doi.org/10.1016/j.yqres.2009.06.006



