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Although various kinds of organic molecules are known to occur in fossils and
rocks, most soft tissue preservation in animals is attributed to melanin or por-
phyrins. Lipids are particularly stable over time—as diagenetically altered
‘geolipids’ or as major molecular constituents of kerogen or fossil ‘geopoly-
mers’—and may be expected to be preserved in certain vertebrate tissues.
Here we analysed lipid residues from the uropygial gland of an early
Eocene bird using pyrolysis gas chromatography mass spectroscopy. We
found a pattern of aliphatic molecules in the fossil gland that was distinct
from the host oil shale sediment matrix and from feathers of the same fossil.
The fossil gland contained abundant n-alkenes, n-alkanes and alkylbenzenes
with chain lengths greater than 20, as well as functionalized long-chain alde-
hydes, ketones, alkylnitriles and alkylthiophenes that were not detected in
host sediment or fossil feathers. By comparison with modern bird uropygial
gland wax esters, we show that these molecular fossils are likely derived
from endogenous wax ester fatty alcohols and fatty acids that survived initial
decay and underwent early diagenetic geopolymerization. These data demon-
strate the high fidelity preservation of the uropygial gland waxes and
showcase the resilience of lipids over geologic time and their potential role
in the exceptional preservation of lipid-rich tissues of macrofossils.

1. Introduction

Compared to biomineralized fossils comprised of calcium carbonate or calcium
phosphate, the preservation of animal soft tissue is exceedingly rare over geologic
time. Nevertheless, there are documented examples of exceptionally preserved
organic tissues going back to the Paleozoic [1-6]. Arguably, the early Eocene
(approx. 48 Ma; [7]) sediments of the Messel UNESCO World Heritage Site in
Germany yield some of the most outstanding examples of soft tissue preservation
in the fossil record, and numerous vertebrate fossils preserve remains of integu-
mentary structures, such as feathers and hair [8]. It has been shown that much
of the soft tissue preservation in Messel and other fossil sites is due to the preser-
vation of melanosomes which trace the plumage and fur of birds and mammals,
respectively [2,6,9]. However, the Messel site also yields other examples of soft
tissue preservation that are unparalleled among other fossil sites (e.g. [10,11]).
One of the most unusual examples concerns the preservation of soft tissue struc-
tures in fossil birds that correspond in size and morphology with the uropygial
gland (also called the preen or oil gland) of birds [11]. This sebaceous gland is situ-
ated at the base of the tail and secretes an oil that contains a variety of wax esters
(long-chain fatty alcohols esterified to fatty acids) that play an important role in
preening, i.e. feather maintenance [12,13]. However, although an identification
of uropygial gland remains in some bird fossils from Messel is suggested by
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Figure 1. Photographs of the fossil bird specimen (SMF-ME 11593) showing the location (a) and detail of the preserved uropygial gland (b: before sampling in the
unprepared fossil; ¢: after sampling in the prepared fossil). (Online version in colour.)

the position and shape of the fossil structures in question
(figure 1), a characterization of the composition of these struc-
tures at the molecular level has yet to be conducted. In this
study, and in order to validate the preservation of these struc-
tures at the molecular level, a bird specimen preserving a
candidate fossil uropygial gland, was explored using pyrolysis
gas chromatography-mass spectrometry (Py-GC-MS). We also
characterized the fidelity and alteration of these through
comparative experiments with modern uropygial glands.

2. Material and methods

The fossil specimen is catalogued in the collection of the Senck-
enberg Research Institute under the number SMF-ME 11593.
The fossil is from a very small bird that appears to represent
an undescribed new species. Overall, the bones show a resem-
blance to those of the Messelirrisoridae, but there are some
differences in the length proportions of the bones. A reliable
determination of this species has to await the discovery of
future specimens, in which the skull and legs are preserved,
but we consider close affinities to the Messelirrisoridae likely.
These upupiform birds are commonly preserved with uropygial
gland residues in the Messel lake [11].

Microgram quantities of the fossil uropygial gland, two
samples from fossil feathers and two samples from the surround-
ing oil shale sediment matrix were directly sampled from fresh
excavations. The amount of fossil uropygial gland available for
analysis was very limited and, since the pyrolysis yield and result-
ing signal was also uncertain, the fossil uropygial gland analysis
could not be duplicated. Modern wax glands were dissected

from fresh specimens of the Common Blackbird, Turdus merula
(Turdidae, Passeriformes), the Ringed Teal, Callonetta leucophrys
(Anatidae, Anseriformes) and the Middle Spotted Woodpecker,
Dendrocopos medius (Picidae, Piciformes). Samples were pyrolysed
using a CDS analytical 5250T Pyroprobe and pyrolysates were
directed via a heated transfer line onto an Agilent 6890N gas chro-
matograph interfaced to a Waters Micromass AutoSpec Ultima
mass spectrometer. Known amounts of commercial and laboratory
standards (e.g. tasmanites, melanin, chitin, lignin) were pyrolysed
in the same analytical sequence to monitor analytical reproducibil-
ity. Internal standards were not added to samples due to concerns
over very low analyte yield and potential masking of analyte
signals. As such our data are only discussed qualitatively. Wax
esters were extracted from modern uropygial glands using a modi-
fied Bligh and Dyer extraction [14] and analysed intact and as
fatty alcohol and fatty acid constituents by GC-MS. A detailed
description of analytical methods can be found in the electronic
supplementary material and described elsewhere [15,16].

3. Results
(a) Fossils

The major compounds in all samples were n-alkenes and
n-alkanes ranging from Cg to Czy carbon chain lengths
(figure 2). n-alkenes and n-alkanes were more prominent pyro-
lysates in the fossil uropygial gland (figure 2c) compared to the
oil shale samples and fossil feather samples (figure 24 and b,
respectively) and the n-alkene/n-alkane chain-length distri-
butions were markedly different. The fossil gland yielded
n-alkene Cp. at Cyp and a slight even-over-odd carbon
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Figure 2. Partial total ion pyrograms of the sediment matrix (a), fossil feather (b) and fossil uropygial gland (c), showing the occurrence of long-chain functio-
nalized lipids in the fossil uropygial gland. Numbers correspond to the total number of carbon atoms for the alkene/alkane doublets. Letters correspond to

pyrolysates given in table 1. (Online version in colour.)

number preference between Cy3 to Cys. 11-alkane C,p,,y 0ccurred
at Cp3, with a slight n-alkane odd-over-even carbon number
preference between Cyg to Cp4. In contrast, the oil shale matrix
and fossil feathers both exhibited an n-alkene C,,,, at C3 and
n-alkane Cpx at Ci9 and Cye, respectively. The fossil gland
also exhibited a distinct series of alkylbenzenes with enhanced
Cy6 and Cy, compared to the oil shale and feather samples
(electronic supplementary material, figure S1).

Isoprenoid lipids were prominent in the oil shale samples
and dominated by prist-1-ene, prist-2-ene, norpristane and
6,10,14-trimethyl-pentadecan-2-one (figure 2, peak m to p).

A range of other polymethyl-branched hydrocarbons were
also present, and generally in higher relative amounts in
the oil shale sediment (table 1). Exact structures could not
be assigned in all cases due to significant co-elution on
pyrograms and a lack of suitable standards. Steroids and
hopanoids were present in low amounts compared to other
pyrolysates and yielded similar distributions in all samples.
22,29,30-trisnorhop-17(21)-ene and 22,29,30-trisnorhopane
were the major compounds identified (data not shown).

We also detected a number of long-chain functionalized
compounds in the fossil gland (figure 2c inset and table 1,
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Table 1. Identity and fragment ions of major pyrolysates reported in this
study.

pyrolysate M+  fragment ions
a toluene 92 91
b xylene 106 91
4 ethyltoluene 120 105
d 4-methyldecene 154 57,71, 112
e 2-methylphenol 108 77,79, 107
f 3-methylphenol 108 77,79, 107
g 5-methyldodecane 184 57,98, 113
h dimethyldodecane 198 57,71, 113
i dimethyltridecene 210 55, 69, 125, 140
j dimethyltridecane 212 57,71, 113, 127
k dimethyltetradecene 224 57,71, 113, 127
| dimethyltetradecane 226 57,71, 113, 127, 141
m nor-pristane 254 57, 169, 183
N prist-1ene 266 56,69, 126, 111, 83, 196
() prist-2-ene 266 69, 57, 126, 111, 83, 196
p 6,10,14-trimethyl 268 58, 71, 109, 179, 210, 250
pentadecan-2-one
q docosanal 306 57, 82, 9%
r tricosanal 320 57, 82, 96
s tetracosanal 334 57, 82, 9%
t pentacosan-2-one 366 58, 71
u pentacosanal 348 57, 82, 9%
v hexacosan-3-one 380 57,72, 351
w hexacosan-2-one 380 58, 71
X hexacosanal 362 57, 82, 96
y heptacosan-2-one 394 58, 71 ‘
z pentacosanenitrile 363 57, 97, 236, 250
Aa heptacosanal 378 57, 82, 96
Ab tricosylthiophene 406 97
Ac tetracosylthiophene 420 97
Ad  styrene 104 103, 78
Ae phenol 9% 66
Af indole 17 90, 89
Ag methylindole 131 130, 103

compounds g - Ac) that were absent from the oil shale matrix
and fossil feather. n-alkanals with carbon chain lengths from
Cy, to Cy; with an odd-over-even carbon number preference
were detected. Pentacosanal was the major aldehyde, repre-
senting about 65% of total n-alkanals. Alkan-2-ones were
detected, with pentacosan-2-one, hexacosan-2-one and heptaco-
san-2-one dominating. Trace amounts were detected at carbon
chain lengths as low as Cyj. Hexacosan-3-one was also detected.
Cy9 to Cy4 alkylthiophenes (majorly tricosylthiophene and tetra-
cosylthiophene) and Cp3 to Cy; alkylnitriles (pentacosanenitrile
was the major compound) were also detected.

Low molecular weight benzyl and phenolic pyrolysates
were detected in all samples. These included toluene, xylene,

ethyltoluene, 2- and 3-methylphenol and trace amounts of [ 4 |

dimethyl- and trimethylthiophenes (figure 2, table 1). Nitro-
gen-containing compounds were limited to the long-chain
alkylnitriles in the fossil uropygial gland.

(b) Lipid composition and pyrolysis of modern wax
glands

T. merula wax esters ranged from Czg to Cyy (figure 3a) with
normal fatty alcohols being between C;4 to Cy3 and normal
and methyl-branched fatty acids being between Cy4 to Cas.
The branched fatty acids contained straight-chain fatty acids
between 14 and 22 carbon chain lengths and 2,6-dimethyl
fatty acids between 18 and 22 carbon chain lengths (electronic
supplementary material, figure S2). Fatty alcohols were domi-
nated by straight-chain and methyl-branched fatty alcohols
between Cy and Cyp. C. leucophrys wax esters contained five
wax esters between C,7 and Cy (figure 3b), primarily octade-
can-1-ol esterified to undecanoic acid, nonanoic acid,
dodecanoic acid and octanoic acid. D. medius uropygial
gland wax esters ranged between Cy9 and Cs; (figure 2c),
with n-heptadecan-1-ol and n-hexadecan-1-ol as major fatty
alcohols. Fatty acids consisted of mixtures of Cis and Cig
normal and C;3 to Cys 3-methyl homologues (electronic
supplementary material, figure S2). Methyl-branched and
1,2-diol fatty alcohols were also detected in lower amounts.

Pyrolysis of the T. merula uropygial gland yielded n-alkenes
ranging from Cg to Cy4 and a number of methyl-branched
alkenes (figure 3d). n-alkanes were not detected. Pyrolysis of
the C. leucophrys uropygial gland produced n-alkenes from
Cs to Cy, with n-octadecene being the major pyrolysate
(figure 3e). D. medius pyrolysates were dominated by Co to
C;g n-alkenes and lower amounts of C;¢ to C;5 methyl alkenes
(figure 3f ). n-heptadecene, n-hexadecene and n-pentadecene
were the major pyrolysates. Toluene, styrene, phenol,
2-methylphenol, indole and methylindole were also detected
(figure 3, table 1).

4. Discussion

While fossilized lipids are common in the plant fossil record
and are also known from prokaryotes and eukaryotes as sedi-
mentary biomarkers, endogenous lipids from vertebrate
fossils older than the Neogene and Holocene are rare [17].
We report the first chemical characterization of exceptionally
preserved bird soft tissues that, based on their shape, size and
anatomical position are consistent with being uropygial
glands of birds [11]. The high similarity between oil shale
and fossil feather pyrograms indicates that there is consider-
able diagenetic replacement or contamination of the fossil
feathers with exogenous organic matter. However, we
observed distinct n-alkene, n-alkane and alkylbenzene distri-
butions and long carbon chain functionalized aliphatic
ketones, aldehydes, nitriles and thiophenes in the fossil
gland compared to the oil shale matrix and fossil feathers.
Pyrolysis experiments on modern specimens of the
Common Blackbird, Turdus merula (Turdidae, Passeriformes),
the Ringed Teal, Callonetta leucophrys (Anatidae, Anseri-
formes) and the Middle Spotted Woodpecker, Dendrocopos
medius (Picidae, Piciformes) allowed us to explore whether
the unusual and distinct pyrolysates from the fossil were
from intact largely unaltered wax esters or from diagenetic
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Figure 3. Partial total ion chromatograms of wax ester extracts (a—c) and corresponding pyrograms (d—f) of uropygial glands from specimens of the Common
Blackbird, Turdus merula (a,d), the Ringed Teal, Callonetta leucophrys (b,e) and the Middle Spotted Woodpecker, Dendrocopos medius (c,f). Numbers correspond to
the total number of carbon atoms for n-alkenes, methyl-branched alkenes or wax esters. Wax ester nomenclature corresponds to x/y, where x is the fatty alcohol and
y is the fatty acid. Letters correspond to pyrolysates given in table 1. ‘Chol. is cholesterol.

products of the original wax esters. Comparison with solvent-
extracted wax esters also allowed us to assess whether or not
certain pyrolysates were analytical artefacts created during
the pyrolysis process.

Uropygial glands in extant birds primarily contain wax
esters composed of saturated and/or branched fatty acids
esterified to fatty alcohols and/or hydroxy acids [12,18,19].
Under our experimental conditions, Py-GC-MS of the
modern bird uropygial glands showed that constituent wax
esters are cleaved and converted to alkenes. n-alkene and
n-alkane doublet series are common in most sedimentary kero-
gen pyrolysates, and are thought to derive from cleavage of
insoluble macromolecularly bound aliphatic geopolymers
(e.g. [20-22]). We detected clear alkane/alkane doublet series
in our fossils but no alkanes were detected when we pyrolysed
our modern uropygial glands. This demonstrates that the fossil
uropygial gland was preserved as a macromolecular geopoly-
mer rather than being due to preservation of original wax ester
biomolecules. No markers for protein [23,24] were detected in

the fossils, indicating that protein has not been preserved.
Indole and methylindole were the major nitrogen-containing
pyrolysates in the modern uropygial glands and are likely
derived from protein [23].

Most of the fatty alcohols in our modern uropygial glands
were converted to n-alkenes with the same carbon chain
length, allowing us to reconstruct the fatty alcohol content
of our modern specimens. C. leucophrys wax esters were
overwhelmingly dominated by n-octadecan-1-ol and
n-octadecene on pyrolysis while D. medius wax esters, contain-
ing n-heptadecan-1-ol, hexadecan-1-ol and pentadecan-1-ol,
yielded corresponding n-alkene pyrolysates. We propose that
the anomalously high amounts of docosene observed in the
fossil uropygial gland is derived from n-docosan-1-ol and
that this was the original and major fatty alcohol component
of the uropygial waxes of the Messel fossil. Methyl and
dimethyl alkenes were detected as pyrolysates from T. merula
and D. medius and are sourced from the branched fatty acids
of the wax esters. Overall the relationship between the fatty
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acid component of wax esters and their pyrolysates is less clear
than the fatty alcohols. For example, undecanoic acid and non-
anoic acid were the major acids in C. leucophrys wax esters but
did not yield abundant corresponding alkenes or alkanes.
Based on the number of short-chain alkenes with a broad dis-
tribution that do not match any uropygial gland lipid
precursors from our analysis, it is evident that numerous clea-
vage and rearrangement reactions occur during pyrolysis of
the wax esters. Additional experimentation using thermo-
chemolysis with tetramethylammonium hydroxide would
have permitted methylation of fatty acids if present and simpli-
fication of pyrolysis products [25]. Unfortunately, additional
thermochemolysis was not possible for our study due to very
limited sample availability.

Previous reports suggest that long-chain alkylbenzenes
are artefacts created during pyrolysis of triacylglycerols or
unsaturated fatty acids [26]. However, we only detected
alkylbenzenes in the fossil samples (not in the modern uropy-
gial glands) and since long-chain alkylbenzenes can be found
in solvent extracts of sediments [27], we infer that long-chain
alkylbenzenes are produced during early diagenetic reactions
of precursor lipids. Our data are also not consistent with
long-chain alkylnitriles being produced by reactions of
lipids with protein during pyrolysis [20] or from algal biopo-
lymers [28]. We only observed long-chain alkylnitriles in the
fossil uropygial gland and did not detect them in our exper-
iments with modern uropygial glands, which contain
nitrogen-containing indole and methylindole (figure 3; [23]).
Additionally, we did not detect long-chain alkylnitriles in the
algal-rich oil shale sediment, suggesting that algal organic
matter is not a source. While long-chain alkanones have been
reported as pyrolysates of lacustrine kerogens and presumed
to be from algal biopolymers [29,30], we did not detect these
compounds in the algal-dominated oil shale sediment. The
chain length of the functionalized lipids in the fossil uropygial
gland are longer than the typical chain lengths of uropygial
gland wax esters. It has been shown that pyrolysis of fatty
acids salts and fatty acids adsorbed to mineral matrices pro-
duces mid-chain ketones by ketonic decarboxylation [31,32].
This does not explain the occurrences of alkan-2-ones, alkan-
3-ones or aldehydes here. Numerous studies have suggested
that alkan-2-one pyrolysates are decarboxylation products of
keto-acids, which are formed during microbial B-oxidation of
fatty acids (e.g. [33]). We hypothesize that the long-chain func-
tionalized lipids detected in the fossil uropygial gland are
primarily diagenetic products of unusual very long-chain
fatty acids from the Messel bird uropygial gland wax esters.
Based on the unusual and distinct distributions of hydrocarbon
and functionalized aliphatics in the fossil uropygial gland, we
propose that not only is the organic matter endogenous to the
gland, but that a portion of its original chemical identity has
been retained over the past 48 Ma.

The mechanisms by which organic tissues can be preserved
over geological time are still actively debated. Proposed models
include the ‘selective preservation’ of recalcitrant classes of
biomolecules [5,34—-36]; in situ ‘geopolymerization” of organic
matter during early diagenesis [20-22,37], as well as incorpor-
ation of inorganic sulfur into organic matter (sulfurization)
during diagenesis [38—41]. The relative degree to which each
of these processes may contribute to organic preservation
will depend on the specific environmental and depositional
conditions and on the original composition of organisms and
tissue types [42]. Alkylthiophenes are common in marine

sediments [43,44], and their presence has been given as evi-
dence for the early diagenetic incorporation of inorganic
sulfur species into labile functionalized lipids or other suscep-
tible biomolecules [37-40]. Here, we identified a very limited
range and low abundance of these compounds (tricosylthio-
phene and tetracosyltiophene, and trace amounts of dimethyl
thiophenes). While others have proposed that sulfurization is
an important process responsible for the preservation of ver-
tebrate fossils [41], this mechanism does not appear to have
played a significant role here.

Our data support the conclusion that exceptional preser-
vation of the uropygial gland has primarily occurred via
geopolymer formation. We have shown that the fossil uropy-
gial gland can still be distinguished at the molecular level,
indicating that decay and contamination by endogenous
organic matter was restricted. Uropygial oil is known to
have an anti-bacterial role in living birds [45] and we hypoth-
esize that the wax esters may also have a role in inhibiting early
bacterial colonization and initial decay of uropygial glands
upon death. Ester bonds would still be expected to hydrolyse
relatively rapidly, and the resulting free fatty acids and fatty
alcohols are unlikely to survive over geologic time without
being encapsulated in minerals (e.g. [5]). Therefore, we
favour rapid geopolymer formation during early diagenesis,
i.e. at low temperature and pressure [22]. We propose the fol-
lowing preservation model: (i) limited initial bacterial
colonization and decay due to the anti-bacterial properties of
uropygial wax, (ii) hydrolysis of uropygial gland wax esters
after death and initial deposition of the bird, (iii) limited
degradation of recalcitrant and relatively insoluble long-
chain fatty acids and fatty alcohols, and (iv) molecular
transformation and polymerization of these aliphatic lipids
in the early diagenetic window and subsequent preservation
as a geopolymer over geologic time. The combined inherent
chemical stability of lipids and geopolymerization may
be important for other organic-rich preserved soft tissues,
such as melanin [4,6,46], and may account for exceptional
preservation of lipid-rich arthropod nervous tissues from
Cambrian shales [47,48].

5. Conclusion

Our study provides evidence for the preservation of endogen-
ous lipids within 48 Ma fossil bird soft tissues and supports
previous reports by Mayr [11] that these structures are the
first documented examples of preserved bird uropygial
glands. Our data indicate that this soft tissue preserves as a
diagenetically altered geopolymer. Despite clear structural
rearrangement over time the fossil uropygial gland can be
clearly distinguished at the molecular level. We propose that
the original lipid composition can be reconstructed using
Py-GC-MS and that the original uropygial gland contained,
and was perhaps dominated by, long-chain Cy, to Cyg fatty
alcohols and fatty acids. Our data show that molecular signals
from endogenous wax lipids survive, probably as a combined
result of anti-bacterial properties of uropygial oil, chemical
recalcitrance of fatty acid and fatty alcohols and rapid early
diagenetic geopolymerization. These combined processes
may be important for the preservation of molecular infor-
mation of other organic tissues, particularly lipid-rich
tissues, over geologic timescales and calls for more detailed
organic geochemical investigations of other fossils.
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