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Answers to the socio-cultural state of his 
society were expected by species identi-
fication of his garments.4 In case of exclu-
sively finding wild game as the origin of 
his leather and fur accoutrement it would 
have been likely that his society had no 
access to domesticated species, therefore 
belonging to a more primitive hunter and 
gatherer society. However, in the case of 
identification of mainly domesticated 
species as the origin of his clothing, the 
more progressive agro-pastoral economy 
would have been favoured.

The enormous age, assumed under 
changing storage conditions, meant that 
microscopic determinations and PCR 
identification efforts of hair and fur led to 
uncertain identification results. Therefore, 
four samples of his garments, two of his 
coat (Ha 43/91/130 and Ha 6/91), one 
sample from his leggings (Ha 5/91) and 
one from his shoes (Ha 2/91) were 
investigated using the SIAM method for 
species identification.5

SIAM method description
After reduction of inter- and intra-molec-
ular disulphide bridges, without any 
clean-up and/or enrichment steps, small 
hair samples of water rinsed furs were 
digested by trypsin for two hours. The 
formed pool of cleaved peptides, stem-
ming from various structural proteins of 
hair, were measured by MALDI-ToF mass 
spectrometry and arranged accord-
ing to their molecular weight-to-charge 

of severe damage to the remaining DNA. 
Responsible for this are the same effects 
mentioned above, whereas fungal attacks 
to hair may even lead to exhausted shells, 
described as “ghost fibres”.2

Keratin protein molecules as the struc-
tural base of hair are more resistant to 
those environmental stress factors than 
DNA and may be conserved with minor 
chemical degradations even under 
suboptimal conditions for thousands 
of years. The species determination of 
ancient furs was therefore a new chal-
lenge for the SIAM method to demon-
strate its power of performance and to 
add a further application field.

The world-famous Oetzi (Ötzi, 
the Iceman) mummy
In 1991 a male human mummified body 
was found in a Tyrolean glacier with 
all his accoutrement around him. He 
was not buried, but died violently.3 By 
chance he was conserved in the ice and 
released after 5300 years as a unique 
witness from the Chalcolithic epoch, the 
last period of Neolithicum. Oetzi, as he 
was called in public, gave the chance to 
have a view into the everyday life in late 
Neolithicum revealing medical condi-
tions of this body, his nutrition state and 
his technological state of art. Mechanical 
skills and botanical knowledge were stud-
ied as well as the quality and origin of 
his garments. No textiles were found, but 
exclusively leather and fur made clothing. 

Introduction
In 2007 we introduced our method in 
Spectroscopy Europe1 describing the 
identification of furs by hair digest based 
matrix-assisted laser desorption/ionis-
ation time of flight (MALDI-ToF) mass 
spectrometry (MS). It was shown that the 
so-called SIAM (Species Identification of 
Animals) method is a reliable, exclusively 
protein-based technique for mammalian 
species identification. Besides the iden-
tification of suspicious furs according to 
the EU-ban on domestic cat and dog 
fur trade, which came into effect from 
January 2009 and/or analogous further 
animal protections laws, quality checks 
of animal hair derived high priced cloth-
ing are routinely performed. Species 
attribution of unknown furs or wool from 
archaeological samples is a new appli-
cation of this topic. The identification of 
archaeological hair samples is often diffi-
cult using classical methods like micro-
scopy and/or polymerase-chain-reaction 
technique (PCR). Often the outer surface 
layers of the prehistoric hair (epi- and 
exocuticula) are damaged due to phys-
ical, chemical and/or microbial effects, 
especially if stored under suboptimal 
conditions. These drawbacks make 
microscopic determinations often uncer-
tain. Although there are examples known 
for the partial survival of labile DNA in 
ancient hair samples, essential for the 
PCR identification technique. This nucle-
otide-based method often fails because 
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ratio (m/z). In this way, mass-intensity 
spectra (m/z-Int) of species-specific 
peptide patterns are generated. After 
data normalisation, mass-relative inten-
sity spectra (m/z-Intrel,i ) were calculated 
from these raw data and used for corre-
lation distance similarity comparisons, a 
form of Euclidean distance, as a measure 
of spectral accordance of two mass spec-
tra. Spectral comparisons of unknown 
samples were performed against spec-
tral data of reference species stored in 
SIAM-data bases. Their results were 
ranked according to decreasing similar-
ity. From correlation distance data, classi-
cal multidimensional scaling approaches 
were performed. The complex similarity 
relationships are shown by projection to 
two dimensions.

The method is based on the assump-
tion that individuals from one species 
carry molecular variants of keratin that 
are different from those found in individ-
uals from other species. Therefore, spec-
tral similarities of tryptic keratin patterns 
from different species or higher taxo-
nomic categories (i.e. genus, tribe, family) 
decrease with their taxonomic distance. 
In order to attain a correct identification 
it is crucial to consult a reliable database, 
namely one that guarantees that: (a) the 
reference specimen was taxonomically 
confirmed; (b) the same experimental 
procedure was applied for all samples; 
(c) additionally, most related species 
have distinct mass spectral patterns. The 
creation of corresponding reference librar-
ies is likely to be a complex process that 
will involve cooperation among a diverse 
group of scientists and institutions.

Identification of the archaeological 
specimens was also supported by a 
combination of peptide mass fingerprint 
and collision-induced dissociation prod-
uct ion MS of selected peptides after 
tryptic digestion. MS spectra and their 
resulting MS/MS fragmentation spectra 
were submitted to a MASCOT MS/MS 
ion search against the publicly available 
NCBI non-redundant protein database 
(National Institutes of Health, Bethesda, 
MD, USA) to identify peptide sequences 
that match identically to extant related 
organisms of known sequence. However, 
care must be taken when assigning the 
questioned sequence to the species 

Figure 1. Two normalised mass-intensity spectra from Oetzi samples Ha 2/91 and down-
mirrored Ha 6/91 in the range of m/z 1000–3000 Da. Guidance masses are given in bold and 
diagnostic peaks are underlined.

Figure 2. 2-D-visualisation of the two main factors resulting from classical multidimensional 
scaling of correlation distances from peptide mass spectra among mammalian species and 
the four archaeological Oetzi samples marked as Ha 2-,5-,6/91 and Ha 43/130/91. Species 
from the Alpine surroundings are given. The coloured circles represent tested individuals from 
distinct zoological orders: green for Artiodactyla, blue for Primates, red for Carnivora, yellow for 
Lagomorpha, grey for Soricomorpha and light brown for Rodentia. Coloured numbers in square 
brackets stand for guidance masses. The scopes of the leading masses are indicated by the same 
colour of the circle lines.



SPECTROSCOPYEUROPE 9

ARTICLEARTICLE

www.spectroscopyeurope.com

 VOL. 21 NO. 2 (2009)

with the highest similarity, because this 
approach does not provide any infor-
mation, if the unknown species is not 
present in the data base as a reference. 
This may be a problem for exotic species, 
while many hair keratins from domesti-
cated mammals are characterised.

Instrumentation
MALDI-ToF mass spectrometry
Analyses were performed on a 4800 
TOF/TOF Analyzer mass spectrome-
ter (Applied Biosystems, Darmstadt, 
Germany) in positive reflector mode. 
The system uses a pulsed 200 Hz solid 
state Nd:YAG laser with a wavelength of 
355 nm. Laser energy was set to 2560 
units for standards and 3000 units for 
real samples. Source 1 voltage was set 
to 20 kV with a grid voltage of 16 kV. 
Reflector detector voltage was 2.19 kV. 
Spectra of standard peptides used for 
wide range calibration covering from 
0.8 kDa to 4 kDa were measured with a 
delay time of 600 ns. One single mass 
spectrum was formed from 20 sub-spec-
tra per spot using 25 accepted laser shots 
each. From the six standard peptides 
exclusively monoisotopic ions were used 
and calculated with a minimum signal-to-
noise ratio of 20 and a resolution better 
than 10,000. Mass tolerance was set to 
±0.2 Da with maximum outlier of 5 ppm. 
Accepted calibration settings were used 
to measure real sample spectra in the 
range of 1–3.5 kDa with a minimum 
signal-to-noise range of 10 and a resolu-
tion better than 8000.

MALDI-ToF/ToF–tandem mass 
spectrometry
The precursor ions in MS/MS stud-
ies were monoisotopic with four deci-
mal places. Mass tolerance was set to 
±0.2 Da, source voltage to 8 kV with a 
grid voltage of 7.361 kV and a laser power 
of 4500 units. Air was chosen as colli-
sion gas. The CID lens was set to 4 kV 
and the collision cell to 7 kV. The poten-
tial difference between the source accel-
eration voltage and the collision cell was 
set to 2 kV. MALDI-ToF/ToF-MS/MS spec-
tra were measured in reflector positive 
ion mode. Glu1-fibrinopeptide B was 
taken for calibration with its theoretical 
monoisotopic mass-to-charge ratio (m/z) 
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These masses were detected in all four 
samples while no characteristic ions of 
other orders were observed. Additionally, 
ions m/z 3294, 2519 and 2595 were 
found that are characteristic for sheep and 
cattle. m/z 3266 exclusively occurred in 
combination with m/z 2519 and 2595 
indicative of cattle. The diagnostic peptide 
ion table for Artiodactyla (Table 1) was 
used to exclude species disagreeing in 
their diagnostic peptides sets. The pres-
ence of m/z 3294 but missing single m/z 
3266 pointed to sheep for Ha 43/91/130, 
Ha 6/91 and Ha 5/91, while Ha 2/91 was 
identified as cattle using m/z 2519, 2595 
and 3266 in combination.

Classical multidimensional 
scaling
In 2-D-visualisation, the normalised mass 
spectra from Oetzi samples showed high-
est similarities to sheep, goat and cattle 
reference species merging into a distinct 
Bovidae–Cervidae cluster (Figure 2) with 
guidance mass m/z 1109. Other species 
clusters from different families and/or 
orders could be excluded from poten-
tial identity with the Oetzi samples by 
their large distances from the Bovidae–
Cervidae cluster or by different guidance 
mass for wild boar (m/z 2487), respec-
tively.

Combined MS and MS/MS 
data base search
The search for host proteins for the tryp-
tic digests of the mummy’s samples led 

Results
Age-related deviations in the 
iceman’s mass spectra
Measurements of the mummy samples 
resulted in mass spectra showing a 
moderately reduced number of detected 
peptides compared to those of recent 
samples. Progressive protein decay in 
the mummy’s samples is causal for the 
reduced numbers of peaks. Beside OH–•-
radicals other reactive oxygen species 
(ROS) are known to attack the backbones 
and side chains of proteins. In the pres-
ence of water, O2 and O2

–•
 -radicals, the 

protein backbone breaks after several 
amino acid residues. Moreover, the trypsin 
cleavage sites arginine and lysine, essen-
tial for the used method, may be deriva-
tised and therefore no more cleavable 
by trypsin. Other amino acid side chains 
may also undergo derivatisation leading 
to altered derivatives. The reduced total 
numbers of peaks in the spectra of the 
archaeological samples were expected 
to enlarge the correlation distances in 
comparison with reference species.

Diagnostic peptide ions and 
guidance masses
The mummy’s spectra showed a series 
of tryptic peptide ions that were identi-
fied earlier as specific for most artiodactyl 
species, with basic characteristic diagnos-
tic ions m/z 1151, 1449, 1504 and 2086 
(Figure 1). Additionally, the guidance 
mass m/z 1109 was found as a general 
indicator for the Bovidae–Cervidae cluster. 

1570.6758, from which 50 sub-spectra 
with 100 shots each were accumulated 
for one MS/MS spectrum. Four of five 
listed dissociation peptide ions of the 
precursor ion had to be found for cali-
bration with a signal-to-noise ratio (S/N) 
better than 50. These instrument param-
eters were also used for precursor ions of 
real samples.

MS and combined MS and MS/
MS searches were performed with the 
mummy’s samples using the auto-
matic routines from GPS-Explorer soft-
ware (Applied Biosystems, Darmstadt, 
Germany; version 3.6) and MASCOT 
search engine (Matrix Science Inc., 
Boston, MA, USA) (www.matrixscience.
com). For MS searches no protein mass 
or origin species restrictions were set. 
Peptide mass tolerance was 50 ppm with 
one missed cleavage. Carboxymethylation 
of cysteine and oxidation of methionine 
were chosen as variable modifications. 
For MS/MS measurements, precursor ion 
tolerance was set to 200 ppm and MS/
MS fragmentation tolerances to 0.3 Da.

MS and combined MS and MS/
MS searches were performed using 
the National Center for Biotechnology 
Information data base (NCBI, Bethesda, 
MD, USA; homepage [www.ncbi.
nlm.nih.gov)]. 95% significance level 
(p < 0.05) was chosen based on Mowse 
score calculations. For MS searches the 
Mowse score had to exceed 67 and 80 
for combined MS and MS/MS searches, 
respectively.

Mowse scores

Protein Keratin species Species Ha 2/92 Ha 43/91/130 Ha 6/91 Ha 5/91

Hypothetical protein LOC 618455 33B Cattle 175 nd 68 nd

Hypothetical protein LOC 618453 31 Cattle 166 nd nd nd

Hypothetical protein LOC 539597 33A Cattle 166 nd 74 nd

Hair keratin A1 34 Cattle 162 nd nd nd

Keratin Typ1, microfibrillar 48 kDa, Component 8C-1 K1M1 Sheep 74 nd 62 56

Wool keratin Sheep 87 nd 65 57

Keratin type 1, microfibrillar 47.6 kDa K1M2 Sheep nd nd 57 nd

Type 1 wool 31 Sheep nd nd 53 61

Hair acid keratin Goat 54 nd 61 nd

Table 2. Matching results of combined MS and MS/MS searches using spectral data from the four mummy samples together with m/z 2519 as 
single precursor ion. NCBI data base was used with MASCOT search engine. Selected Mowse score significance level is >80 for p < 0.05. Significant 
results are given in bold. Maximum number of hits was set to 20. Proteins not found within the 20 best were set to “nd”.
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to four bovine keratins for Ha 2/91, all 
highly significant when using m/z 2519 
as the sole precursor ion. However, 
keratins from sheep and goat did not 
excede the significance threshold with 
one exception for wool keratin from 
sheep lying near to it (Table 2). The 
other three samples showed signifi-
cant results with sheep and goat kerat-
ins when using m/z 1109, 1504, 2519 
and 2595 as precursor ions. Sheep and 
goat keratins only differ slightly making 
it dif ficult to discriminate between 
them even by combined MS and MS/
MS search.

Conclusions
The different determination steps led 
to consistent results for the identifica-
tion of the four Oetzi samples. Ha 2/91 
is undoubtedly from cattle, while the 
other three samples originated from 
sheep. These findings of domesticated 
species as being the origin of all four 
samples indicate the principle access to 
that source of clothing and alimentation. 
An agro-pastoral society can be taken 
as a socio-cultural basis making Oetzi’s 
society more progressive than previ-
ously assumed. Further SIAM investiga-
tions of other parts of his clothing have 
been initiated and may deliver a more 
complete overview of the spectrum of 
species origin available for his accoutre-
ment.
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