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Abstract
Gas chromatography/mass spectrometry, proteomic and scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM/EDS) analyses of residue on a stone
flake from a 49,000 year-old layer of Sibudu (South Africa) indicate a mixture of ochre and
casein from milk, likely obtained by killing a lactating wild bovid. Ochre powder production
and use are documented in Middle Stone Age South African sites but until now there has
been no evidence of the use of milk as a binder. Our analyses show that this ochre-based
mixture was neither a hafting adhesive nor a residue left after treating animal skins, but a liquid mixture consisting of a powdered pigment mixed with milk; in other words, a paint
medium that could have been applied to a surface or to human skin. The significance of our
finds also lies in the fact that it establishes the antiquity of the use of milk as a binder well
before the introduction of domestic cattle in South Africa in the first millennium AD.

Introduction
Paint is a mixture of solid pigment and a liquid vehicle that can be applied to a surface or to a
body for decorative or protective [1] purposes. We report here an early case of a paint, preserved as a mineral and organic residue on the working edge of a stone flake from a Middle
Stone Age (MSA) layer of Sibudu (South Africa), dated to c. 49,000 years ago [2]. Gas chromatography/mass spectrometry (GC/MS), proteomic and SEM/EDS analyses indicate a mixture
of ochre and casein from bovid milk [3]. The presence of bovid milk is surprising at this time
since domestic cattle are documented in South Africa only in the Iron Age, about 300 AD [4].
However, hunting practices in the MSA suggest that milk could be obtained by killing a
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lactating female wild bovid [5]. The novelty of our discovery is highlighted by what is known
about ochre use from previous research.
Ochre use is ancient, predating anatomically modern humans in both Europe and Africa.
Ochre, possibly in a liquid solution, was used by Neanderthals at Maastricht-Belvédère, Netherlands, 200–250 ka BP [6]. Use of ochre in the African Middle Pleistocene is clearly documented, as shown for example at site GnJh-15 in the Kapthurin Formation, Kenya, 285 ka BP
[7], in the 250 ka BP Lupemban Industry of Twin Rivers, Zambia [8], and in the early MSA at
Sai Island, Sudan, 200 ka BP [9]. There is an increase in the collection and use of ochre showing
grinding, scraping or scoring marks at final Middle Pleistocene sites such as Border Cave layers
5BS and 5WA [10–11] and Pinnacle Point Cave 13B, South Africa (164 ka BP) [12–13]. In the
Late Pleistocene use of ochre is a common feature of the South African MSA. Discoveries of
ground ochre pieces, ochre powder or traces of ochre on grindstones or stone tools have been
made at sites such as Apollo 11 [10] Die Kelders [14], Blombos Cave [15–16], Diepkloof [17],
Hoedjiespunt 1 [18], Hollow Rock Shelter [19], Klasies River [20–22], Klipdrift [23], Rose Cottage [24] and Sibudu [25–26]. Ochre pieces are also common in all of the South African Cape
west coast MSA shell middens [27]. Deliberately engraved and incised ochre pieces have been
found at Blombos and Klasies River Cave 1 [22, 28–29].
Ochre powder is excellent for tanning hides because it reverses the process of decay [30–31]
but only circumstantial evidence implies the use of ochre for hide preparation in the MSA.
Ochre-stained bone awls from Blombos Cave are thought to have pierced hides, based on
experimental replications [16]. Residues and use wear on three Sibudu scrapers tentatively
imply their use with ochre on hides [32] but a larger sample size is needed. Ochre had other
potential roles in the MSA: ochre nodules seem to have been used as soft stone hammers [33]
and at MSA sites like Rose Cottage, Sibudu and Umhlatuzana ochre powder was used in compound adhesives for hafting stone tools [24, 34–35].
Watts [13] suggests that the Pinnacle Point red ochre powders were intended as ingredients
for body paints used during ritual performance. The inference of early paint manufacture has
some support because an ochre-rich compound that may have been blended with marrow or
fat was found stored in two Blombos abalone shells with ages of 101 ± 4 ka BP [36]. The purpose of such paint remains speculative, but Henshilwood and colleagues propose that possible
uses include decoration of various surfaces and skin protection. Some types of ochre are effective sun screens [1]. Ochre traces on the surface or inside perforated marine shells from Blombos (more than 40 Nassarius kraussianus shell beads from the Still Bay layers) Sibudu (three
perforated Afrolittorina africana from the Sill Bay layers) Border Cave (the Conus shell associated with the burial of BC3 an infant with an estimated date of c. 76 ka corresponding to the
Howiesons Poort at the site) and North African sites suggest that they were worn against
painted bodies, but it is also possible that either the shells or strings for threading them had
been deliberately covered with red ochre [37–42].

Materials and Methods
Sibudu is a large rock shelter, approximately 40 km north of Durban and 15 km inland from
the Indian Ocean. It has a 2.7 m deep MSA sequence spanning from ca. 77,000 to 38,000 years
ago excavated from 1998 to 2011 under the direction of Lyn Wadley [43] (S1 Text. Site setting
and excavation). The stone specimen, an unretouched flake of dolerite (length = 26.7 mm;
width = 17.5 mm; thickness = 5.1 mm) was recovered from layer MOD dated by single grain
OSL to 49.4 ± 2.1 ka [2]. The residue is along the thin, unretouched, right lateral edge (Fig 1A).
Dolerite is an igneous rock that occurs in the vicinity of the site [44]. The flake was found in
square D6, quadrant d, where 98 flakes of dolerite were also found. Square D6 yielded 19 pieces
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Fig 1. (A) MOD flake before sampling, scale bar = 1 cm. (B) Detail of residue left after sampling for chemical and proteomic analyses. (C) View at 40 x. (D)
View at 128 x.
doi:10.1371/journal.pone.0131273.g001

of unutilized and 8 pieces of utilized ochre [45] 405 blades and flakes, 3 cores and 32 retouched
pieces. In layer MOD there is a total of 192 ochre pieces.
The excavation permit (number 007/09) was issued by Amafa KwaZulu-Natal Heritage
Agency in accordance with KwaZulu-Natal Heritage Act 4 of 2008. The permit holder is Lyn
Wadley. The Sibudu collections are housed in the Acacia unit of the Evolutionary Studies Institute at the University of the Witwatersrand and are catalogued 2931CA. The export permit of
the flake and other pieces for analyses was issued by Amafa KwaZulu-Natal no. 0011/02. Analysis of the MOD lithic assemblage is provided in S2 Text.

Analysis of the pigment
A small fragment of the residue (dimensions ca. 0.05 x 0.05 x 0.01 mm3) was carefully handpicked and mounted on a Gandolfi camera (R = 57.3 mm) for collecting the powder X-ray diffraction pattern using Ni-filtered Cu Kα radiation. Owing to the small dimensions of the sample, a 7-day exposure time was set. However, even after 7 days we did not register any sign of
diffraction. We tried to capture some weak diffracted spots by means of an air-cooled CCD
detector (more sensitive with respect to the photographic film used with the Gandolfi camera)
mounted on a Bruker Smart Breeze diffractometer, by rotating the same crystals for several
minutes along the φ axis with monochromatized Mo Kα radiation. However we still did not get
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Fig 2. EDS spectra of the residue.
doi:10.1371/journal.pone.0131273.g002

any diffraction. This means that the pigment (Fig 1B–1D) consists of non-crystalline or poorly
crystalline material.
The same fragment was studied with a Philips XL30 Scanning Electron Microscope (SEM)
equipped with an EDAX DX4 Spectrometer for chemical (elemental) analysis. A total of 5 spot
analyses were performed. All spot analyses showed the same elements (in order of decreasing
relative abundance): Si, Fe, Al, K, Mg, Na, and minor Ti. The analyses can be grouped in two
subsets, with a different ratio between iron, on one side, and the other major elements, on the
other (Fig 2).
We conclude that the pigment consists of a mixture, in variable proportions, of ochre which
gives rise to the peak of Fe, and a phyllosilicate possibly belonging to clay minerals, e.g. illite/
montmorillonite, giving rise to the other peaks. A shale quarry, likely source of clayey ochre, is
1 km from the site [45].

Gas chromatography/mass spectrometry
A micro-sample (3.3 mg) of the amorphous residue on the MOD flake was analyzed by gas
chromatography/mass spectrometry (GC/MS) using a combined procedure for the identification of lipids, waxes, proteins, resinous materials and polysaccharides possibly present in the
same sample (S4 Text, Chemical analyses). To rule out the possibility of contamination due to
burial conditions, some milligrams of sediment were subjected to the same combined analytical
procedure.
Protein fraction (analysis of amino acids). The amount of amino acids (0.77 μg) in the
sample was significantly above the quantitation limit of the procedure (0.33 μg). The amino
acidic profile (Table 1 below and Fig A in S4 Text) is consistent with the presence of casein,
given the high percentages of leucine, proline and glutammic acid.
This was confirmed by submitting the amino acidic profile of the sample to Principal Component Analysis (PCA) together with a dataset of more than 100 reference samples of animal
glue, casein, and egg, analyzed as raw materials and paint layers mixed with pigments, both
naturally and artificially aged. The resulting score plot is reported in Fig 3, and shows that the
sample is located in the cluster of casein. The absence of animal glue is confirmed by the
absence of hydroxyproline. The amount of amino acids in the soil sample was below detection
limit.
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Table 1. Amino acidic profile of the MOD flake residue.
AA
Alanine

%
6.6

Glycine

8.6

Valine

11.1

Leucine

18.5

Isoleucine

8.4

Serine

6.4

Proline

16.8

Phenylalanine
Aspartic acid

6.6
5.0

Glutammic acid

12.1

Hydroxyproline

0.0

doi:10.1371/journal.pone.0131273.t001

Polysaccharide fraction (analysis of sugar and uronic acids). The analysis of the sugar
and uronic acids fraction did not yield significant results: the amount of analytes was below the
quantitation limit of the procedure (0.6 μg).
Lipid and resinous fraction. Several fatty acids were identified (Table A and Fig B in S4
Text). In particular, linear monocarboxylic acids C12-C24 with a minor amount of azelaic acid
and glycerol were detected, suggesting the presence of a lipid of plant origin. Sediment samples
were used as analytical blanks. The amount of fatty acids in the sediment samples was several
orders of magnitude lower than that in the flake sample. Therefore, we can exclude soil contamination. However, the flake fatty acid profile may have been altered by bacteria present in
the sediment. Thus, we cannot be confident that the lipid material was actually of plant origin.

Fig 3. PCA score plot of the database samples and Sibudu sample marked in red.
doi:10.1371/journal.pone.0131273.g003
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In conclusion, the occurrence of casein was inferred from the PCA score plot. This interpretation was tested and confirmed by proteomic analyses.

Proteomic analyses
Proteins in the sample were identified following a minimally invasive proteomic procedure
using a 4 mg sample of the residue (S4 Text, Chemical analyses). Raw data from nano liquid
chromatography-tandem mass spectrometry (LC-MS/MS) were used to query the Swiss Prot
database which contains protein sequences of modern species. A database search provided a
good score for four bovine milk caseins: Alpha-S1-casein, (P02662), Alpha-S2-casein,
(P02663), Beta-casein, (P02666), and Kappa-casein, (P02668). Two collagens [Collagen alpha1(I) chain, (P02453), and Collagen alpha-2(I) chain, (P02465)] found in bovine species were
identified in the sample (Table C in S4 Text).
Proteomics identification is straightforward but it relies on the presence of the sequence to
be matched in the database or, at least, that a highly homologous protein from another species
is available. Some peptides identical to the ones present in the known protein homologue are
then expected to be produced in the enzymatic digestion of the protein of interest and can be
matched. Although casein proteins are highly divergent across mammalian milks [46], they are
conserved enough to allow identification, with some peptides identical to the ones present in
the old protein homologue. Divergence, moreover, allowed genus-specific sequence information, since several of the matched peptides are specific enough to allow us to confidently identify the bovid origin of the caseins. In Fig F of S4 Text the alpha-S1 casein sequences from Bos
taurus were aligned to those from some other potential sources of milk, i.e. human, sheep and
goat. The matched peptides in the MOD flake (highlighted in grey and bold) clearly indicate
that the casein belongs to an animal in the bovid family. Likewise, alignments of the other identified caseins with homologous proteins are similarly reported by [47] showing that several of
the identified peptides are proteotipic of bovine caseins sequences.
Collagen was not identified in the fraction of the sample that was analyzed by GC/MS given
the absence in the amino-acidic profile of hydroxyproline which is a marker of animal glue.
This indicates that collagen was not uniformly mixed in the sample as one would expect if collagen was used as animal glue and that the collagen source was most likely a minute bone fragment or a fragment of connective or epithelial tissue (see Discussion).
Type I collagen is sufficiently variable between mammal genera to be taxonomically useful.
Collagen from several bone samples of equid and bovid fauna from layer MOD was extracted
and analyzed. Peptide matches from each sample and from the MOD flake were manually
examined and aligned to the collagen sequences from modern species. Significantly comparisons with samples of equid and bovid fauna from layer MOD indicate that the collagens were
from a bovid and not from an equid (Figs G and H in S4 Text).
In sum, independent analyses by two laboratories on different fraction of the residue and
with different techniques support the identification of casein. Moreover proteomic analysis
shows that the casein belongs to an animal in the bovid family.

Direct dating
Following the GC/MS and proteomic analyses which suggested the presence of organic material still preserved in the residue, the sample was considered suitable for direct AMS dating.
The analysis was performed at the Oxford Radiocarbon Accelerator Unit (ORAU), University
of Oxford, UK.
The direct AMS dating of the residue is 23.3 ± 0.4 ka BP (uncalibrated radiocarbon years
before present). Lack of chemical cleaning, a decision imposed by the very small size of the
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sample (13 mg), meant that any contaminants would remain intact contributing to the overall
14
C measurement. The determination therefore is considered minimum age only. The larger
than normal standard error is a factor of the small amount of C measured in the sample
(390μg), about 5 times smaller than the normal-sized graphites routinely measured at the
ORAU.
The significance of this direct measurement lies in the fact that it establishes the antiquity of
the use of milk well before the introduction of domestic cattle in South Africa in the 1st millennium AD (S3 Text. Direct dating).

Discussion
Milk is an emulsion of fats within a water-based fluid which also contains carbohydrates, proteins and minerals. Casein is the major protein component of milk and is extracted by heating
milk and adding acid [3]. Casein then precipitates into small, solid globules. Use of casein as a
glue requires mixing with quicklime or hydrated lime (calcium hydroxide, also called slaked
lime) [48]. Lime is obtained by crushing and heating limestone. However, recent geological
mapping shows that there is no limestone in the Sibudu area [49]. For use as a binder for pigments, lumps of casein can also be dissolved and thinned with water and wood ashes (mainly
composed of calcium carbonate or calcium oxide). However calcium (Ca) is absent in the spectra of Fig 2. Given the absence of lime and wood ashes in the Sibudu residue, we reject an interpretation of the casein as either glue or a complex form of binder. Instead, we conclude that
powdered ochre was simply mixed with milk in its liquid form and casein is the residue left
after evaporation, since milk is a water-based liquid.
The identification of a milk and ochre mixture on a 49,000 year old flake from a late MSA
layer of Sibudu raises a number of questions indicated below.

How was the milk obtained from wild bovids?
Some African bovids separate from the herd when giving birth and hide their calves until they
are strong enough to keep up with the herd as a protection against carnivores [50]. This is the
case with the eland (Taurotragus oryx), the kudu (Tragelaphus strepsiceros), and the impala
(Aepicerus melampus). The bushbuck (Tragelaphus scriptus) and the red and blue duiker
(Cephalophus natalensis and Philantomba monticola) are solitary animals; they hide their
young and go off to browse alone. All these species and the buffalo (Syncerus caffer, a herd animal) are represented in the MOD fauna.
Klein [5] notes that in the MSA deposits of Klasies River Cave I the giant buffalo (Pelorovis
antiquus) a very large bovid with a horn span of 3 m or more, falls into two age groups: newborn or perhaps fetal individuals and physically mature individuals with worn molars. According to Klein, the explanation for this peculiar distribution may be that the Klasies people, faced
with such a formidable prey, focused on females in advanced pregnancy or in the process of
giving birth. Cows are easy prey when giving birth and would already have milk. It would not
be difficult for hunters to locate lactating cows, particularly among seasonal breeders. This
hunting pattern would result in access to milk and might explain the inhomogeneous presence
of collagen observed by proteomic analyses. In the process of collecting milk from the mammary glands of a dead animal, a small amount of its epithelial tissue could have been taken as
well.

Was the mixture a hafting adhesive?
The use of adhesives made from resin or plant gum combined with ochre has previously been
suggested for the hafting of stone points and backed pieces to be used as hunting tools at
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Sibudu. Howiesons Poort and later MSA tools were studied by optical microscopy in combination with spatial distribution of residues on the tool [35, 51]. Replication experiments [34, 52]
demonstrated the usefulness of ochre as a loading agent with products such as plant gum.
Microscopic analysis showed that ground ochre was mixed with a plant exudate; experiments
suggested that ochre-loaded adhesives are robust, dry fast and are not hygroscopic. Most
archaeological residues occurred at the base of the point or on the back of backed pieces implying that the mixture was used for hafting. However optical microscopy alone cannot securely
distinguish between plant gum (polysaccharides) and resin (terpenoid secretions from trees)
[53] thus new analyses using GC/MS are appropriate.
The residue on the MOD flake occurs on the thin edge of an unretouched flake, not on the
back or proximal part of the piece as would be expected if used for hafting. An alternative
explanation is that the flake was used to prepare or apply the ochre-loaded mixture. GC/MS
has been used to analyze six tools, dated between 65 and 38 ka BP, from Sibudu (n = 5) and
Rose Cottage (n = 1). The residues were preliminarily ascertained by visual inspection. All samples were provided by Lyn Wadley. The purpose was to identify the residues on the MSA tools
and to determine whether casein could have been used as glue in a variant of the recipes used
at Sibudu.
The results (S4 Text, Chemical analyses) indicate that two of the Howiesons Poort segments,
from layer GR in square C6c and from layer PGS in square B5a, contained a relevant amount
of diterpenes indicating the use of a conifer resin, possibly from Afrocarpus (syn. Podocarpus)
falcatus, and some lipid material. There is neither evidence of plant gums (no polysaccharides)
nor proteinaceous material such as casein. No significant molecular markers of organic material were detected on the other samples; neither saccharides nor terpenes were detected. Fatty
acids were present in very low quantities suggesting soil contamination. The use of conifer
resin for hafting (Podocarpus elongatus) is also indicated by GC/MS analysis on a quartz
backed flake dated to ca. 56 ± 10 ka BP in the Late Howiesons Poort at the site of Diepkloof
[54].
As mentioned before, the use of casein as a glue requires mixing with hydrated lime [48]
which is obtained by crushing and heating limestone. Recent geological mapping shows that
there is no limestone in the Sibudu area [49] so, in conclusion, there is no evidence that the
MOD flake residue was a hafting adhesive.

Was the MOD flake used to treat animal skin?
Three scrapers from layer SS at Sibudu, dated to 59.6 ± 2.3 ka by OSL [2], have ochre and animal products (fat, muscle tissue) on their edges. Ochre and fat were quite probably used for
processing hides and some of the animal products were the result of use on animal skin [32].
The presence of milk is however not consistent with use for processing hides.

What was the use of the MOD flake mixture?
Our analyses show that this ochre-based mixture was neither a hafting adhesive nor a residue
left after treating animal skins, but a liquid mixture consisting of a solid (powdered) pigment
mixed with milk; in other words, a paint medium that could have been applied to a surface or
on the skin.
The edge of the flake may have been used as a mixing implement for combining the substances. A mixture of milk and ochre may have been used for body painting, skin protection or
for painting on a rock surface like a stone slab. The oldest representational rock art in Africa is
on seven small quartzite slabs from the Apollo 11 rock shelter in Namibia. The date of 27,500
years ago is an average of 3 radiocarbon samples of charcoal in hearths from the same layer
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[55]. The pigments and binders of the slabs have not yet been analyzed. Traces of red coloring
on ostrich eggshell fragments from the older MSA layers in Apollo 11 [56] imply that there
may have been simpler precursors to the representational art. Milk or casein has never been
documented as media for pigment in San rock art [57]. In fact, little is known about the methods or ingredients that San used for making paint and even less is known about paint binders
[58–61]. Blood was identified in rock art paint at Rose Cottage [62]. Some ethnographies and
historic sources mention milk and egg as a binder for rock paint but there is as yet no direct evidence for its use [57].
Milk was not used as a binder with pigments for body paint by the San (Bushman) nor by
the Hottentots and Nama herders of South Africa, Namibia and Botswana; animal or vegetable
fat were the most commonly reported media for body paint [58]. However clarified butter is
mixed with ochre for body paint used by the Himba of Namibia [1]. Only further research on
pigments and binders of rock art in South Africa will allow us to identify similarities or differences that may support one hypothesis over the other.
Nevertheless, obtaining milk by killing a lactating wild bovid and then mixing it with ochre
shows that MSA people experimented with coloring materials in creative ways and may have
attributed a special significance and value to that product. In the present state of research we
cannot demonstrate conclusively whether paint such as that found at Sibudu was a precursor
to rock art painting or used for body painting. In either case this find suggests that toward the
end of the Middle Stone Age new techniques of symbolic communication were evolving that
became, some millennia later, key elements in the social life of hunter-gatherers in South
Africa.
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S1 Text. Site setting and excavation
Sibudu is a large rock shelter situated in Kwa-Zulu Natal, on a cliff above the Tongati (also
spelled as u-Thongathi) river, in the sandstone and shales of the Natal Group (Figs.A-B). It has a
long and detailed Middle Stone Age (MSA) sequence (Fig. C) with excellent organic
preservation including plant materials [1].
Layer MOD, a mottled brown silty sand with flecks of white ash, gypsum and charcoal, about
10-15 cm thick, was excavated on a surface of 11 square meters. It is dated by OSL to 49.1 ± 2.1;
the weighted mean OSL age for layers RSp, OMOD, BMOD and MOD in squares B5-B6 is
estimated at 48.0 ± 1.4 [2-3] (Table A). The excavation squares, each 1 sq m, are subdivided in
four 50 x 50 cm quadrants named a, b, c, d.

Fig. A. Map with location of Southern African
sites mentioned in the text.

2

Fig. B. (A) Sibudu rock shelter during excavation. (B) Plan of the site and squares excavated in
MOD. The site grid is in 1-meter squares.

3

Fig. C. Sibudu stratigraphic section on the north wall. Layer MOD is at the top of the
Middle Stone Age sequence and below the Iron Age layers BSS and BSV. Modified after [4].

4
Table A. Late and Final MSA layers at Sibudu [2]. They are in stratigraphic sequence together
with their OSL ages. Layers Ore to Co are at the very top of the sequence and are not represented
in the North section. Layer MOD is present only in the North section.
East Section
OSL age (ka) North Section
Co
38.0 ± 2.6
Bu
39.1 ± 2.5
LBMOD
49.9 ± 2.5
MC, Es
Mou, DMou, LMou
Ore, PB
MOD
OMOD
BMOD
RSp

OSL age (ka)

49.1 ± 2.1
46.6 ± 2.3
48.0 ± 1.4 ka,
weighted mean

Fig. D. Sibudu, stratigraphic section of the eastern wall. The black strata are hearth lenses.
Modified after [5].
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S2 Text. Lithic analysis of layer MOD
Sorting and sampling
The MOD layer lithic materials are very abundant and needed to be sorted prior to analysis.
Our analyses required a large amount of effort for sorting and bagging in transparent ziplock
bags with preprinted labels prior to technological analysis and coding in Excel files. The flake
with residue was discovered during sorting by one of us (LP).
To facilitate inter-assemblage comparisons we use the same sorting procedures also used at
other South African sites (Rose Cottage, Klasies River Cave 1A, Blombos, Border Cave [1-5]).
We select all cores, core fragments, core fragments, tools, tool fragments and all blade and blade
fragments regardless of size. Retouched pieces and cores are assigned individual catalogue
numbers. Complete or broken flakes preserving the platform > 1 cm are also selected. This
sorting procedures excludes flake fragments (broken flakes without the platform), flakes < 1 cm
and chunks from technological analysis; however the small debris is bagged by large categories
and remains available for specific studies. This selection procedure has several advantages: a) it
smoothes differences in sorting precision and screen size between excavations, b) it greatly
accelerates the analysis of flaking methods by sorting out the less informative small debris and
flake fragments, and c) it sets an explicit cut-off point for calculating assemblage composition.
Raw material
Hornfels and dolerite are the two most common raw materials used for the production of
blades and flakes and they come from a variety of sources. Dolerite, an igneous rock, is most
often coarse-grained but there is also a fine-grained variety. It occurs as dykes and sills in the
vicinity of Sibudu The outer surface of the pieces show either fresh cortex or a natural surface
(unweathered or only slightly weathered surface corresponding to fissure planes present in the
rock) implying that the slab was collected near or at the outcrop. However, alluvial cortex is
most common; the rock was probably collected on the banks of the Tongati River, below the site.
In layer MOD dolerite represents 60% of the debitage (i.e. unretouched flakes and blades, cores
and core fragments 611/1030) but only 15% of the retouched pieces (23/154) which were most
often made of hornfels.
Hornfels (a fine-grained metamorphic rock) occurs as thin slabs and as rolled pebbles; the
closest known outcrop of good-quality hornfels at Verulam on the Black Mhlasini river, about 15
km to the south of Sibudu [6]. Alluvial cortex occurs on the less common quartz and quartzite
indicating that some of the sources were rounded nodules or pebbles from river gravels or
exposed conglomerates.
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Table A. Assemblage composition by raw material
Category
Blades and blade
fragments
Flakes and proximal flake
fragments1
Bipolar flakes
Cores and core fragments
Bipolar cores
Retouched pieces and
fragments
TOTALS

Hornfels Dolerite Quartzite Quartz Other TOTALS
128

213

16

1

3

361

220
6
11
1

395
0
6
0

20
0
0
0

3
0
0
1

13
0
2
0

651
6
19
2

119
485

23
637

3
39

5
10

4
22

154
1194

1

We include in the flakes a small number of technical pieces of hornfels (n = 6) and dolerite (n =
3). These are flakes from resharpening of a retouched edge on a unifacial or bifacial tool
(recognizable by their platform) and characteristic overshot flakes, knapping accidents which
occur during shaping or resharpening of points [7]. “Other” corresponds to sandstone and chert.
Table B. Core types
Core type
Hornfels Dolerite Quartz Chert
Sandstone
Blade core
1
1
0
0
0
Bladelet and
blade/bladelet core
4
0
0
1
0
Flake core
3
4
0
0
0
Bipolar core
1
0
1
0
0
Core tablets,
indeterminate and
fragments
2
2
0
0
1
11
7
1
1
1
TOTALS
Both flake and blades reduction sequences are represented (Figs. A-B). Cores with flake
negatives only are Levallois recurrent (n =3), cores with a discoid morphology (n = 2) and others
less organized. The reduction sequence of blades and bladelets is based on bidirectional flaking
from two opposing platforms on the wide core surface and also on the narrow side of the core.

3

Fig. A. Sibudu layer MOD, cores. (1) Blade/ bladelet core, square B5d, on a hornfels flake from
a slab, note the natural surface. Two small blade removals from opposite platforms have width of
9.6 and 8.4 mm, with hinge terminations. (2) Bipolar core on flake, square D4a, hornfels. (3)
Bidirectional bladelet core, square D6a, hornfels. The last bladelet is 22 x 5.3 mm; the last
removal has a step termination. (4) Bidirectional blade core, abandoned due to many failed step
terminations; square D6d, on a hornfels slab. Scale bar in cm.
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Fig. B. Sibudu layer MOD, cores. (1) Levallois recurrent centripetal core, square E4c, dolerite
(2) Core of discoid morphology, square B5c, hornfels. (3) Core tablet from a unidirectional core,
square D5b, hornfels. Scale bar in cm.
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%

Dolerite (n = 63)

Hornfels (n = 31)

25

20
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mm

Fig. C. Length of dolerite and hornfels blades. Bladelets form a continuum with blades and were
rarely selected as blanks for formal tools (there are only two retouched bladelets in the
assemblage).
Retouched pieces (Tables C-E)
The production of flakes is predominant in this assemblage. Flakes are the preferred blank
and were used for unifacial and bifacial points, scrapers and informally retouched pieces. Blades
were sometimes used as blanks for side scrapers and for truncations but were most often only
informally retouched. Two retouched bladelets (L = 2 cm) were made of quartz.
Unifacial points are characteristic of this period and are the most common form in this
assemblage. They are always made on flakes, three are on convergent elongated flakes with
minimal retouch that fit the definition of Levallois (Fig. D). Note, however, that there is no
systematic production of Levallois flakes: in the debitage there are only five pseudo-Levallois
points and one thick Levallois flake. The few bifacial or partly bifacial points have a broad base.
There are no concave-based (also called hollow-based) bifacial points that are markers of the
final MSA at Sibudu.
The mean length and standard deviation of unifacial and bifacial points is 47.6 ± 10.3 (n =
20). The value of formulas such as tip cross-sectional area (TCSA) and Tip Cross-Sectional
Perimeter (TCSP) for distinguishing between armatures of different weapon systems (whether
arrows, spearthrower darts or throwing and thrusting spears [8-9] has been recently challenged
by a study of ethnographic Australian stone points hafted as spearthrower darts and as knives
[10]. These ethnographic projectile points have significantly higher TCSA values than the
expected. The implication is clear: the range and mean values of those formulas will not
distinguish spears from darts or even axially hafted knives. However the presence of impact
scars on some of the Sibudu MOD points (Fig. D) and their relatively large size strongly suggest
that some at least were used as spear points and not as arrowheads. Our data indicates similar
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conclusions can be drawn from late MSA layers below MOD (RSp, OMOD) and above MOD
(layers in the East Section (Ore to Co; Table A in S1 Text file) [11-12]).
Table C. Frequencies of retouched pieces
Types of tools
Unifacial points
Bifacial and partly bifacial
points
End scrapers
Side scrapers
Convergent scrapers
Notches
Denticulates
Retouched blades and
bladelets
Retouched flakes
Truncations
Burin
Backed pieces
Bifacial pieces
Piece esquillées
Tool fragments
Total

N
26

%
16.9

11
4
18
7
7
3

7.1
2.6
11.7
4.5
4.5
1.9

10
17
3
1
2
2
1
42
154

6.5
11.0
1.9
0.6
1.3
1.3
0.6
27.3
100

Table D. Raw materials of retouched pieces
Raw Material
Hornfels
Dolerite
Quartz
Quartzite
Chert
Sandstone
Total

N
119
23
5
3
2
2
154

%
77.3
14.9
3.2
1.9
1.3
1.3
100

While hornfels was used for all kinds of tools, dolerite was used for unifacial points and
informally retouched flakes and blades. Quartzite was used for three unifacial points.
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Table E. Blanks of retouched pieces
Type of blank
Blade
Flake
Bipolar flake
Chunk
Total

N
20
86
1
1
108

%
18.5
79.6
0.9
0.9
100.0

Another notable tool form in this assemblage is the backed piece. The term should not be taken
to imply any form of continuity between the backed pieces of the Howiesons Poort (HP) layers
and the late MSA layers. There are only two backed pieces in layer MOD and they are a form
that also occurs in the younger, final MSA layers of the East Section (Table A, Fig. D in S1 Text
file); two other pieces are truncations. Three of these pieces are on flakes. The HP backed pieces
are predominantly made on blades (96 to 100%) and similar frequencies can be observed at Rose
Cottage (96.0%) and Klasies River Main Cave 1A (90.6%). The HP backed pieces are by far the
most common tools type and they are elongated forms (Fig. E).
After the HP backed pieces practically disappear. Will et al. [13] counted 4 backed pieces in the
post-HP layers prior to layer RSp. There is only one segment in layer RSp which is dated to 48.0
± 1.4 ka, weighted mean OSL age [14]. Afterwards “backed “pieces are made on flakes and have
quite a different morphology (Fig. F). They are rare forms and their function is unknown. Based
on the backing and their shape they were perhaps hafted transversely. They are, however, much
bigger than Mesolithic trapezes, generally interpreted as transverse arrowheads.
Conclusions
The technology and typology of layer MOD lithics shows similarities but also some differences
with other post-HP assemblages such as Klasies River Main Cave 1A, Rose Cottage and Border
Cave layer 2WA. As at those sites, backed pieces disappear and triangular points reappear,
marking a real discontinuity with the HP. As at Rose Cottage flake production (with a limited
use of the Levallois method) is clearly predominant and the frequency of side scrapers rises.
However the MOD assemblage shows no evidence for a gradual abandonment of the technology
and tool types of the post-HP period and no marked rise in the use of the bipolar knapping, even
in the final MSA layers, although these trends are easily observed at Border Cave in layers dated
to 45-49 ka [5]. Whether these differences are due to regionally variable trajectories or to
imperfect chronologies remains a question for future studies.
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Fig. D. Sibudu layer MOD, unifacial points. (1a,b) Hearth above MOD C4 a+b no. 40 hornfels.
The step scar at the tip is 7 mm long and can be interpreted as an impact scar. The scar and the
basal thinning indicate axial hafting. (2a,b) MOD, Levallois triangular flake with minimal
retouch and a burin-like impact scar at the tip, 17 mm long; square D6d, no. 5, dolerite. (3) MOD
square D4d, no. 39, hornfels. Scale bar of photos = 1 cm.
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Fig. E. Sibudu, backed pieces in the Howiesons Poort (HP) layers (1-5) and in late MSA layer
RSp and BMOD (6-7). The HP and RSp segments are on blades, the BMOD piece is on flake.
Pieces are indicated with layer, square and catalogue number. (1) Brown under Yellow Ash 2 (=
layer GR) B6a PM3, dolerite. (2) GR B5c M3, hornfels. This is a partly backed piece. (3) GR
B5b M5, hornfels. (4) White Ash below GR II (= layer GS) B6a PM12, dolerite. (5) GS B6a
PM14, hornfels. (6) RSp C6a, no number, hornfels. The notch at the base is an unusual feature,
never observed on HP segments. (7) BMOD C2d P13, quartz. Layer BMOD is above layer RSp
and below OMOD. The BMOD morphology is found in layer MOD and in several of the Final
MSA layers but is not common in older layers. Scale bar in cm.
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Fig. F. Backed pieces in the late-final MSA layers of Sibudu, dated c. 48-38 ka by OSL. All on
flake and all of dolerite, except (D) of hornfels. (A) MOD square D6d no. 90. (B) LBMOD
square D3c no. 31. (C) ES square C2a no. 5. (D) MC square E2a no. 1. (E) MC square D2a no. 5.
(F) MC square E3b no. 3. (G) LBMOD square D3c no. 33. (H) LBMOD square D3a no. 32.
Scale bar in cm.
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S3 Text. Direct dating of the residue
Radiocarbon measurement was performed at the Oxford Radiocarbon Accelerator
Unit (ORAU), University of Oxford, UK. We attempted direct dating of the flake residue
twice. Initially, about 5mg of material still attached to the flake (P no. 37438.0) was
weighed into a clean tin capsule and underwent combustion in a EA-CF-IRMS system,
consisting of a elemental analyzer coupled to a gas source isotope ratio mass
spectrometer. The C yield from this first combustion was low, ~100μg, which is about
1/8th of what is required for a reliable AMS determination at Oxford. We did not proceed
in graphitization and AMS measurement of this fraction, and the sample was failed.
Given the non-homogenus composition of the residue and its potential for differential
presence of C, we attempted to date the residue again. All visible remaining organic
material was scraped of the tool using a clean scalpel and was placed in a tin capsule.
About 13mg was collected this time (P no. 37438.1). The residue did not undergo any
chemical pretreatment normally performed to purify endogenous C and eliminate any
externally-derived C substances. Instead, it underwent direct combustion on the EAIRMS system along with routinely measured standards (14C-free charcoal). Although the
lack of chemical cleaning meant that any contaminants would remain intact contributing
to the overall 14C determination, the decision was imposed by the very small sample size,
its composition and the low C content we established previously (~2.3–3%). This second
time, we obtained 390μg of C in the form of CO2. The gas was graphitized using the
routine methods of the ORAU (catalytic reaction in the presence of Fe and H in the ratio
of 2.2 H2:CO2, at 560oC for 6h) and pressed into target holders prior to being introduced
to the AMS.
The stable isotope values obtained during combustion are shown on Table A. The
13
δ C was measured separately for each fraction (P. 37438.0 and 37.438.1), and, in both
cases, it was identical (-20.7 to -20.6 ‰). While the value reflects a mixture of all C
sources present in the residue, it is consistent with values expected from collagenous
material derived from herbivores. The d15N on the other hand is extremely high, and
certainly unreliable due to the very small N amount detected in the sample.
The AMS 14C determination for the residue is 23,350 ± 400 BP (OxA-X-2605-35)
(uncalibrated radiocarbon years before present).
The lack of chemical cleaning and purification of the sample prior to dating let us
suggest that OxA-X-2605-35 is a minimum age only and comes with a serious “health
warning”. The large standard error associated with the measurement is due to the small
amount of C (390μg), about 5 times smaller than the “normal size” graphites routinely
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measured at the ORAU and half in size of the ORAU’s “small size” graphites, the cut-off
being at ~800μg of C.
The significance of this direct measurement lies in the fact that it establishes the
antiquity of the use of milk well before the introduction of domestic cattle in S. Africa in
the 1st millennium AD.
Sample ID

Used

mg C

(P no.)

(mg)

37438.0

4.71

0.108

37438.1

13

0.390

d13C

d15N

14

(‰)

(‰)

(yrs BP)

0.029

-20.7

n/a

Failed due to low yield

0.088

-20.6

24.12*

23350

mg N

C

±

400

F14C

0.0548

±

0.0027

Table A. Results of the radiocarbon mesurements. The age obtained is a minimum age
only due to the overwhelming siginificance of modern carbon contamination on ancient
material.
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S4 Text. Chemical analyses
Gas chromatography/mass spectrometry (GC/MS) of the MOD flake
Micro-samples (3.3 mg from the MOD flake and less than 1 mg from the other
samples, see below) were collected from the specimens and submitted to an analytical
procedure (GC/MS) in order to identify lipids, waxes, proteins, resinous materials and
saccharides [1-2]. GC/MS had already been successfully employed for the
characterization of organic materials from Border Cave [3].
Reagents
All the solvents were Baker HPLC grade and were used without any further
purification. Trifluoroacetic acid (99% purity) and anhydrous pyridine were from Fluka
(Milan, Italy). Ethanethiol (ETSH; 99.5%), sodium azide (NaN3; 99.5%), N,Obis(trimethylsilyl)trifluoroacetamide (BSTFA) with and without 1%
trimethylchlorosilane, N-tert-butyldimethylsilyl-Nmethyltrifluoroacetamide (MTBSTFA)
with 1% trimethylchlorosilane, 1,1,1,3,3,3-hexamethyldisilazane (HMDS, 99.9%) and
triethylamine were from Sigma-Aldrich. The following solutions, apart from those for the
amino acids, were prepared by weighing pure substances and were used as standards: (i)
amino acid solution in 0.1 M HCl (Sigma-Aldrich) and containing 12.5 µmol/mL of
proline (Pro) and hydroxyproline (Hyp) and 2.5 µmol/mL of aspartic acid (Asp),
glutamic acid (Glu), alanine (Ala), arginine, cysteine, phenylalanine (Phe), glycine (Gly),
hydroxylysine, isoleucine (Ile), histidine, leucine (Leu), lysine (Lys), methionine (Met),
serine (Ser), tyrosine (Tyr), threonine, and valine (Val); (ii) solution of fatty and
dicarboxylic acids in acetone, containing lauric acid (0.24 mg/ g), suberic acid (0.27 mg/g
of Su), azelaic acid (0.28 mg/g of A), myristic acid (0.25 mg/g of My), sebacic acid (0.3
mg/g of Se), palmitic acid (0.25 mg/g of P), oleic acid (0.51 mg/g of O), stearic acid
(0.51 mg/g of S) [all acids (purity >99%) from Sigma-Aldrich]; (iii) norleucine solution
in bidistilled water (Sigma-Aldrich; purity 99%, 138.66 µg/g) was used as a
derivatization internal standard for amino acids; (iv) tridecanoic acid solution in
isooctane (Sigma-Aldrich; purity 99%, 135.48 µg/g) was used as a lipid-resinous fraction
derivatization internal standard; (v) hexadecane solution in isooctane (Sigma-Aldrich;
purity 99%, 80.34 µg/g) was used as an injection internal standard; (vi) monosaccharides
and uronic acids solution in bidistilled water containing D-(+)-galactose (0.1 mg/g), L-()-fucose (0.1 mg/g), L-(+)-arabinose (0.1 mg/g), L-(-)-ramnose (0.1 mg/g), L-(-)mannose (0.1 mg/g), D-(+)-xylose (0.1 mg/g), D-(+)-glucose (0.1 mg/g), D-glucuronic
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acid (0.1 mg/g), D-galacturonic acid (0.1 mg/ g) monohydrate; and (xi) mannitol in
bidistilled water (0.1 mg/g) was used as a derivatisation internal standard for aldoses and
uronic acids. All monosaccharides and uronic acids (purity 99%) were purchased from
Sigma-Aldrich (Milan, Italy). All standard solutions were stored at 4 °C.
Analytical procedure and instrumentation
The sample treatment, needed prior to GC/MS analysis, consists in a multistep
chemical pre-treatment based on the ammonia extraction of proteins and polysaccharide
materials, in order to separate them from lipid and resinous materials. The extraction is
then followed by the separation and purification of proteinaceous and polysaccharide
materials before hydrolysis. Lipids and resins are saponified/salified separately. Three
fractions are generated, derivatised with silylating agents and analyzed separately by
GC/MS, thus enabling a quantitative analysis to be performed.
The acidic hydrolysis of proteins and gums and the saponification of lipids were
performed using a microwave oven model ETHOS One (High Performance Microwave
Digestion System) Milestone (Sorisole, Bergamo, Italy). The GC/MS instrumentation
consists of a 6890N Network GC System (Agilent Technologies, Palo Alto, CA, USA)
equipped with a PTV injector and coupled to a 5973 MS detector with quadrupole
analyser. MS was set with an electron impact ionisation (EI, 70 eV) in positive mode, ion
source temperature at 230 °C, scan range of 50-700 m/z, and interface temperature of 280
°C. GC separation was performed using a HP-5MS column (J&W Scientific, Agilent
Technologies: stationary phase 5% phenil–95% methylpolysiloxane, 30 m length, 0.25
mm i.d., 0.25 m film thickness) connected to a deactivated fused silica precolumn (J&W
Scientific, Agilent Technologies: 2 m length, 0.32 mm i.d.). GC conditions for the lipidresinous fraction involved the use of the PTV injector in splitless mode at 300 °C; the
chromatographic oven was programmed at 80 °C for 2 min isothermal, 10 °C/min up to
200 °C, 4 min isothermal, 6 °C/min up to 280 °C, 40 minutes isothermal; constant He
flow 1.2 mL/min, injector temperature 280 °C. GC conditions for the protein fraction
involved the PTV injector used in splitless mode at 220 °C; the chromatographic oven
was programmed with an initial temperature of 100 °C, isothermal for 2 min, then
4°C/min up to 280 °C, and 280 °C isothermal for 15 min. GC conditions for the
saccharide fraction involved the PTV injector used in splitless mode at 250 °C; the
chromatographic oven was programmed at 50 °C isothermal for 2 min, 5°C/min up to
190 °C, 190 °C isothermal for 20 min 5 °C/min up to 280 °C, and 280 °C isothermal for
15 min. Structural assignments are based on literature data, NIST and Wiley mass spectra
libraries and spectra interpretation.
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Analysis of sample D6d MOD: results

Fig. A. Gas chromatogram of the proteinaceous fraction of sample D6 MOD acquired in
SIM mode (Ala = alanine, Gly = glycine, Val= valine, Leu = leucine, Ile = isoleucine,
Pro = proline, Phe = phenylalanine, Asp = aspartic acid, Glu = glutammic acid, Hyp =
hydroxyproline, IS1 = hexadecane, IS2 = norleucine).
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Fig. B. Gas chromatogram of the lipid-resinous fraction of the MOD flake residue (IS1 =
hexadecane, IS2 = tridecanoic acid). The peak assignment is given in Table A.
Table A. Peak assignment for Fig. B. Acids and alcohols are identified as their
trimethylsilyl (TMS) derivatives.
Peak n°
1
2
3
4
5
6
7
8
9
10
11
12
13

Retention time (min)
13.85
15.65
16.54
18.24
18.83
19.72
21.02
21.42
21.74
23.73
24.97
25.46
27.48

Identified compound
dodecanoic acid (lauric)
α,ω-nonanedioc acid (azelaic)
tetradecanoic acid (myristic)
pentadecanoic acid (also branched)
cis-9-hexadecenoic acid (palmitoleic)
hexadecanoic acid (palmitic)
heptadecanoic acid (also branched)
cis-9-octadecenoic acid (oleic)
octadecanoic acid (stearic)
eicosanoic acid
unknown peak (m/z 217, 315, 371, 463)
docosanoic acid
tetracosanoic acid
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GC/MS analysis of samples of Howiesons Poort backed segments and other tools
Six stone artifacts with ochre lines and possible residue in the hafting area have been
analyzed using the same procedures applied to the MOD flake. The samples are:
- the backed edge of three Howiesons Poort segments from Sibudu (GR C6c, PGS
B5a and GSII B6a, dated between 64.7 ± 2.3 and 61.7 ± 2.0 [4]; Fig. C;
- the backed edge of one segment from Rose Cottage (MAL IH no. 16; described
with residues in [5: fig. 2:4);
- the base of a unifacial point in layer Co (C3a CO, final MSA, dated to 38.0 ± 2.6
ka by OSL [6];
- the thick back of a side scraper (from MOD C3a).

Fig. C. Three backed pieces from the Howiesons Poort layers of Sibudu, all hornfels. (A)
PGS B5a no. 69. (B) GR C6c, broken at base. (C) GSII B6a. All three were dipped in
solvent prior to analysis but only A and B gave significant results. Scale bar = 1 cm.
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All six samples were lightly scraped in the described area. No significant molecular
markers of organic material were detected in four samples. Three backed segments, PGS
B5a, GR C6c and GSII B6a were then dipped in the extraction solvent for the first step of
the combined procedure. Two gave significant results illustrated by Figs. D-E for PGS
B5a and GR C6c, respectively. Peak assignment is reported in Table B.

Fig. D. Gas chromatogram of the total lipid-resinous fraction of sample B5a PGS (IS1 =
hexadecane, IS2 = tridecanoic acid). Peak assignment is reported in Table B.
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Fig. E. Gas chromatogram of the total lipid-resinous fraction of sample C5c GR (IS1 =
hexadecane, IS2 = tridecanoic acid). Peak assignment is reported in Table B.
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Table B. Peak assignment for figs. D-E.
Peak
#
1
2
3
4

Tr
(min)
8.29
8.95
9.53
9.68

octanoic acid
succinic acid
nonanoic acid
2‐hydroxy heptanoic acid

Peak
#
20
21
22
23

Tr
(min)
17.26
17.85
18.08
18.27

5
6
7
8

10.15
10.80
11.44
11.93

pentanedioic acid (glutaric acid)
decanoic acid
hexanedioic acid (adipic acid)
2‐hydroxy nonanoic acid

24
25
26
27

18.66
19.35
19.51
20.00

9
IS1
10
11
IS2
12
13
14
15

11.98
12.49
12.62
13.13
14.22
14.43
14.48
14.83
15.17

28
29
30
31
32
33
34
35
36

20.17
20.61
20.91
21.20
21.48
22.10
22.86
23.92
24.34

16
17

15.46
16.20

undecanoic acid
hexadecane
heptanedioic acid
dodecanoic acid (lauric)
tridecanoic acid
p‐hydroxy hydrocinnamic acid
vanillic acid
nonandienoic acid (azelaic acid)
myristoleic acid (9‐tetradecenoic
acid)
tetradecanoic acid (myristic)
decanedioic acid (sebacic acid)

37
38

24.76
26.45

18
19

16.62
16.51

pentadecenoic acid
pentadecanoic acid (also branched)

39

31.43

Compound

Compound
hexadecanol
undecandioic acid
12‐hydroxydodecanoic acid
cis‐9‐hexadecenoic acid
(palmitoleic)
hexadecanoic acid (palmitic)
dodecandioic acid
13‐hydroxytridecanoic acid
heptadecanoic acid (also
branched)
octadecanol (stearyl alcohol)
tridecanedioic acid
cis‐9‐octadecenoic acid (oleic)
octadecanoic acid (stearic)
isopimaric acid
16‐hydroxyhexadecanoic acid
dehydroabietic acid
didehydroabietic acid
9,10‐dihydroxyoctadecanoic acid
7‐oxo‐dehydroabietic acid
15‐hydroxy‐7‐oxodehydroabietic
acid
Cholesterol

The most abundant compounds contained in samples B5a PGS and C6c GR are linear
monocarboxylic fatty acids (from C8 to C18), the most abundant being palmitic
(hexadecanoic acid, C16:0) and stearic acids (octadecanoic, C18:0). The samples also
contain dicarboxylic acids (in particular azelaic acid – nonandioic acid). These oxidation
products of unsaturated fatty acids indicate that the lipids originally present in the
samples contained a relevant amount of oleic acid (9-octadecanoic), which has undergone
a degradative oxidation process, which is also revealed by the presence of 9,10-hydroxyoctadecanoic acids. The presence of odd chain length fatty acids and cholesterol indicates
animal origin of fats. Odd-branched (C15 and C17) fatty acids suggest animal fats, or that
the lipids have undergone bacterial degradation. On the basis of the observed lipid
profile, it is not possible to say whether a vegetal-origin lipid material had been added to
the mixture or not. In both samples, a diterpenic fraction was present, whose main
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components are abietadienic acids: dehydroabietic (#34) , didehydroabietic (#35), 7oxo-dehydroabietic (#37) and 15-hydroxy-7-oxodehydroabietic (#38). Pimaradienic
acids such peak #32 (isopimaric acid) were also detected (pimaric, sandaracopimaric,
palustric, levopimaric acids were detected as minor components). The diterpenic profile
of the sample suggests that the hafting material contained a resin extracted from a plant
belonging to the conifer family. In particular, Pinaceae, Podocarpaceae or
Araucariaceae may produce a resin containing abietadienic and pimaradienic
components. Amongst our database of South African plants, the wood of Afrocarpus
(syn. Podocarpus) falcatus contains relevant amount of these compounds and is thus a
probable candidate as the source of the resin used as hafting material. Analysis of
charcoal from the HP layers of Sibudu shows that Podocarpus was predominant while
Acacia is absent (7). The hypothesized use of plant gum as a hafting adhesive at Sibudu
requires further testing.
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Proteomic analyses
Proteinaceous material was identified on the MOD flake following a minimally invasive
proteomic analytical procedure described by [8], aimed at preserving the integrity of the
archeological piece. The micro-black sample n°87 of ca. 4 mg was directly submerged in
100 µl ammonium bicarbonate 10 mM pH 8.0, and trypsin digested in heterogeneous
phase enzymatic by adding proteomics-grade trypsin 0.1µg/μl at 37 °C for 16 h. The
supernatant was then recovered by centrifugation and the peptide mixture was filtered on
0.22 µm PVDF membrane (Millipore), concentrated and purified using a reverse-phase
C18 Zip Tip pipette tip (Millipore). The eluate was analyzed by LC-MSMS on a 6520
Accurate-Mass Q-Tof LC/MS System (Agilent Technologies, Palo Alto, CA, USA)
equipped with a 1200 HPLC System and a chip cube (Agilent Technologies). After
loading, the peptide mixture was first concentrated and washed on a 40 nl enrichment
column (Agilent Technologies chip), with 0.1% formic acid in 2% acetonitrile as eluent.
The sample was then fractionated on a C18 reverse-phase capillary column (Agilent
Technologies chip) at a flow rate of 400nL/min, with a linear gradient of eluent B (0.1%
formic acid in 95% acenonitrile) in A (0.1% formic acid in 2% acetonitrile) from 7% to
80% in 50min. Peptide analysis was performed using data-dependent acquisition of one
MS scan (mass range from 300 to 2000 m/z) followed by MS/MS scans of the three most
abundant ions in each MS scan. MS/MS spectra were measured automatically when the
MS signal surpassed the threshold of 50,000 counts. Double and triple charged ions were
preferably isolated and fragmented. Each LC-MSMS analysis was preceded and followed
by blank runs to avoid carryover contamination. The acquired MS/MS spectra were
transformed in mzData(.XML) format and used for protein identification with a licensed
version of MASCOT software (www.matrixscience.com) version 2.4.0.
Data handling. Preliminary data obtained by nanoLC-MSMS analysis were used to
query the SwissProt database 2012_08 (537505 sequences; 190795142 residues), without
any taxonomy restriction. Mascot search parameters were: trypsin as enzyme; 3, as
allowed number of missed cleavage;10 ppm MS tolerance and 0.6 Da MSMS tolerance;
peptide charge from +2 to +3. No fixed chemical modification was inserted, but possible
oxidation of methionine and the formation of pyroglutammic acid from glutamine
residues at the N-terminal position of peptides were considered as variable modification.
As soon as collagen proteins were identified, a new identification run was carried out,
with the insertion of hydroxylation on Lysine and Proline as variable modifications, since
more confident identifications are commonly obtained with these proteins by taking into
consideration their extensive post-translational modifications [8].
Individual ion score threshold provided by software to evaluate the quality of matches in
MSMS data was 41. Spectra with score of <20, having low quality were rejected. Error
tolerant searches were also carried out for each sample using as variable modiﬁcations
proline and lysine hydroxylation to allow for single amino acid substitutions, enzyme
non-specificity, as well as to check for unexpected modiﬁcations potentially induced by
aging.
Bone samples. A set of four bovid size II and III [9] and one equine (Equus quagga)
bone samples from Sibudu, layer MOD, were selected for the analysis (identifications by
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Ina Plug, catalogue nos. 86, 91,1117, 1120, and 69). Approximately 3 mg of bone
powder from each sample was weighed into a 1.5 mL microtube and demineralised, to
get the highest sequence coverage possible for these reference collagens,with extensive
incubation in 400 µl 0.5 M EDTA pH 8 at 4°C for 24 h. Insoluble pellets were then
extensively washed with MilliQ water, and then submerged in 200 µl ammonium
bicarbonate 10 mM pH 8.0, and trypsin digested in heterogeneous phase as described
above for the MOD flake.
Table C. Identification of the proteins in the MOD sample from Sibudu by overnight trypsin digestion in heterogeneous
a
phase and LCMSMS analysis . Proteins were identified searching UniprotSprot database, without any taxonomy restriction, with
MS/MS Ion search Mascot software (Matrix Science).
Identified protein
(Accession number)

Collagen alpha-1(I)
chain
(P02453)

Total
a
score

832

Sequence
coverage
(%)

40

Individual
ion score

Matched sequence
(Oxidation of methionine, hydroxylation of proline and lysine,
pyro-Glu formation at Gln at the N-terminus of peptides were
inserted as variable modifications).

20
26
34
27
44
26
33
29
28
40
24
26
24
21
20
22

GAPGPAGPK + Hydroxy (P)
GAAGLPGPK+ Hydroxy (P)
GPAGPQGPR
GFSGLDGAK
GSEGPQGVR
GFPGADGVAGPK + Hydroxy (P)
GADGAPGKDGVR
GVQGPPGPAGPR + Hydroxy (P)
GQAGVMGFPGPK+ Oxidation (M); Hydroxy (K)
GLTGSPGSPGPDGK+ 2 Hydroxy (P)
GFPGLPGPSGEPGK + Hydroxy (P)
GPSGPQGPSGPPGPK + Hydroxy (P)
GETGPAGPAGPIGPVGAR
GSPGEAGRPGEAGLPGAK + Hydroxy (K); 2 Hydroxy (P)
EGAPGAEGSPGRDGSPGAK + Hydroxy (K); 2 Hydroxy (P)
GPPGPMGPPGLAGPPGESGR + Oxidation (M); 2 Hydroxy
(P)
GEPGPTGIQGPPGPAGEEGK + 2 Hydroxy (P)
SGDRGETGPAGPAGPIGPVGAR
GEPGPTGIQGPPGPAGEEGKR + 2 Hydroxy (P)
GDRGETGPAGPPGAPGAPGAPGPVGPAGK + 4 Hydroxy
(P)
GAPGDRGEPGPPGPAGFAGPPGADGQPGAK+ 4 Hydroxy
(P)
GFSGLQGPPGPPGSPGEQGPSGASGPAGPR + 3 Hydroxy
(P)
GLTGPIGPPGPAGAPGDKGEAGPSGPAGPTGAR +
Hydroxy (K); Hydroxy (P)

36
31
36
41
26
58
29

Collagen alpha-2(I)
chain
(P02465)

575

24

35
21
26
46
24
36
32
21
25
35
30
20
65

GLPGADGR + Hydroxy (P)
GATGPAGVR
GVVGPQGAR
VGAPGPAGAR+ Hydroxy (P)
GEPGNIGFPGPK + 2 Hydroxy (P)
GPAGPSGPAGKDGR
GIPGEFGLPGPAGAR + 2 Hydroxy (P)
GDGGPPGATGFPGAAGR + 2 Hydroxy (P)
GAAGLPGVAGAPGLPGPR+ 3 Hydroxy (P)
GPPGESGAAGPTGPIGSR + Hydroxy (P)
GSTGEIGPAGPPGPPGLR + 2 Hydroxy (P)
EGPVGLPGIDGRPGPIGPAGAR+ 2 Hydroxy (P)
GLPGVAGSVGEPGPLGIAGPPGAR + 3 Hydroxy (P)
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40
20
31
24
59

EDVPSER
YLGYLEQLLR
FFVAPFPEVFGK
VPQLEIVPNSAEER
HQGLPQEVLNENLLR

34
30
28
28

TKVIPYVR
FALPQYLK
NAVPITPTLNR
ALNEINQFYQK

12

24
25
21

VLPVPQK
AVPYPQR
VLPVPQKAVPYPQR

14

24
23

YIPIQYVLSR
SPAQILQWQVLSNTVPAK

Alpha-S1-casein
(P02662)

249

33

Alpha-S2-casein
(P02663)

160

23

Beta-casein
(P02666)

99

Kappa-casein
(P02668)

47

Proteins were identified searching UniprotSprot database with MSMS Ion search Mascot
software (Matrix Science) without any taxonomy restriction, with oxidation on Met,
hydroxylation on Lys and Pro as variable modifications. Individual ion score above the
significance threshold (>41) indicate identity or extensive homology (p<0.05). Only
peptides with individual ion scores >20 were considered for identification purposes. Only
proteins identified with at least two peptides were considered as significant.
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1
1
1
1

MKLLILTCLVAVALARPKHPIKHQGLPQEVLNENLLRFFVAPFPEVFGKEKVNEL----MRLLILTCLVAVALARPKLPLRYPERLQNPSE------SSEPIPLESREEYMNGMNRQRN
MKLLILTCLVAVALARPKHPINHRGLSPEVPNENLLRFVVAPFPEVFRKENINEL----MKLLILTCLVAVALARPKHPIKHQGLSSEVLNENLLRFVVAPFPEVFRKENINEL----*:**************** *:.:

56
55
56
56

.** :: .: : ::*::

*:*

**:

*:*::: *:*

**.

CASA1_BOVIN
CASA1_HUMAN
CASA1_CAPHI
CASA1_SHEEP

106
96
106
106

P02662
P47710
P18626
P04653

CASA1_BOVIN
CASA1_HUMAN
CASA1_CAPHI
CASA1_SHEEP

166
137
166
166

P02662
P47710
P18626
P04653

CASA1_BOVIN
CASA1_HUMAN
CASA1_CAPHI
CASA1_SHEEP

*****:

*:

QFYQLDAYPSGAWYYVPLGTQYTDAPSFSDIPNPIGSENSEKTT-MPLW
QLNQLAAYPYAVWYYPQ-IMQYVPFPPFSDISNPTAHENYEKNNVMLQW
QFYQLDAYPSGAWYYLPLGTQYTDAPSFSDIPNPIGSENSGKTT-MPLW
QFYQLDAYPSGAWYYLPLGTQYTDAPSFSDIPNPIGSENSGKIT-MPLW
*: ** *** ..***

P02662
P47710
P18626
P04653

:* :* :

LGYLEQLLRLKKYKVPQLEIVPNSAEERLHSMKEGIHAQQKEPMIGVNQELAYFYPELFR
SKCAEQFCRLNEYNQLQLQ--AAHAQEQIRRMNENSH-----------------VQVPFQ
LGYLEQLLRLKKYNVPQLEIVPKSAEEQLHSMKEGNPAHQKQPMIAVNQELAYFYPQLFR
LGYLEQLLRLKKYNVPQLEIVPKSAEEQLHSMKEGNPAHQKQPMIAVNQELAYFYPQLFR
**: **::*:

167
138
167
167

:

---------SKDIGSESTEDQAMEDIKQMEAESISSSEEIVPNSVEQKHIQKEDVPSERY
ILREKQTDEIKDTRNESTQNCVVAEPEKMESSISSSSEEMS------------------L
---------SKDIGSESTEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYIQKEDVPSERY
---------SKDIGSESIEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYIQKEDVPSERY
**

107
97
107
107

:

55
54
55
55

* **** ** . **

* . *

214
185
214
214

P02662
P47710
P18626
P04653

CASA1_BOVIN
CASA1_HUMAN
CASA1_CAPHI
CASA1_SHEEP

*

Fig. F. Alignment of Alpha-S1-casein sequences from cattle (Bos taurus, P02662), human (Homo sapiens, P47710), goat (Capra hircus, P18626), and sheep
(Ovis aries, P04653). Highlighted in grey and bold are the matched sequences.
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Fig. G . Alignment of the matched peptides in the MOD flake to the Collagen alpha-1(I) chain
from Bos taurus (P02453) and Equus asinus (B9VR88). Peptides identified in the MOD flake
sample were manually aligned over the automatically generated alignment (CLUSTAL O(1.2.0)
multiple sequence alignment, of the two collagen alpha-1(I) chain from Bos taurus (P02453) and
Equus asinus (B9VR88). Peptides from MOD flake are reported in bold. An * (asterisk) indicates
positions which have a single, fully conserved residue; : (colon) indicates conservation between
groups of strongly similar properties; . (period) indicates conservation between groups of weakly
similar properties. Under the alignment, peptides matched in samples from bones of some Bovids and
Equus quagga remains recovered from Sibudu layer MOD, are reported. Underlined sequences are
those identified in the error tolerant database search and the modified residue is indicated in red.
Numbering refers to the precursor polypeptide chain while only the sequence of the mature protein is
reported.
MOD flake
P02453 Bos taurus
B9VR88 Equus asinus
#86
#69
#1120
#1117
#91

QLSYGYDEKSTGISVPGPM 180
QLSYGYDEKSAGISVPGPM 180
**********:********

Bovid
Equus quagga
Bovid
Bovid
Bovid

STGISVPGPM
STGISVPGPM

MOD flake
P02453 Bos taurus
B9VR88 Equus asinus

GPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDGEAGKPGRP 240
GPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDGEAGKPGRP 240
************************************************************

#86
#69
#1120
#1117
#91

GPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDGEAGKPGRP
GPPGPPGKNGDDGEAGKPGRP
GPPGPPGK
GPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDGEAGKPGRP
GPPGPPGK

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GFSGLDGAK

P02453 Bos taurus
B9VR88 Equus asinus

GERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQM 300
GERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQM 300
************************************************************

#86
#69
#1120
#1117
#91

GERGPPGPQGARGLPGTAGLPGMK
GERGPPGPQGAR
GPPGPQGAR
GERGPPGPQGARGLPGTAGLPGMK
GPPGPQGAR

Bovid
Equus quagga
Bovid
Bovid
Bovid

GFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQM
GEPGSPGENGAPGQM
GFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQM
GFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQM

MOD flake
P02453 Bos taurus
B9VR88 Equus asinus

GPRGLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEGGPQGPR 360
GPRGLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGAR 360
*****************************************************.**** *

#86
#69
#1120
#1117
#91

GPRGLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAK
GPRGLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGAR
GPRGLPGERGRPGAPGPAGAR
GPRGLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAK
GRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAK

Bovid
Equus quagga
Bovid
Bovid
Bovid
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MOD flake

GSEGPQGVR

P02453 Bos taurus
B9VR88 Equus asinus

GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQ 420
GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQ 420
************************************************************

#86
#69
#1120
#1117
#91

GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQ
GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQ
GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQ
GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQ
GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQ

Bovid
Equus quagga
Bovid
Bovid
Bovid

GFPGARGPSGPQ

MOD flake

GPSGPPGPK

P02453 Bos taurus
B9VR88 Equus asinus

GPSGPPGPKGNSGEPGAPGSKGDTGAKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLP 480
GPSGPPGPKGNSGEPGAPGNKGDTGAKGEPGPTGIQGPPGPAGEEGKRGARGEPGPTGLP 480
*******************.************************************:***

#86
#69
#1120
#1117
#91

GPSGPPGPKGNSGEPGAPGSKGDTGAKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLP
GPSGPPGPK
GEPGPTGIQGPPGPAGEEGK
GEPGPTGLP
GPSGPPGPKGNSGEPGAPGSKGDTGAK
GEPGPAGLP
GPSGPPGPK
GDTGAKGEPGPTGIQGPPGPAGEEGKR
GEPGPAGLP
GPSGPPGPKGNSGEPGAPGSKGDTGAKGEPGPTGIQGPPGPAGEEGKR
GEPGPTGLP

Bovid
Equus quagga
Bovid
Bovid
Bovid

GEPGPTGIQGPPGPAGEEGKR

MOD flake

GFPGADGVAGPK

P02453 Bos taurus
B9VR88 Equus asinus

GPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPAGPKGSPGEAGRPGEAGLPGAKGLT 540
GPPGERGGPGARGFPGADGVAGPKGPAGERGAPGPAGPKGSPGEAGRPGEAGLPGAKGLT 540
**********:*************************************************

#86
#69
#1120
#1117
#91

GPPGER
GPPGER
GPPGER
GPPGER
GPPGER

Bovid
Equus quagga
Bovid
Bovid
Bovid

GAPGPAGPKGSPGEAGRPGEAGLPGAKGLT

GFPGADGVAGPK
GFPGADGVAGPK
GFPGADGVAGPK
GFPGADGVAGPK
GFPGADGVAGPK

GAPGPAGPKGSPGEAGRPGEAGLPGAKGLT
GAPGPAGPKGSPGEAGRPGEAGLPGAKGLT
GAPGPAGPKGSPGEAGRPGEAGLPGAKGLT
GAPGPAGPKGSPGEAGRPGEAGLPGAKGLT
GAPGPAGPKGSPGEAGRPGEAGLPGAKGLT

MOD flake

GSPGSPGPDGK

P02453 Bos taurus
B9VR88 Equus asinus

GSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGAAGEPGKAGERGVP 600
GSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGAAGEPGKAGERGVP 600
************************************************************

#86
#69
#1120
#1117
#91

GSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGAAGEPGK
GVP
GSPGSPGPDGK
GQAGVMGFPGPKGAAGEPGK
GVP
GSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPK
GSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPK
GVP
GSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGAAGEPGKAGERGVP

Bovid
Equus quagga
Bovid
Bovid
Bovid

GQAGVMGFPGPK

MOD flake
P02453 Bos taurus
B9VR88 Equus asinus

GPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPGEQ 660
GPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGESGKPGEQ 660
*****************************************************:******

#86
#69
#1120
#1117
#91

GPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPGEQ
GPPGAVGPAGKDGEAGAQGPPGPAGPAGER
GPPGAVGPAGK
GPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPGEQ
GPPGAVGPAGKDGEAGAQGPPGPAGPAGER

Bovid
Equus quagga
Bovid
Bovid
Bovid
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MOD flake

GVQGPPGPAGPR

P02453 Bos taurus
B9VR88 Equus asinus

GVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQ 720
GVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGSNGAPGNDGAKGDAGAPGAPGSQ 720
*************************************:**********************

#86
#69
#1120
#1117
#91

GVPGDLGAPGPSGAR

Bovid
Equus quagga
Bovid
Bovid
Bovid

GVPGDLGAPGPSGAR

MOD flake

GFPGERGVQGPPGPAGPRGSNGAPGNDGAKGDAGAPGAPGSQ
GVQGPPGPAGPR
GDAGAPGAPGSQ
GFPGERGVQGPPGPAGPR
GDAGAPGAPGSQ
GFPGERGVQGPPGPAGPR
GDAGAPGAPGSQ
GFPGERGVQGPPGPAGPR

GAAGLPGPK

GADGAPGKDGVRGLTGPIGPPGPAGAPGDK

P02453 Bos taurus
B9VR88 Equus asinus

GAPGLQGMPGERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDK 780
GAPGLQGMPGERGAAGLPGPKGDRGDAGPKGADGSPGKDGVRGLTGPIGPPGPAGAPGDK 780
**********************************:*************************

#86
#69
#1120
#1117
#91

GAPGLQGMPGER
GAPGLQGMPGERGAAGLPGPK
GAPGLQGMPGER
GAPGLQGMPGERGAAGLPGPKGDR
GAAGLPGPK

Bovid
Equus quagga
Bovid
Bovid
Bovid

GLTGPIGPPGPAGAPGDK
GLTGPIGPPGPAGAPGDK
GADGAPGKDGVR
GLTGPIGPPGPAGAPGDK
GADGAPGKDGVRGLTGPIGPPGPAGAPGDK

MOD flake

GEAGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAK

P02453 Bos taurus
B9VR88 Equus asinus

GEAGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPP 840
GETGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPP 840
**:*********************************************************

#86
#69
#1120
#1117
#91

GEAGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPP
GETGPSGPAGPTGAR
GEPGPPGPAGFAGPPGADGQPGAK
GDAGPP

Bovid
Equus quagga
Bovid
Bovid
Bovid

GEAGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAK
GDAGPP
GEAGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPP

MOD flake
P02453 Bos taurus
B9VR88 Equus asinus

GPAGPAGPPGPIGNVGAPGPKGARGSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPA 900
GPAGPAGPPGPIGSVGAPGPKGARGSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPV 900
*************.*********************************************.

#86
#69
#1120
#1117
#91

GPAGPAGPPGPIGNVGAPGPK
GPAGPAGPPGPIGSVGAPGPK

Bovid
Equus quagga
Bovid
Bovid
Bovid

GSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPA
GSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPV
GSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPA
GPAGPAGPPGPIGNVGAPGPK
GSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPA
GPAGPAGPPGPIGNVGAPGPKGARGSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPA

MOD flake
P02453 Bos taurus
B9VR88 Equus asinus

GKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPAGAPGTPGPQGIAGQRGVV 960
GKEGGKGPRGETGPAGRPGEAGPPGPPGPAGEKGSPGADGPAGAPGTPGPQGIAGQRGVV 960
****.***************.*************:*************************

#86
#69
#1120
#1117
#91

GK
GK
GK
GK
GK

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPAGAPGTPGPQGIAGQRGVV
GETGPAGRPGEAGPPGPPGPAGEKGSPGADGPAGAPGTPGPQGIAGQRGVV
GETGPAGRPGEVGPPGPPGPAGEK
GVV
GPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPAGAPGTPGPQGIAGQRGVV
GETGPAGRPGEVGPPGPPGPAGEKGAPGADGPAGAPGTPGPQGIAGQRGVV
GFPGLPGPSGEPGK

GPPGPMGPPGLAGPPGESGREGAPGAE
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P02453 Bos taurus
B9VR88 Equus asinus

GLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGREGAPGAE 1020
GLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPVGPPGLAGPPGESGREGSPGAE 1020
**************************************:****************:****

#86
#69
#1120
#1117
#91

GLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGREGAPGAE
GLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPVGPPGLAGPPGESGR
GLPGQR
GFPGLPGPSGEPGK
EGAPGAE
GLPGQR
GFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGREGAPGAE
GLPGQRGERGFPGLPGPSGEPGK
EGAPGAE

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GSPGRDGSPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPV

P02453 Bos taurus
B9VR88 Equus asinus

GSPGRDGSPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPV 1080
GSPGRDGSPGPKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGEAGPAGPAGPIGPV 1080
********** ************************************:************

#86
#69
#1120
#1117
#91

GSPGR

Bovid
Equus quagga
Bovid
Bovid
Bovid

GDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPV
GETGPAGPPGAPGAPGAPGPVGPAGKSGDRGEAGPAGPAGPIGPV
GSPGRDGSPGAK
GETGPAGPPGAPGAPGAPGPVGPAGK
GETGPAGPAGPVGPV
GSPGR
GDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPV
GSPGRDGSPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPV

MOD flake GAR

GFSGLQGPPGPPGSPGEQGPSGASGPAGPR

P02453 Bos taurus
B9VR88 Equus asinus

GARGPAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPR 1140
GARGPAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPR 1140
************************************************************

#86
#69
#1120
#1117
#91

GARGPAGPQGPR
GARGPAGPQGPR
GAR
GARGPAGPQGPR
GARGPAGPQGPRGDK

Bovid
Equus quagga
Bovid
Bovid
Bovid

GFSGLQGPPGPPGSPGEQGPSGASGPAGPR
GPPGSPGEQGPSGASGPAGPR
GFSGLQGPPGPPGSPGEQGPSGASGPAGPR

MOD flake
P02453 Bos taurus
B9VR88 Equus asinus

GPPGSAGSPGKDGLNGLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFL 1200
GPPGSAGAPGKDGLNGLPGPIGPPGPRGRTGDAGPVGPPGPPGPPGPPGPPSAGFDFSFL 1200
*******:***************************.****************.*:*:***

#86
#69
#1120
#1117
##91

GPPGSAGSPGKDGLNGLPGPIGPPGPR

Bovid
Equus quagga
Bovid
Bovid
Bovid

GPPGSAGSPGKDGLNGLPGPIGPPGPR
DGLNGLPGPIGPPGPR

MOD flake
P02453 Bos taurus
B9VR88 Equus asinus
#86
#69
#1120
#1117
##91

Bovid
Equus quagga
Bovid
Bovid
Bovid

PQPPQEKAHDGGRYYR 1260
PQPPQEKSHDGGRYYR 1260
*******:********
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Fig. H. Alignment of the matched peptides in the MOD flake to the Collagen alpha-2(I) chain
from Bos taurus (P02465) and Equus asinus (B9VR89). Peptides identified in the MOD flake
sample were manually aligned over the automatically generated alignment (CLUSTAL O(1.2.0)
multiple sequence alignment, of the two collagen alpha-2(I) chain from Bos taurus (P02465) and
Equus asinus (B9VR89). Peptides from MOD flake are reported in bold. An * (asterisk) indicates
positions which have a single, fully conserved residue; : (colon) indicates conservation between
groups of strongly similar properties; . (period) indicates conservation between groups of weakly
similar properties. Under the alignment, peptides matched in samples from bones of some Bovids and
Equus quagga remains recovered from Sibudu layer MOD, are reported. Underlined sequences are
those identified in the error tolerant database search and the modified residue is indicated in red.
Numbering refers to the precursor polypeptide chain while only the sequence of the mature protein is
reported. X stands for either Ile or Leu that cannot be distinghished as substitution since are isobaric.
MOD flake

GPPGASGAPGPQGFXGPPGEPGE

P02465 Bos taurus
B9VR89 Equus asinus
#86
#69
#1120
#1117
#91

QFDAKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGE 120
QFDAKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPAGEPGE 120
*********************************** *****

Bovid
Equus quagga
Bovid
Bovid
Bovid

GPPGASGAPGPQGFQGPPGEPGE
GPPGASGAPGPQGFQGPPGEPGE

MOD flake

PGQTGPAGAR

P02465 Bos taurus
B9VR89 Equus asinus

PGQTGPAGARGPPGPPGKAGEDGHPGKPGRPGERGVVGPQGARGFPGTPGLPGFKGIRGH 180
PGQTGPAGARGPPGPPGKAGEDGHPGKPGRPGERGVVGPQGARGFPGTPGLPGFKGIRGH 180
************************************************************

#86
#69
#1120
#1117
#91

PGQTGPAGARGPPGPPGK
GVVGPQGARGFPGTPGLPGFK
GPPGPPGK
GVVGPQGARGFPGTPGLPGFK
GPPGPPGK
GVVGPQGAR
PGQTGPAGARGPPGPPGKAGEDGHPGKPGRPGERGVVGPQGARGFPGTPGLPGFK
GPPGPPGK
GVVGPQGAR

Bovid
Equus quagga
Bovid
Bovid
Bovid

GVVGPQGAR

MOD flake

GH

VGAPGPAGAR

P02465 Bos taurus
B9VR89 Equus asinus

NGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERGRVGAPGPAGARGSDGSVGP 240
KGLDGLKGQPGAPGVKGEPGAPGENGTPGQAGARGLPGERGRVGAPGPAGARGSDGSVGP 240
:*****************************:*****************************

#86
#69
#1120
#1117
#91

NGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGER
GQPGAPGVK
GLPGER
GLPGER
GQPGAPGVKGEPGAPGENGTPGQTGARGLPGER

Bovid
Equus quagga
Bovid
Bovid
Bovid

VGAPGPAGARGSDGSVGP
VGAPGPAGARGSDGSVGP
VGAPGPAGAR
VGAPGPAGARGSDGSVGP
VGAPGPAGAR

MOD flake
P02465 Bos taurus
B9VR89 Equus asinus

VGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPVGPPGNPGA 300
VGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPVGPPGNPGA 300
************************************************************

#86
#69
#1120
#1117
#91

VGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPVGPPGNPGA
VGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPVGPPGNPGA

Bovid
Equus quagga
Bovid
Bovid
Bovid

VGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPVGPPGNPGA
GELGPVGNPGPAGPAGPR
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MOD flake

GAAGLPGVAGAPGLPGPR

P02465 Bos taurus
B9VR89 Equus asinus

NGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGE 360
NGLTGAKGAAGLPGVAGAPGLPGPRGIPGPAGAAGATGARGLVGEPGPAGSKGESGNKGE 360
*** **************************.*****************************

#86
#69
#1120
#1117
#91

NGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGE
NGLTGAKGAAGLPGVAGAPGLPGPRGIPGPAGAAGATGARGLVGEPGPAGSK
GIPGPVGAAGATGAR
NGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGE
GAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSK

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GSTGEIGPAGPPGPPGLR

GLPGADGR

P02465 Bos taurus
B9VR89 Equus asinus

PGAVGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGS 420
PGAAGPQGPPGPSGEEGKRGPNGEPGSTGPAGPPGLRGSPGSRGLPGADGRAGVMGPAGS 420
***.* ************* .** * :** *******.*********************

#86
#69
#1120
#1117
#91

PGAVGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLR
RGPNGEPGSTGPAGPPGLR

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

PGAVGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLR
GSTGEIGPAGPPGPPGLR
GATGPAGVR

GLPGADGRA
AGVMGPAGS
GLPGADGRAGVMGPAGS
GLPGADGRAGVMGPAGS
GLPGADGRAGVMGPAGS
EGPVGLPGIDGRPGPIGP

P02465 Bos taurus
B9VR89 Equus asinus

RGATGPAGVRGPNGDSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGP 480
RGATGPAGVRGPNGDSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGP 480
************************************************************

#86
#69
#1120
#1117
#91

GPNGDSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGP
RGATGPAGVRGPNGDSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGP
RGATGPAGVR
GFPGSPGNIGPAGK
RGATGPAGVR
GFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGP
R
GFPGSPGNIGPAGK

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

AGARGEPGNIGFPGPK

P02465 Bos taurus
B9VR89 Equus asinus

AGARGEPGNIGFPGPKGPSGDPGKAGEKGHAGLAGARGAPGPDGNNGAQGPPGLQGVQGG 540
AGARGEPGNIGFPGPKGPTGEPGKPGDKGHAGLAGARGAPGPDGNNGAQGPPGPQGVQGG 540
******************:*:*** *:************************** ******

#86
#69
#1120
#1117
#91

AGARGEPGNIGFPGPK
GHAGLAGARGAPGPDGNNGAQGPPGLQGVQGG
AGARGEPGNIGFPGPKGPTGEPGKPGDK
GAPGPDGNNGAQGPPGPQGVQGG
GEPGNIGFPGPK
AGARGEPGNIGFPGPK
GHAGLAGARGAPGPDGNNGAQGPPGLQGVQGG
GEPGNIGFPGPK

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GIPGEFGLPGPAGAR

GPPGESGAAGP

P02465 Bos taurus
B9VR89 Equus asinus

KGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGEFGLPGPAGARGERGPPGESGAAGP 600
KGEQGPAGPPGFQGLPGPAGTAGEVGKPGERGLPGEFGLPGPAGARGERGPPGESGAAGP 600
************************.*******:***************************

#86
#69
#1120
#1117
#91

KGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGEFGLPGPAGARGERGPPGESGAAGP
KGEQGPAGPPGFQGLPGPAGTAGEVGKPGERGLPGEFGLPGPAGAR
GPPGESGAAGP
GPPGESGAAGP
KGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGEFGLPGPAGVRGERGPPGESGAAGP
GERGPPGESGAAGP

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

TGPIGSR
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P02465 Bos taurus
B9VR89 Equus asinus

TGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAGIPGGKGEKGETGL 660
AGPIGSRGPSGPPGPDGNKGEPGVLGAPGTAGPSGPSGLPGERGAAGIPGGKGEKGETGL 660
:***********************:***********************************

#86
#69
#1120
#1117
#91

TGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAGIPGGK GETGL
AGPIGSR
GAAGIPGGK
TGPIGSR
GAAGIPGGK
TGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAGIPGGKGEKGETGL
TGPIGSR
GAAGIPGGKGEK

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake
P02465 Bos taurus
B9VR89 Equus asinus

RGDIGSPGRDGARGAPGAIGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPAGP 720
RGEIGNPGRDGARGAPGAVGAPGPAGANGDRGEAGAAGPAGPAGPRGSPGERGEVGPAGP 720
**:**.************:**************** ************************

#86
#69
#1120
#1117
#91

R

GAPGAVGAPGPAGANGDRGEAGPAGXAGPAGPR
GEIGNPGRDGARGAPGAVGAPGPAGANGDRGEAGAAGPAGPAGPR

GEVGPAGP
GEVGPAGP

R

GAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPR
GATGAIGAPGPAGANGDRGEAGPAGPAGPAGPR

GEVGPAGP
GEVGPAGP

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GDGGP

P02465 Bos taurus
B9VR89 Equus asinus

NGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGP 780
NGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGP 780
************************************************************

#86
#69
#1120
#1117
#91

NGFAGPAGAAGQPGAKGER
NGFAGPAGAAGQPGAKGER

Bovid
Equus quagga
Bovid
Bovid
Bovid

NGFAGPAGAAGQPGAKGER
NGFAGPAGAAGQPGAKGER

GPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGP
GENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGP
GDGGP
GPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGP
GENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGP

MOD flake

PGATGFPGAAGR

P02465 Bos taurus
B9VR89 Equus asinus

PGATGFPGAAGRTGPPGPSGISGPPGPPGPAGKEGLRGPRGDQGPVGRSGETGASGPPGF 840
PGVTGFPGAAGRTGPPGPSGISGPPGPPGAAGKEGLRGPRGDQGPVGRAGETGASGPPGF 840
**.************************** ******************:***********

#86
#69
#1120
#1117
#91

PGATGFPGAAGRTGPPGPSGISGPPGPPGPAGKEGLRGPRGDQGPVGR
PGVTGFPGAAGRTGPPGPSGISGPPGPPGAAGK
GDQGPVGRAGETGASGPPGF
PGATGFPGAAGR
GDQGPVGR
PGATGFPGAAGRTGPPGPSGISGPPGPPGPAGK
GDQGPVGR
PGATGFPGAAGRTGPPGPSGISGPPGPPGPAGK
GPRGDQGPVGR

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GLPGVAGSVGEPGPLGIAGP

P02465 Bos taurus
B9VR89 Equus asinus
.

VGEKGPSGEPGTAGPPGTPGPQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGP 900
AGEKGPSGEPGTAGPPGTPGPQGLLGAPGILGLPGSRGERGLPGVAGSLGEPGPLGIAGP 900
****************************:******************:***********

#86
#69
#1120
#1117
#91

GPSGEPGTAGPPGTPGPQGLLGXPGFLGLPGSR GLPGVAGSVGEPGPLGIAGP
AGEK
GLPGVAGSLGEPGPLGIAGP

Bovid
Equus quagga
Bovid
Bovid
Bovid

GPSGEPGTAGPPGTPGPQGLLGXPGFLGLPGSR

GLPGVAGSVGEPGPLGIAGP

MOD flake

PGAR

P02465 Bos taurus
B9VR89 Equus asinus

PGARGPPGNVGNPGVNGAPGEAGRDGNPGNDGPPGRDGQPGHKGERGYPGNAGPVGAAGA 960
PGARGPPGAVGAPGVNGAPGEAGRDGNPGSDGPPGRDGQPGHKGERGYPGNAGPVGAVGA 960
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******** ** *****************.***************************.**
#86
#69
#1120
#1117
#91

Bovid
Equus quagga
Bovid
Bovid
Bovid

PGARGPPGNVGNPGVNGAPGEAGRDGNPGNDGPPGRDGQPGHK
PGARGPPGAVGAPGVNGAPGEAGR

GYPGNAGPVGTAGA

PGARGPPGNVGNPGVNGAPGEAGRDGNPGNDGPPGR

GYPGNAGPVGTTGA

MOD flake
P02465 Bos taurus
B9VR89 Equus asinus

PGPQGPVGPVGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGIRGDKGEPGDKGPRGLPGL 1020
PGPHGPVGPTGKHGNRGEPGPVGSVGPVGAVGPRGPSGPQGVRGDKGEPGDKGPRGLPGI 1020
***:*****.***********.*:***.*************:*****************:

#86
#69
#1120
#1117
#91

PGPQGPVGPVGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGIRGDK
GEPGPVGSVGPVGAVGPRGPSGPQGVR
GEPGPAGAVGPAGAVGPRGPSGPQGIR
PGPQGPVGPVGK
GEPGPAGAVGPAGAVGPRGPSGPQGIR
GEPGPAGAVGPAGAVGPRGPSGPQGIR

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake

GLPGL
GLPGL

GPAGPSGPAGKDGR

P02465 Bos taurus
B9VR89 Equus asinus

KGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPSGPAGKDGRIGQPGAVGPAGIRGS 1080
KGHNGLQGLPGLAGQHGDQGAPGSVGPAGPRGPAGPTGPVGKDGRSGQPGTVGPAGVRGS 1080
**************:********:************:**.***** ****:*****:***

#86
#69
#1120
#1117
#91

KGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPSGPAGK
IGQPGAVGPAGIR
GPAGPTGPVGK
SGQPGTVGPAGVR
GPAGPSGPAGKDGRIGQPGAVGPAGIR
K
GPAGPSGPAGKDGRIGQPGAVGPAGIR
GPAGPSGPAGK
IGQPGAVGPAGIR

Bovid
Equus quagga
Bovid
Bovid
Bovid

MOD flake
P02465 Bos taurus
B9VR89 Equus asinus
#86
#69
#1120
#1117
#91

Bovid
Equus quagga
Bovid
Bovid
Bovid

QGSQGPAGPPGPPGPPGPPGP 1140
QGSQGPAGPPGPPGPPGPPGP 1140
*********************
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