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The southern African Late Pliocene to Early Pleistocene hominin record is abundant and exhibits a high taxonomic diversity with three genera represented: Australopithecus, Paranthropus and Homo. Hominin fossil diversity and variation are often contextualised within other fossil assemblages or modern/extant counterparts. However, the incompleteness of the fossil record, sample selection bias and taphonomic condition of the specimens themselves constrain interpretations of diversity and variation within and between species. Thus, species identification and the nature of the observed variation are frequently debated. Palaeoproteomics can help improve our understanding of taxonomic variation, as demonstrated by the recently generated proteome of Paranthropus specimens from Swartkrans. Here, we demonstrate protein preservation for an A. africanus specimen from Sterkfontein Member 4, Sts 63, using minimally invasive analysis, and identify it as belonging to a male individual. We then discuss some of the current limitations of palaeoproteomics and how we can potentially overcome them. Although it is still in its infancy for Plio-Pleistocene hominin fossils, palaeoproteomics has the potential to help unravel the causes of observed morphological variation. Lastly, we strongly believe that the involvement of African researchers at all levels of this research, including leadership, is of great importance.

Significance:

We have successfully determined the biological sex of an Australopithecus africanus specimen (Sts 63) from Sterkfontein Member 4 with the age range of 3.5 to 2.01 Ma, with a high degree of confidence, and we have assessed the extent of protein preservation. These discoveries hold significant implications for our understanding of sexual dimorphism and intraspecies variation as observed in African Plio-Pleistocene hominins.

[Abstract in Setswana]








Introduction

Since the discovery of the Taung Child a century ago1, South Africa has been a world leader in palaeoanthropology research. Much of this work has focused on understanding and interpreting the similarities and differences in the southern African Pleistocene fossil record and their relationships to hominins across the wider African continent. A key area of research is the study of early hominin taxonomy, phylogenetic relationships and variation, both among ancient taxa and between them and our species, Homo sapiens. Today, South Africa is well positioned to unpack these relationships, as it has a rich and taxonomically diverse hominin fossil record, particularly at sites located in the UNESCO World Heritage Site of the Cradle of Humankind. Important or iconic finds and specimens include individuals assigned to Australopithecus africanus, A. sediba, A. prometheus, Paranthropus robustus, Homo erectus, and H. naledi, with some of these species living contemporaneously2.

A consequence of this rich and diverse fossil record is that there is considerable interindividual variation that can be attributed to numerous factors, including the potential sampling of morphological variation between species (i.e. taxonomic diversity), as well as variation within species (i.e. sexual dimorphism, inter-locality variation and microevolution/temporal depth variation). Teasing apart the presence of these different contributors to variation can be challenging.3,4 As an example, P. robustus, a taxonomic group only found in South Africa, has been subject to varying hypotheses explaining the underlying causes of variation. Lockwood et al.5 hypothesised that the variation in P. robustus is due to sexual dimorphism. However, the discovery of DNH 155, a purported male individual, and dental remains from the site of Drimolen attributed to P. robustus showing a less robust morphology than some of the material from the site of Swartkrans, led to the hypothesis that the observed variation is due to temporal depth variation6,7 rather than a high degree of sexual dimorphism5,8. In particular, as DNH 115 is presumed male and more gracile relative to the presumed male individuals of Swartkrans and Komdraai B, the authors then hypothesised that the Drimolen collection is older than Swartkrans and Komdraai B.6 Further analysis of dental remains of P. robustus from both Drimolen and Swartkrans suggested the variation may be due to different specimen compositions across localities.9 This inter-locality variation hypothesis was corroborated by work on the differences in temporal bone shape and size in specimens from Drimolen, Swartkrans and Kromdraai B.10 Nevertheless, it is noted that inter-locality variation and high sexual dimorphism hypothesis does not contradict the temporal depth hypothesis.9,10

Similarly, the Australopithecus assemblage from Sterkfontein, South Africa, is highly variable morphologically, and it is suggested that there are multiple species of Australopithecus (A. prometheus and A. africanus) found in Member 2 and Member 4 that are thought to have overlapped.11,12 It is also hypothesised that there may be another species in Member 4 besides A. africanus.13 In addition, the variation observed has been proposed to be due to temporal depth14,15, as Member 4 spans about 600 thousand years (ka)16,17. In both cases, for P. robustus as well as the Sterkfontein Australopithecus assemblage, controlling for sexual dimorphism by confidently attributing the sex of individuals would contribute significantly to our understanding of the underlying causes of variation.

Enamel palaeoproteomics studies of fossil hominins

Palaeoproteomics is the study of proteins from fossilised material, and it exists at the intersection of multiple disciplines: chemistry, molecular biology, archaeology, palaeontology, palaeoanthropology, palaeoecology, computational biology and history.18,19 Mineral-bound proteins have recently been shown to survive deeper in time and in warmer regions20 relative to DNA21. In 2009, Nielsen-Marsh et al.22 demonstrated the feasibility of extracting enamel peptides from late Pleistocene Neanderthal specimens using a trypsin-aided digestion process coupled with matrix-assisted laser desorption/ionisation (MALDI) sequencing. Their analysis successfully identified sex chromosome linked amelogenin-specific23 peptides, highlighting the potential of this technique in ancient protein studies.

A few years ago, a study employed a digestion-free peptide extraction protocol24 and liquid chromatography coupled to tandem mass spectrometry, which generated the dental enamel proteome of the extinct Gigantopithecus blacki dated to 1.9 Ma from Chifeng Cave, China25. Using the same technique, Welker et al.26 recovered proteins from Homo antecessor and H. erectus, providing the oldest genetic information for the genus Homo. For the H. antecessor specimen, they recovered amelogenin-Y (AMELY), demonstrating that it belonged to a male individual, while there was no detection of an AMELY signal for the H. erectus specimen. These studies demonstrated the feasibility of using the enamel proteome to understand fossil variation from temperate and subtropical regions of the world. In these contexts, the enamel proteome can provide both tentative phylogenetic signals and confident biological sex identification of ancient male individuals.

One of the major questions that arose from the above studies is whether it is feasible to recover ancient proteomes from an African context, given the differences in ancient climate, geology and taphonomy. Subsequently, the southern African Paranthropus dental enamel proteome demonstrated the feasibility of palaeoproteomics27 and the potential of investigating within-species variation within the African context. Here, we aim to demonstrate the potential of using a minimally invasive extraction protocol, expand the sample set of southern African hominins being analysed via palaeoproteomics and further explore fossil variation through a genetic lens. In this work, and in recognition of the centenary of the announcement of the species A. africanus, we report a palaeoproteomic profile of specimen Sts 63 (Figure 1), morphologically identified as A. africanus, from Sterkfontein Member 4. We then provide additional examples from a recent palaeoproteomic investigation of Paranthropus27 and further discuss the current limitations of palaeoproteomics. Finally, we discuss the challenges of transformation, focusing on how it can be achieved through meaningful and impactful collaborative efforts that build capacity in Africa.
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Figure 1: The analysed Sts 63 molar fragment (no orientation could be identified).



Methods

Permission for temporary export and sampling (permit IDs 3026 and 3079) was granted by the South African Heritage Resource Agency for palaeoproteomic analysis of Sts 63 (Figure 1), an A. africanus molar fragment, with no significant morphology preserved, from Sterkfontein Member 4.

Biomolecular preservation

Chiral amino acid analysis was undertaken on enamel (± 5 mg) from Sts 63 following the protocols of Dickinson et al.28 After bleaching, the specimen was divided into two fractions: one for determining free amino acids (FAA) and one for quanitfication of the total hydrolysable amino acids (THAA). The concentration of the intra-crystalline amino acids and their extent of racemisation (D/L value) were then quantified using RP-HPLC (Agilent 1100 series HPLC fitted with HyperSil C18 base deactivated silica column [5 μm, 250 x 3 mm] and fluorescence detector) following a modified method of Kaufman and Manley29. To provide estimation of intra-crystalline protein degradation, D and L ratios were measured for the following amino acids: aspartic acid and asparagine (Asx), glutamic acid and glutamine (Glx), serine (Ser), alanine (Ala), valine (Val), phenylalanine (Phe), isoleucine (Ile), leucine (Leu), threonine (Thr), arginine (Arg), tyrosine (Tyr) and glycine (Gly).

Etching extraction

Sts 63 peptides were extracted using a minimally destructive extraction method, specifically acid etching, as first demonstrated by Stewart et al.30 Briefly, the sample surface was first cleaned using molecular biology grade water, the varnish coating was gently scraped off, and then the surface was wiped with low dust laboratory tissue (Kimtech) to remove debris. To further clean the surface, a volume of 130 mL of 10% v/v trifluoroacetic acid (TFA) was placed into the cap of a 0.5 mL Eppendorf tube and the sample was manually held so that the surface of the sample was in contact with the acid solution for an initial 15 s. The tube and acidic solution were then discarded. The acid cleaning step was done twice. The sample was reintroduced to the new 10% TFA in the new tube, and contact was maintained for a total of 10–15 min, with visual inspection every 3–5 min. The acidic solution (sample extract) was removed from the 0.5 mL tube cap and placed into a fresh Protein LoBind Eppendorf tube and the cap was washed with 100 mL 10% TFA and combined with the sample extract. C18 StageTip31 peptide concentration/clean-up was performed as described by Cappellini et al.24 and Taurozzi et al.32 An extraction blank was prepared simultaneously with the sample.

Liquid chromatography with tandem mass spectrometry analysis

The peptides were eluted with 30 µL of 40% acetonitrile (ACN) and 0.1% formic acid (FA) into a 96-well mass spectrometry (MS) plate from the C18 StageTip.31 They were then resuspended in 4 µL of 5% of ACN 0.1% TFA. The solution containing the peptides was analysed through liquid chromatography with tandem mass spectrometry (LC MS/MS) following protocols published for palaeoproteomics samples.24,33 Peptide separation took place on a 15-cm column (75 μm inner diameter), in-house laser-pulled and packed with 1.9 μm C18 beads (Dr Maisch, Germany), on an EASY-nLC 1200 (Proxeon, Odense, Denmark) connected to an Exploris 480 mass spectrometer (Thermo Scientific, Bremen, Germany), on a 77-min gradient with wash-blanks in between the injections of samples to hinder cross-contamination.

Data analysis

The files generated by the mass spectrometer in the ‘.raw’ file format were then processed using MaxQuant version 2.1.0.334, to confidently match the spectra against peptides from a custom-made reference database of amelogenin proteins of extant Homo sapiens, publicly available ancient hominins, and members of Pan, Gorilla and Pongo downloaded from Uniprot and NCBI and translated in-house35. The peptide identification was performed, setting the digestion parameter to unspecific, and the minimum length for unspecific peptides was set to seven amino acids. In the main search, the peptide mass tolerance was left at 4.5 parts per million (ppm), also leaving the setting of the fragment mass tolerance at 20 ppm.

The Andromeda threshold score for both unmodified and modified proteins was set to 40, to filter out peptide spectral matches (PSM) with a low-quality score. No fixed post-translational modifications were set. Glutamine and asparagine deamidation, oxidation of methionine, oxidation of proline, oxidation of tyrosine, phosphorylation of serine/threonine/tyrosine, ornithine conversion from asparagine, and N-terminal pyroglutamic acid from glutamic and aspartic acids were all included as possible variable modifications.

Proteins included in the database of common contaminants provided by MaxQuant, for example, proteinaceous laboratory reagents and human skin keratins, as well as reverse sequences, were manually removed and not considered any further. Similarly, proteins detected in the laboratory blank were not considered further.

Results

A total of 142 amino acids was recovered for both AMELX and AMELY, with 118 peptides, 4 unique to AMELX and 3 unique to AMELY (Table 1). Thus, we were able to identify Sts 63 as belonging to a male individual, with the confident detection of three specific AMELY peptides (Figure 2). Subsequently, we observed similar diagenetic markers as seen in Cappellini et al.24, Welker et al.25,26 and Madupe et al.27, i.e. the peptide length distribution and rate of deamidation, albeit at higher amounts (Figure 3A and 3B). Moreover, we observed higher levels of intra-crystalline protein decomposition in Sts 63 relative to Paranthropus specimens from Swartkrans, including higher levels of racemisation (conversion of the L-amino acids to their D-form). The high intra-crystalline protein decomposition patterns in the enamel are consistent with a closed system behaviour, thus indicating that the recovered proteins are endogenous to the enamel matrix (Figure 3C). The higher levels of intra-crystalline protein decomposition are consistent with radiometric dating that indicates Sts 63 (Sterkfontein Member 4) is older than the Paranthropus specimens studied in Madupe et al.27 (Swartkrans Member 1).



Table 1:Summary statistics of the number of peptides, protein sequence coverage and the total amino acids recovered in each protein. The amelogenin lengths refer to the human versions: ensemble transcript ENSG00000125363 for AMELX and ENSG00000099721 for AMEY.



	Protein ID
	Total number of peptides
	Unique peptides
	Percentage coverage (%)
	Sequence length
	Total amnio acids recovered

	Amelogenin X
	67
	4
	41.9
	205
	86

	Amelogenin Y
	51
	3
	27.1
	206
	56
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Figure 2: The top frame is the human AMELX (position 47 to 66) and AMELY (position 57 to 67) aligned, and highlighted in red are the two different amino acids in the alignment; with the insertion of methionine (M) in position 59 and a serine (S) at position 66 instead of a proline (P) in the AMELX corresponding position. Below that are three peptide-spectrum matches from Australopithecus africanus Sts 63 for human AMELY with M and S highlighted in red. Note peptide spectrum graphs plot mass-to-charge (m/z) values of ions on the x-axis, as measured during the mass spectrometric analysis of peptide fragments, and the relative peak abundance (%) on the y-axis. The red peaks represent y-ions, which are generated from fragmentation at the C-terminal side of peptide bonds, and they correspond to red bars between amino acids in the peptide sequence. The blue peaks represent b-ions, which result from fragmentation at the N-terminal side of peptide bonds, and they correspond to blue bars between amino acids in the peptide sequence. These peaks are matched to the theoretical spectrum of the peptide, aiding in the identification of the peptide sequence. This figure was generated using the publicly free site www.proteomicsdb.org/use/ by inputting MS2 mass to charge ratios.
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Figure 3: Diagenetic modifications of the Sterkfontein Australopithecus africanus Sts 63 relative to the Swartkrans Paranthropus specimens from Madupe et al.27 (A) Peptide length distribution is skewed toward shorter fragments due to spontaneous terminal hydrolysis, with the x-axis indicating the peptide length and the y-axis indicating the density distribution of peptide lengths. (B) Asparagine and glutamine deamidation levels, with the x-axis indicating the specimens and the y-axis showing the percentage of asparagine and glutamine deamidations in each specimen. (C) Free amino acid (FAA) vs total hydrolysable amino acid (THAA) racemisation for glutamine/glutamic acid (Glx) and phenylalanine (Phe), with the Sts 63 specimen in blue being higher than the Swartkrans specimens in yellow. A reference data set of previously analysed enamel is shown in grey to indicate the expected correlation between FAA and THAA racemisation for closed-system enamel.



Discussion

A preliminary protein profile of A. africanus

Studies carried out on ancient hominin specimens allow us to start to unpack whether hominin morphological variation is due to sexual dimorphism, taxonomic differences or potentially other forms of variation. However, these studies are still in their infancy. Madupe et al.27 reported the recovery of the enamel proteome from four Paranthropus teeth dated to ca 2 Ma36 from Swartkrans, South Africa. The most abundant enamel proteins, namely enamelin, amelogenin and ameoloblastin, were recovered as part of the suite of proteins sequenced via tandem mass spectrometry. The identification of AMELY-specific peptides and semi-quantitative mass spectrometry data analysis enabled confident identification of the biological sex of all the specimens. Intraspecies amino acid sequence variation was also observed among the four Paranthropus specimens, corroborating independent observations made on morphology.37 The recovered molecular data also confirmed the taxonomic placement of Paranthropus within the hominin clade, which formed the outgroup of the clade, including H. sapiens, Neanderthals and Denisovans.

In contrast, the analysis carried out here on Sts 63 is via a minimally invasive extraction protocol, which generated a minimal proteome (Table 1). Excitingly, this allowed us to confirm the presence of ancient proteins in the sample, and to identify the sex of Sts 63 as male, confirming the potential for these studies using material from Sterkfontein. However, we are currently limited in the scope of a comparative analysis with P. robustus, which will require a larger A. africanus enamel proteome generated from extracting higher amounts of enamel from additional individuals. Moreover, in South Africa, species of Australopithecus, Paranthropus and early Homo were contemporaneous, and, ideally, phylogenetic comparisons based on genetic data should include information from all these taxa, allowing us to answer important questions about sexual dimorphism and taxonomic relationships. This is an exciting avenue for future research.

Consequently, this raises the question of whether hominins outside the South African Cradle cave systems will also have sufficiently good preservation for ancient protein recovery. The fossil A. africanus tooth studied here, as well as the Paranthropus specimens studied by Madupe et al.27, were all recovered from cave sediments composed of re-mobilised soil outside the cave38. It is possible that favourable protein preservation is due to factors specific to these systems, including rapid fossil accumulation and relative aridity.27,39 However, there are currently no published hominin protein preservation data on fossils recovered from other sites in South Africa and no data from open-air fossil sites, particularly in eastern Africa, where the very different depositional environments are known to have detrimental diagenetic consequences for enamel preservation.40 Expanding palaeoproteomic studies of enamel outside the Cradle cave system context will therefore require considerable exploration of preservation – an important future avenue for research into African Plio-Pleistocene hominins.

The current limitations – and future opportunities of palaeoproteomics

Palaeoproteomics provides deep-time genetic data that were previously inaccessible. The ancient genetic data allow us to draw tentative hominin phylogenies and study interspecies and intraspecies variation, sexual dimorphism, and temporal depth variation. These are all incredibly exciting breakthroughs that are poised to revolutionise our understanding of human evolution. However, there are still some limitations and pitfalls to overcome.

As amelogenin-X is expressed in both female and male individuals, it is challenging to identify female individuals unambiguously; absence of evidence (e.g. no detection of AMELY) does not always mean evidence of absence. Currently, there is no experimental way of positively identifying male individuals with a deletion of the amelogenin-Y gene – a condition that has been documented in modern humans41,42 and in a Neanderthal individual43. Additionally, in this current iteration of the palaeoproteomic workflow, male individuals whose amelogenin-Y protein has been degraded below instrumental detection limits due to diagenesis will also be misidentified as female. Several recent attempts to identify females through semi-quantitative analyses have proven fruitful.27,44-46 However, these methods rely on having at least one positively identified male individual in the sample to establish a probabilistic framework. Therefore, currently, confident semi-quantitative female detection is sample-set dependent.

Another important consideration is the small amount of genetic information currently retrieved by enamel palaeoproteomic analysis. Proteins only represent the expression of the exonic part of the genome, and the ancient enamel proteome is not particularly rich, counting only about 12 proteins.24-26 Furthermore, enamel proteins are hydrolysed by proteases in the final phase of amelogenesis during tooth maturation. Specifically, matrix metalloproteinase-20 (MMP20) and kallikrein-related peptidase 4 (KLK4) break down enamelins, amelogenins, ameloblastins and amelotins47,48, leaving in mature dental enamel only a limited subset of the protein sequences initially synthesised. Furthermore, phylogenetic incongruence, in which evolutionary trees constructed from individual genes differ from each other and from the expected species trees, affects the accuracy of the phylogenies we generate from enamel proteomes.49 For this reason, phylogenies built with this approach are based on amino acid sequences only a few hundred amino acids long and cannot be considered very informative.50

In Madupe et al.27, the authors emphasise that the observed phylogenetic placement of P. robustus is tentative due to the size of the recovered proteome, and here we did not include a reconstructed phylogeny as the minimally invasive peptide extraction protocol resulted in a very small proteome, making any phylogeny even less reliable. For comparison, in the initial phases of a DNA analysis, researchers relied on short DNA sequences, such as portions of the mitochondrial DNA (mtDNA). Although these studies provided preliminary insights, they had limitations. They did not detect gene flow between Neanderthals and modern humans because they focused on uniparentally inherited markers.51 This approach masked the complexities of interbreeding and gene exchange among different hominin groups. Only later, with the introduction of high-throughput next generation DNA sequencing52,53, did more comprehensive genomic analyses reveal these phenomena54-56. For proteins, we are already seeing glimpses of technology improving modern proteomic modes of data acquisition with single-molecule protein sequencing57, the merits of which are discussed by Paterson et al.50

Final thoughts

The relatively new field of palaeoproteomics has the potential to revolutionise our understanding of Plio-Pleistocene hominin diversity in southern Africa, and possibly in Africa more broadly. Recent and ongoing studies have demonstrated its application in interpreting morphological variation. Madupe et al.27 observed the presence of substantial molecular variation within Paranthropus, in addition to identifying biological sex. Additionally, here we have presented the protein preservation of a specimen identified morphologically as A. africanus. This is the first step to attempt the recovery of the enamel proteome for this specimen. In addition to the preliminary palaeoproteomic characterisation, we also identified the sex of the specimen and validated the endogeneity of the recovered enamel proteins. The studies of Paranthropus proteomes, combined with the initial palaeoproteomic analysis of the A. africanus specimen presented here, demonstrate the feasibility and utility of palaeoproteomic studies in South Africa. Even though palaeoproteomics is still in its infancy and caution should be used in interpreting the results, it is still poised to be able to answer some of palaeoanthropology’s most fundamental questions about sexual dimorphism, variation and phylogeny.

Future studies should focus on improving protein recovery and on increasing the breadth and depth of amino acid sequence coverage, as well as on the number of studied samples and taxa. Moreover, less destructive protein extraction methods need to be explored. Currently, the most common approach is to extract proteins by destructively sampling approximately 100 mg of dental enamel. In the future, alternative methods, such as the minimally destructive method used in this study, would make the application of palaeoproteomics more broadly applicable.

Palaeoproteomic research is a new and burgeoning field that has the potential to increase our understanding of the deep past. We see huge potential for the application of palaeoproteomics in understanding Plio-Pleistocene hominin diversity. As we have explored here, a lot of work still needs to be done, and this provides a unique and exciting opportunity for this field to be developed collaboratively, together with African researchers at the forefront. In this current special issue, Lee-Thorp and Sponheimer58 provide historical examples of how meaningful collaboration can be achieved and how it led to the field of fossil biogeochemistry expanding via the investment in scientific infrastructure and capacity building in South Africa. To actuate this, we are currently working on establishing an ancient biomolecules laboratory in South Africa, so that at least the first part of the palaeoproteomics workflow can be carried out in Africa, in collaboration with international labs for the sequencing part of the workflow. This would mean that fossils could be sampled locally with no need for them to leave the continent. This would represent a big step in ensuring both capacity building and the safety and safekeeping of African heritage.

In conclusion, palaeoproteomics research is at the cusp of remarkable discoveries, making this an ideal time to develop new ways in which research could be done. We also want to emphasise that palaeoproteomics should not be another field of study in which marginalised communities are left out, or in which parachute/helicopter59 science takes place. We can take the initiative in this nascent research field to halt colonial science60-62 and to realise that research is greatly improved by meaningful co-creation and collaboration63. Knowledge comes in different forms and diversity improves the quality of research.64 We are excited by what lies ahead.
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