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Abstract

Paranthropus robustus is a morphologically well-documented Early Pleistocene hominin species 

from southern Africa with no genetic evidence reported so far. We describe the mass spectrometric 

sequencing of enamel peptides from four ca. 2 million year old dental specimens attributed 

morphologically to P. robustus, from the site of Swartkrans in South Africa. The identification 

of AMELY-specific peptides enabled us to assign two specimens to male individuals while semi-

quantitative mass spectrometric data analysis attributed the other two to females. A single amino 

acid polymorphism and the enamel-dentine junction shape variation indicate potential subgroups 

present within southern African Paranthropus. This study demonstrates how palaeoproteomics can 

help distinguish sexual dimorphism from other sources of variation in African Early Pleistocene 

hominins.

While our understanding of the evolution of Middle to Late Pleistocene hominins is 

becoming increasingly clear, in large part due to ancient DNA (aDNA) sequencing data (1, 

2), the biological and behavioral variation among earlier Plio-Pleistocene hominins remains 

poorly understood. The genus Paranthropus first appeared in the fossil record ca. 2.8 million 

years ago (Ma) and persisted until 1 Ma, coexisting in time and space with a number 

of other hominins, including Australopithecus species and members of the genus Homo. 

Most researchers consider Paranthropus to be monophyletic (3) however, morphological 

similarities between P. robustus and A. africanus (4, 5), and between P. aethiopicus and 

A. afarensis (6, 7), have raised the possibility of paraphyly or even admixture between 

species (8, 9). Furthermore, analyses of the enamel-dentine junction (EDJ) of southern 

African Paranthropus indicate significant variation, suggesting the possibility of detectable 

substructure within P. robustus (10), or even the presence of more than one species of 

this genus in southern Africa (11, 12). Other researchers have argued that the observed 

morphological differences stem from sexual dimorphism (13). Determining to what 

extent the variation within and between Plio-Pleistocene hominins is due to evolutionary 

diversification versus intraspecific variation, of which sexual dimorphism is likely a major 

contributor, is fundamental to interpreting their evolutionary history.

Although genetic data from the African continent have provided insights of unprecedented 

resolution into human demography and evolution (14, 15), aDNA has never been 

successfully recovered from African hominin material older than ~ 0.02 Ma (15). As 

phylogenetically informative ancient protein sequences have been retrieved beyond the 

limits of aDNA preservation in Eurasia (16–18), we attempted to recover them to help 

investigate the causes of Plio-Pleistocene hominin variation in Africa. We used liquid 

chromatography coupled to high-resolution tandem mass spectrometry to reconstruct dental 

enamel protein sequences from four southern African hominin specimens assigned to P. 

robustus (Supplementary Materials).

The four hominin fossils analyzed (SK 830, 835, 850, and 14132) originated from 

Swartkrans cave, located approximately 40 km northwest of Johannesburg, in South Africa’s 

Cradle of Humankind World Heritage Site (Fig. 1). The teeth are from the oldest deposits at 

Swartkrans, Member 1 (MB1), which is dated to between 1.8 and 2.2 Ma (19, 20). Although 

Swartkrans has produced the largest collection of specimens attributed to P. robustus, the 
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relationships between this material and the Paranthropus fossils from other southern African 

sites has been the subject of various interpretations, summarized by Martin et al. (21).

Results

To maximize the breadth and depth of amino acid sequence coverage, manual off-line 

high-pH reversed-phase fractionation was carried out on StageTips. This strategy extends the 

dynamic range of the less complex fractions for subsequent MS analysis (22), increasing 

peptide identifications in all four Paranthropus samples (Fig. S1). The number of recovered 

amino acid positions increased up to 17%, and the number of peptide-spectrum matches 

increased up to 3-fold (Supplementary Materials). Further methodological development 

was achieved with the creation of an automated and open-source sequence assembly 

pipeline (Fig. S2). A site-based sequence reconstruction approach (23) was developed to 

generate consensus sequences directly from the MaxQuant output tables. This sequence 

assembly pipeline enables faster, more reproducible, and transparent data analysis processes. 

The generated outputs can be traced back to the original fragmentation spectra, thereby 

simplifying manual validation of ambiguous hits.

After successful proteomics analysis on faunal material (Fig. S3), dental enamel from four 

Paranthropus individuals was sampled. The combined analysis of the LC-MS/MS data 

obtained from fractionated and single-shot samples of each individual resulted in 4,600 to 

8,500 PSMs covering 540 to 780 amino acid positions from 8 to 10 enamel-associated 

proteins (24–26), six of which, i.e. ALB, AMBN, AMELX, COL17A1, ENAM and 

MMP20, appeared in all analyzed specimens. A total of 425 amino acid positions were 

consistently identified in all four Paranthropus specimens, indicating that the majority of 

the covered positions are shared across all the samples (Fig. S4). For validation, the MS 

workflow was successfully replicated in a proteomics laboratory in Cape Town, South 

Africa (Fig. S5, (Supplementary Materials).

The authenticity of the recovered sequences is supported by multiple lines of evidence. 

First, the relationship between free and bound amino acids and their expected levels of 

racemization, as well as the extent of peptide bond hydrolysis, indicates that, in all the 

samples, the dental enamel is exhibiting behavior consistent with a closed system (Fig. S6, 

(Supplementary Materials)). Equally, across all four specimens, no, or negligible, exogenous 

contamination was supported by the high similarity of the amino acid composition profiles 

observed both within our sample set and in comparison to other ancient dental enamel 

specimens previously investigated (Figs. S6 and S7, (Supplementary Materials)). Second, all 

samples show advanced rates of diagenetically-induced amino acid modifications, such as 

glutamine and asparagine deamidation and arginine to ornithine conversion, compatible with 

the age and the geographic origin of the Paranthropus specimens (Fig. S4). Additionally, 

we observed extended oxidative modification of histidine, phenylalanine, tyrosine and 

tryptophan (Fig. S8, (Supplementary Materials)). Third, the peptide length distribution is 

skewed towards shorter amino acid chains compared to modern human dental enamel, 

as previously observed in other paleoanthropological material and in agreement with the 

high levels of peptide bond hydrolysis observed in the amino acid analysis (Fig. S4, 

(Supplementary Materials)). Altogether, these lines of evidence independently support the 
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authenticity of the ancient amino acid sequences we report. An attempt to detect protein-

protein crosslinks did not lead to any confident identification (Supplementary Materials).

Specimens SK 850 and SK 835 were unambiguously identified as male Paranthropus 

individuals based on the observation of multiple overlapping AMELY-specific peptides (Fig. 

2A, (Supplementary Materials)). No AMELY-specific peptide was detected in SK 830 and 

SK 14132. This absence alone, however, cannot necessarily lead to a female attribution 

(27, 28), for it is also consistent with these specimens belonging to male individuals whose 

signal for the AMELY-specific peptides would not be detectable by MS, or their acquisition 

would be stochastic. To exclude the latter scenario, we used a site-based semi-quantitative 

approach. Specifically, we defined an AMELX intensity threshold above which AMELY-

specific peptides should be consistently detectable, if present in the sample. For validation, 

we apply this approach to 11 modern human enamel specimens, achieving sex attribution 

with 100% accuracy. Since the AMELX site intensities of both SK 830 and SK 14132 were 

measured above the defined intensity thresholds, and above the intensity of SK 835, we infer 

that both specimens originated from female individuals (Fig. 2 and fig. S9, (Supplementary 

Materials)).

We used available buccolingual and mesiodistal measurements of SK 830, SK 835, and SK 

850 to compare our molecular-based sex attributions with those based on overall tooth size 

(Supplementary Materials). A sample of A. africanus is also included for comparison to 

better assess the extent of size variation in Paranthropus (29). SK 14132 is not included 

in the comparison, as its incompleteness precludes reliable measurement (Fig. S10). SK 

830, which is assigned to a female individual based on molecular evidence, has mesiodistal 

and buccolingual measurements consistent with specimens previously regarded as female. 

SK 850, assigned to a male based on AMELY-specific peptides, has an mesiodistal 

measurement falling within the lower range of size variability seen among specimens 

previously considered to be males. SK 835, recently suggested to possibly belong to a 

female individual based on tooth crown dimensions (30), is here confidently identified 

through AMELY-specific peptides as originating from a male. Our results thus indicate that 

measurements of dental size are not necessarily accurate for correct sex estimation. The 

protein-based male attribution of SK 835 is consistent with its local strontium isotope signal 

previously suggesting philopatric male behavior (31).

After aligning the amino acid sequences assembled for each Paranthropus specimen, we 

identified a subset of 425 positions that are covered in all four individuals. Among these 

positions, we detect a variable site in enamelin (ENAM) position 137 (based on Homo 

sapiens canonical Ensembl transcript - ENST00000396073.4). Individuals SK 830 and SK 

850 bear a fully deamidated glutamine (Q) in that position, while SK 835 has an arginine (R) 

(Fig. 3). Additionally, in SK 14132 the ENAM-137 site appears to be heterozygous, with the 

Q allele covered in 80% of the spectra (18 vs 4 PSMs). The confident identification of the 

two ENAM-137 alleles is further confirmed by the analysis of synthetic peptides (Fig. 3 and 

Fig. S11).

To assess how unexpected the within-sample variation would be if all four individuals 

belonged to a single species, we repeatedly sampled four randomly selected individuals 
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from a global sample of present-day humans (Supplementary Materials). We found it 

plausible that genetic variants segregating within a given species of equivalent diversity 

to modern humans could manifest as amino acid differences in a sample of the same 

size as the one we had for Paranthropus. However, we note that the effective population 

size of humans today most likely differs from that of the Paranthropus population we 

sampled (Supplementary Materials), leaving any taxonomic conclusion based on this genetic 

variation alone premature. When we compared the reconstructed protein sequences from 

the four Paranthropus individuals with their orthologs from a panel of extant and extinct 

hominids (great apes and humans), we detected a total of 16 species-informative single 

amino acid polymorphisms (Table S1). Based on these phylogenetically informative sites, all 

four Paranthropus protein sequences appear closer to those in the Homo clade than to any 

other primate (Figs. S12, S13-24). Thus, the placement of our Paranthropus samples agrees 

with the consensus view based on morphology (32, 33), further supporting the endogeneity 

of the protein sequences we retrieved. Given the limited total number of informative sites, 

conclusive phylogenetic results will require broader sequence coverage. Out of the 16 

identified single amino acid polymorphisms, only two, i.e. COL17A1-636 and ENAM-137, 

showed an allelic state different from that of present-day humans, Neanderthals, and 

Denisovans. The mapping of these two variants on the primate phylogenetic tree (Fig. 

S12) indicates that, while COL17A1-636 is likely an ancestral variant compared to modern 

humans, the ENAM-137 Q is most likely a Paranthropus derived variant.

To integrate the evidence obtained with paleoproteomics and more established 

morphological approaches (11), geometric morphometric analyses of the enamel-dentine 

junction shape were carried out on the two best-preserved specimens (SK 835 and SK 

830) (Fig. S10). Paranthropus M3 and P4 had a more asymmetric and taller enamel-dentine 

junction than those of early Homo and, to a lesser extent, than in Australopithecus. The 

results showed that both specimens belong to Paranthropus and differ from Australopithecus 

and early Homo (Supplementary Materials). Noticeably, the enamel-dentine junction of SK 

835 M3, bearing ENAM-137R, is statistically more similar to the Paranthropus specimens 

from the site of Drimolen, showing a wider occlusal basin, than to those from the 

Swartkrans and Kromdraai assemblages, the latter including the holotype of P. robustus 

(TM 1517). The enamel-dentine junction shape of the P4 SK 830, in contrast, more closely 

resembles specimens from Swartkrans and Kromdraai and statistically differs from the 

Drimolen material (Fig. 4).

Discussion and broader implications

We report the recovery of Early Pleistocene hominin partial protein sequences from southern 

Africa. The four Paranthropus specimens we studied were recovered from cave sediments 

mostly composed of remobilized soil from outside the cave. Sedimentological evidence 

points to the fossil accumulations resulting from rapid, episodic flash floods, occurring 

during relatively arid climate conditions (34). This, coupled with extensive cementation of 

the fossil bearing sediments, explains the richness of fossils in the caves, and may have 

also favorably contributed to the preservation of the proteins within the fossil teeth. Whether 

or not protein preservation would be comparable in other early hominin-bearing deposits, 

including open-air sites such as those found elsewhere in Africa, is an open question. Future 
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work must give attention to the feasibility of biomolecular study, while minimizing damage 

to precious African heritage.

The application of manual off-line reversed-phase high-pH fractionation improved the 

dental enamel protein sequence coverage (Fig. S9), revealing the existence of diversity at 

the protein sequence level within southern African Paranthropus individuals. In addition, 

spectral prediction software and sequenced synthetic peptides helped validate spectra that 

provided mass spectrometric evidence to confirm this diversity and detect heterozygosity. 

Mass spectrometry has been previously utilized as a method of choice for the detection 

of both novel genetic variants and heterozygosity in modern human individuals (35–37). 

To our knowledge, however, this has never been previously applied in the context of 

paleoproteomics. Future studies should further explore this aspect.

The molecular identification of both male and female Paranthropus individuals demonstrates 

the limitations of sexing techniques based on tooth size (30). This capability has clear 

implications for our understanding and interpretation of morphological variation in the deep 

time hominin fossil record, as it enables us to exclude sexual dimorphism as one of the 

multiple variables affecting the range of anatomical variation. However, as the method 

we use is reliant on the identification of AMELY-specific amino acid sequences, male 

individuals with a deletion of the AMELY gene will not be detected. Deletions of this gene 

are uncommon, but have been recorded both in modern human populations (38, 39) and in 

one Neanderthal individual (40).

Due to a single SAP (ENAM–137), our reconstructed trees (Fig. S13-S24) suggest that 

one of the Paranthropus individuals (SK 835) might be more distantly-related to the 

other three individuals. Although potentially the result of incomplete lineage sorting, 

it is also possible that this individual may have belonged to a distinct Paranthropus 

group, which separated from the other individuals relatively recently, a hypothesis 

compatible with both the paleoproteomics and enamel dentine junction morphology, but 

microevolution of a single taxon over time (21, 41, 42) or a large effective population 

size, could also explain the observed genetic and morphological variability. The southern 

African Paranthropus assemblage exhibits considerable size variation, most of which has 

previously been attributed to sexual dimorphism, possibly reflecting a gorilla-like pattern of 

extended growth for males, i.e. bimaturation (13). However, recent studies have suggested 

that these morphological differences might indicate either different taxa (11, 21), or 

site-related diversity within a single species over time, i.e. micro-evolutionary changes, 

following a morphocline (41, 43, 44). The recent description of P. capensis, a gracile 

species of Paranthropus, indicates that taxonomic diversity within this genus is currently 

underestimated and needs to be investigated further (45). Regardless, as the small-crowned 

SK 835 is now confidently assigned to a male, sexual dimorphism is an insufficient 

explanation for the observed variation within our Paranthropus sample set.

The four specimens we analyzed, along with other fossils from Swartkrans Member 1, 

were not accurately mapped when they were collected, thus they come from sediments 

accumulating within a 500 ka time window. Nevertheless, while Member 1 sediments 

potentially cover a long time interval, the fossil-bearing deposits likely accumulated rapidly 
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(34). A rapid accumulation would imply that the Paranthropus teeth analyzed here are 

penecontemporaneous and, consequently, that the observed variation may more likely 

result from taxon diversity than changes of a single taxon over time. Further combined 

paleoproteomic and morphometric sampling of Paranthropus individuals, from Swartkrans 

and Drimolen, the latter of which hosts samples that are morphologically closer to SK 

835, could inform the source of this variation. Given that ENAM-137 was covered with 

high confidence in all four of our samples, differences in allele frequencies of this 

SAP between specimens from various paleoanthropological sites would consolidate site-

specific Paranthropus variation, while more precise and direct dating techniques would help 

distinguish between microevolution of a single taxon and intra-taxonomic diversity.

We show that the analysis of multiple individuals, in conjunction with morphological 

evidence, can better explore their genetic history and illuminate variation potentially 

indicative of inter- or intra-taxon diversity. Successful protein extraction should be 

achievable for hominins recovered in other southern African cave sites of similar age and 

geology, making biological sex identification and intra-species analysis possible. This study, 

as well as preliminary results recently published (46) also raise the possibility of extracting 

similar data from other African early hominin material, such as A. africanus and A. afarensis 

that are represented by a plethora of isolated and fragmentary dental remains. The Cradle of 

Humankind has yielded an exceptionally large number of hominin fossils, yet the greatest 

diversity of hominin taxa is currently known from eastern African sites, mainly in the rift 

valley regions of Ethiopia, Kenya and Tanzania. Whether and how much of this phyletic 

diversity is real, and not the result of methodological limitations and/or research(er) bias, 

remains a debated topic. The coherent results obtained from this study combining molecular 

and morphological data have implications for addressing such long-standing controversies 

surrounding the nature and extent of Plio-Pleistocene hominin diversity (47–49).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Data and materials availability

Data availability

• The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via 

the PRIDE partner repository (50) with the dataset identifier PXD040221.

• Reference Datasets, XML files and phylogenetic results files are available on 

Zenodo: https://zenodo.org/records/10843737

Code availability

• Custom R-code for sequence assembly is available on GitHub at: https://

github.com/ClaireKoenig/ProteinSequenceAssembly
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• Genetic Variation analysis code is available on GitHub at: https://github.com/

johnpatramanis/Code_for_Genetic_Diversity_Sampling

• Commands for the generation of the phylogenetic workflow is available in the 

Supplementary Materials.
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One-sentence abstract

Palaeoproteomics enabled the biological sex attribution of, and the detection of an 

amino acid polymorphism in four dental specimens from South Africa attributed to 

Paranthropus robustus.
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Fig. 1. Location and cave structure of the site of Swartkrans, South Africa.

A- Topographical map of the African continent (inset) showing the major early hominin 

fossil bearing regions. B- Photograph of the Paranthropus bearing paleocave Swartkrans, 

showing the Member 1 fossil bearing sediments and dated flowstone (19). C- The occlusal 

view of Paranthropus teeth analyzed, from top to bottom: SK 830, a left P4; SK 835, 

a left M3; SK 850, a right P3; SK 14132, a fragment of an isolated postcanine tooth 

(Supplementary Materials). D- Enlarged view of the Cradle of Humankind World Heritage 

Site in South Africa (shown in A), with Paranthropus fossil locality names in bold. 

Swartkrans is marked with a star.
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Fig. 2. Sex identification of the four Paranthropus specimens.

A- MS2 spectra of AMELY-specific peptides detected in the two male individuals SK 850 

and SK 835. In both spectra, the detection of the methionine in position 59, characteristic of 

males, is well supported by the fragment ion series. B- Site intensities of AMELY-59 as a 

function of the site intensities of AMELX-60. Site intensities are calculated as the sum of all 

precursor intensities covering the given amino acid position. The red dashed lines represent 

the stochasticity limits inherent to the MS acquisition strategy and setup (Supplementary 

Materials). Below the lines, we would expect the acquisition to be stochastic. The gray 

dashed lines represent the peptide detection limits. They have been assessed as the minimum 

intensity of a precursor covering the given amino acid position in a male individual for the 

studied data set. Above the line, precursors can technically and consistently be measured in 

the MS. Each point represents a different Paranthropus specimen.
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Fig. 3. Sequence variation within the Paranthropus individuals.

Amino acid sequence variation at ENAM-137 in the four Paranthropus samples and number 

of peptide spectrum matches (PSMs) supporting their detection. The detection of glutamine 

(Q) and arginine (R) at ENAM-137 was validated with the analysis of synthetic peptides. 

On the right, the mirror plots represent the MS2 spectra covering glutamine, in peptide 

KPPQKQPLK, and arginine, in peptide KPPQKRPLK, in the Paranthropus samples (top) 

compared to the MS2 spectra of the corresponding synthetic peptides (bottom).
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Fig. 4. Geometric morphometric analysis of the enamel-dentine junction.

A- Frequency and distribution of canonical variate scores of the Swartkrans (and 

Kromdraai), and Drimolen M3s enamel-dentine junction shape analysis. This analysis shows 

SK 835 as statistically closer to specimens from Drimolen compared to other specimens 

from Swartkrans and the holotype of P. robustus TM 1517 from Kromdraai. B- Same as in 

A but using P4s, showing that SK 830 is closer to Swartkrans and Kromdraai specimens 

compared to other specimens from Drimolen.
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