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			Once considered rare in fossil hominins, caries has recently been reported in several hominin species, requiring a new assessment of this condition during human evolution. Caries prevalence and location on the teeth of South African fossil hominins were observed and compared with published data from other hominin samples. Teeth were viewed macroscopically, with lesion position and severity noted and described. For all South African fossil hominin specimens studied to date, a total of 10 carious teeth (14 lesions), including 4 described for the first time here, have been observed. These carious teeth were found in a minimum of seven individuals, including five Paranthropus robustus, one early Homo, and one Homo naledi. All 14 lesions affected posterior teeth. The results suggest cariogenic biofilms and foods may have been present in the oral environment of a wide variety of hominins. Caries prevalence in studied fossil hominins is similar to those in pre-agricultural human groups, in which 1–5% of teeth are typically affected. 

			Significance:

			
					•	This study adds to the growing evidence that dental caries was present throughout the course of human evolution. Caries prevalence in the fossil species studied is similar to those in non-agricultural human groups, with 1–5% of teeth displaying cavities.

					•	Differences in prevalence and position of dental caries can provide insight into dietary aspects of past populations. South African fossil hominins display lesions on their posterior teeth, suggesting sugary foods were consumed.

			

		

	
		
			 

			South African Journal of Science (Research article)

			Hominin caries

			Introduction

			A range of different intraoral bacteria may have been involved in caries formation in the past, including one of the most common forms today, Streptococcus mutans. S. mutans is generally associated with agriculture and population growth. Postindustrial populations, in particular, evidence a marked increase in cariogenic bacteria, as well as less diverse microbiotic ecosystems.1,2 Recent studies suggest the entire microbiota has to be considered in caries research, with a variety of species acting collectively in creating carious lesions.3 Types and proportions of bacteria today differ substantially between active lesions in different locations (e.g. white spot enamel caries vs. deep dentine lesions), as well as between individuals.4 When acids from these bacterial consortiums cannot be neutralised by saliva, lesions form.5 Some foods are especially cariogenic, such as those with high levels of refined carbohydrates and sugars6-8, as well as fruits, honey, and some nuts and seeds.9,10 Tough and fibrous foods are linked with low caries prevalence, as they create a more alkaline oral environment related to substantial saliva production.7,8,11 Diets rich in meat and certain plants have also been associated with low caries prevalence.10,11

			Environmental and genetic influences are also important to consider.12,13 It is not yet clear how genetic differences between populations influence caries prevalence13, but interspecific differences in dental morphology will affect lesion position and severity, as is evident when comparing distantly related groups14. Nevertheless, the tooth types, tissues, and tooth areas affected by caries can give further insight into diet and food processing behaviours of a population.10,15,16 Caries lesions have been widely reported in archaeological and fossil samples, with prevalence varying substantially in agricultural groups.10,17-19 Extant nonhuman primates are also reported to have caries, with captive individuals typically more affected than their wild counterparts.20 It is often suggested that caries was scarce in pre-agricultural hominins.21,22 Yet, evidence for such lesions in pre-agricultural groups is growing.23-31

			In light of this evidence, we reanalysed South African fossil hominin material and Homo naledi recorded for the first time for the presence of caries. Comparisons of position and prevalence were then made with hominin samples from the literature. Ten carious lesions have already been recorded in South African hominins, including two in a mandible from early Homo, SK 15.32 The others are attributed to Paranthropus robustus, with three lesions on SKX 502323, two on SK 5533, two on SK 13/1433, and one on DNH 40 from Drimolen31. The aim of this study was to compare the prevalence and characteristics of caries in South African fossil hominins. We hypothesised that there would be differences in caries prevalence and position in the dentition among hominid groups, given substantial dietary differences between great apes, including hominins.34,35
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			Materials and methods

			The South African material that was analysed included specimens assigned to early Homo, Homo naledi, Australopithecus sediba, Australopithecus africanus and Paranthropus robustus, all of which are curated at the University of the Witwatersrand and Ditsong National Museum of Natural History. Only complete teeth were included in the analysis, with each tooth examined under a 10× hand lens for initial lesion classification. A carious lesion was recorded as present when clear enamel cavitation was evident; colour changes alone were not considered diagnostic. Severity was also recorded on a scale of 1 to 4, following Connell and Rauxloh36: (1) enamel destruction only; (2) dentine involvement but pulp chamber not exposed; (3) dentine destruction with pulp chamber exposed; and (4) gross destruction with the crown mostly affected. Lastly, location was scored as distal, buccal, occlusal, lingual, mesial, root, or a combination of these.

			Tooth wear scores were recorded to provide some insight into the interaction with caries, as well as potential information on the role of individual age on lesion formation. Wear was recorded following Smith37 for incisors, canines and premolars, and following Scott38 for molars, as this method allows for more precise inferences on intracrown variability. Molars were split into four quadrants, with each given a wear score of 1 to 10; all other teeth were graded using a single value of 1 to 8. An average for the four molar quadrants was calculated. Like in Meinl et al.16 and Larsen39, no corrective methods were implemented and rates were reported as the per cent of carious teeth among the total number of teeth examined. Comparisons are made between teeth rather than individuals to allow insight into variation across the dentition, but also to maximise data, with fossil samples often represented by loose teeth only. This approach comes with a caveat, as an individual with one carious lesion is more likely to display multiple lesions due to a common oral environment. Thus, a well-preserved individual with multiple lesions would increase caries prevalence, although this potential limitation does not significantly affect the present results. 

			Micro-computed tomography (CT) scans of specific teeth were taken to clarify if a lesion had been carious. In a clinical setting, scans can differentiate between normal enamel and dentine; areas affected by caries display lower density, which is often identifiable.40 Such techniques can aid in visualisation of a lesion’s extent, even if the cavity on the surface is ambiguous.41 Scans were provided by the Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology. They were obtained with a BIR ACTIS 225/300 (settings 100 kV, 100 mA, 0.25 brass filter) or a SkyScan 1172 (settings 100 kV, 94 mA, 2.0 mm aluminum and copper filter) micro-CT scanner. The isometric voxel sizes from these scans range between 15 µm and 50 µm (Skinner M 2018, personal communicaton).
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			Results

			We added four new cases to the six carious teeth already described in the literature for South African hominins (Table 1). Of these four, two are from P. robustus and two are from one H. naledi individual. In total, a minimum of 14 lesions have been diagnosed in all South African material described (Table 1). These include five P. robustus, one H. naledi, and one early Homo individual. None was found in the deciduous teeth, or any tooth from A. africanus and A. sediba. The 14 lesions were observed on 10 teeth from seven individuals. Figures 1–3 highlight lesions previously reported, with more in-depth descriptions of the newly described cases below.

			Table 1:	South African fossil hominin specimens with caries

			
				
					
					
					
					
					
					
					
				
				
					
							
							Species

						
							
							Specimen

						
							
							Tooth

						
							
							Position

						
							
							Severity

						
							
							Lesion #

						
							
							Reference/source

						
					

					
							
							Paranthropus robustus

						
							
							SK 23

						
							
							L M1

						
							
							Occlusal

						
							
							1

						
							
							1

						
							
							This study

						
					

					
							
							P. robustus

						
							
							SK 23

						
							
							R P4

						
							
							Occlusal

						
							
							1

						
							
							1

						
							
							This study

						
					

					
							
							P. robustus

						
							
							SKX 5023

						
							
							R M1

						
							
							Mesial/distal

						
							
							2

						
							
							3

						
							
							Grine et al.23

						
					

					
							
							P. robustus

						
							
							SK 55

						
							
							L M1

						
							
							Buccal

						
							
							1

						
							
							2

						
							
							Robinson33

						
					

					
							
							P. robustus

						
							
							SK 13/14

						
							
							L M2

						
							
							Occlusal

						
							
							2

						
							
							2

						
							
							Robinson33

						
					

					
							
							P. robustus

						
							
							DNH 40

						
							
							L M3

						
							
							Root/mesial

						
							
							2

						
							
							1

						
							
							Towle et al.31

						
					

					
							
							Early Homo

						
							
							SK 15

						
							
							L M1

						
							
							Mesial

						
							
							2

						
							
							1

						
							
							Clement32

						
					

					
							
							Early Homo

						
							
							SK 15

						
							
							R M2

						
							
							Mesial

						
							
							2

						
							
							1

						
							
							Clement32

						
					

					
							
							Homo naledi

						
							
							UW 101-001

						
							
							R P4

						
							
							Distal

						
							
							2/3

						
							
							1

						
							
							This study

						
					

					
							
							H. naledi

						
							
							UW 101-001

						
							
							R M1

						
							
							Mesial

						
							
							2/3

						
							
							1

						
							
							This study

						
					

				
			

			

			L, left; R, right
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			Figure 1:	SK 15 (early Homo) interproximal caries on the lower right second molar and left first molar. (a) Overview of specimen; scale bar = 1 cm. (b) Mesial carious lesions (white arrows) and (c) close-up of the right second molar with carious lesion on the mesial surface.
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			Figure 2:	SKX 5023 (Paranthropus robustus) lower right first molar. (a) Overview of specimen with carious lesion on the mesial surface (white arrow). (b) Close-up of mesial lesion. (c) Occlusal view of the specimen. (d) Occlusal/mesial view of specimen showing the carious lesion, antemortem chip (white arrow) and cupping dentine wear (white star). Both scale bars = 1 cm.
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			Figure 3:	DNH 40 (Paranthropus robustus) upper left third molar. (a) Overview of the tooth, showing mesial and occlusal surfaces (carious lesion indicated by white arrow); scale bar = 1 cm. (b) Close-up of mesial lesion. (c) CT slice of the specimen; white arrow indicates the carious lesion.

			Caries on H. naledi specimen UW 101-001 appear the most severe of all yet described (Figure 4). They seem to have been active for an extended period given penetration deep into the dentine. No difference in crown wear in the antimeres suggests the lesions may not have affected normal mastication. Lesions formed interproximally between the right P4 and adjacent M1, so likely originated from the same microenvironment. Both likely started on the interproximal surface, and enlarged to affect the M1 occlusal surface, with both crown and root surfaces affected. Due to postmortem sediment present on the surface, it is unclear how deep into the dentine these lesions penetrated, or whether they reached the pulp chamber. A micro-CT scan of this specimen was not available at the time of study. Substantial wear and antemortem enamel fractures are also associated with the posterior teeth of this individual.
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			Figure 4:	UW 101-001 (Homo naledi) carious lesions on the lower right second premolar (distal) and first molar (mesial). (a) Overview of specimen; white arrow shows location of the two interproximal carious lesions; scale bar = 1 cm; (b) Close-up of lesions. (c) Right second and third molars, with two antemortem chips on the mesial buccal corner (white arrow).

			At least two teeth from P. robustus mandible SK 23 had occlusal caries. The left first molar and right second premolar exhibited larger and darker fissures on their occlusal surface than those present in their antimeres (Figure 5a). However, due to the presence of postmortem matrix in these depressions (Figure 5b), it was difficult to confirm the lesion extent through macroscopic observation. Micro-CT scans could not be used to assess caries presence, as taphonomic processes make the resolution of density differences in the enamel poor. However, enamel under the depression on the premolar occlusal surface appeared to have patches of less dense material, potentially supporting a diagnosis of occlusal caries (Figure 5d, e). There was also a low-density line extending down from the lesion, which was likely a postmortem artefact based on similar features elsewhere in the tooth. The difference in macroscopic appearance compared with its antimere (Figure 5a), large size of the depressions (Figure 5b), and potential demineralisation of enamel (Figure 5d,e), suggest the presence of a carious lesion on the occlusal fissures. These same features were associated with the lesion in the left M1 of SK23.
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			Figure 5:	SK 23 (Paranthropus robustus). (a) Occlusal view of mandible, with the lesion on the right second premolar highlighted (black arrow). (b) Close-up of the occlusal surface of the right second premolar. (c) CT reconstruction with the position of the two slices highlighted. (d) CT slice toward the lingual part of the cavity. (e) CT slice toward the buccal portion of the cavity.

			Caries prevalence for each sample is listed in Tables 2–3. Homo naledi and P. robustus have similar prevalence (1.36% and 1.75% of all permanent teeth analysed, respectively). Early Homo had the highest prevalence of all (4.55%). Australopithecus sediba and A. africanus had no detectable caries lesions, and the former was not included in the Tables due to small sample size. Four of seven carious teeth displayed more occlusal wear than the average for that tooth type (Table 4). Due to small sample size, comparisons for early Homo wear (SK 15) were not possible. However, most carious teeth were near the species wear mean scores (Table 4) and had much of the crown remaining.

			Table 2:	Caries prevalence for permanent teeth for each species studied

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Species

						
							
							Anterior teeth

						
							
							 

						
							
							Posterior teeth

						
							
							 

						
							
							 

						
							
							All teeth

						
							
							 

						
					

					
							
							# Teeth

						
							
							Carious teeth

						
							
							%

						
							
							# Teeth

						
							
							Carious teeth

						
							
							%

						
							
							# Teeth

						
							
							Carious teeth

						
							
							%

						
					

					
							
							Paranthropus robustus*

						
							
							59

						
							
							0

						
							
							0

						
							
							226

						
							
							5

						
							
							2.2

						
							
							285

						
							
							5

						
							
							1.8

						
					

					
							
							Australopithecus africanus

						
							
							86

						
							
							0

						
							
							0

						
							
							243

						
							
							0

						
							
							0

						
							
							329

						
							
							0

						
							
							0

						
					

					
							
							Homo naledi

						
							
							50

						
							
							0

						
							
							0

						
							
							97

						
							
							2

						
							
							2.1

						
							
							147

						
							
							2

						
							
							1.4

						
					

					
							
							Early Homo

						
							
							15

						
							
							0

						
							
							0

						
							
							29

						
							
							2

						
							
							6.9

						
							
							44

						
							
							2

						
							
							4.6

						
					

				
			

			

			*does not include specimens from Drimolen

			Table 3:	Caries prevalence for deciduous teeth for each species studied 

			
				
					
					
					
					
				
				
					
							
							Species

						
							
							# Teeth

						
							
							Carious teeth

						
							
							%

						
					

					
							
							Paranthropus robustus

						
							
							45

						
							
							0

						
							
							0

						
					

					
							
							Early Homo

						
							
							13

						
							
							0

						
							
							0

						
					

					
							
							Australopithecus africanus

						
							
							18

						
							
							0

						
							
							0

						
					

					
							
							Homo naledi

						
							
							20

						
							
							0

						
							
							0

						
					

				
			

			

			Table 4:	Wear stage for each carious tooth, based on Smith37 for premolars, and Scott38 for molars. Average wear is the average species wear for that tooth type.

			
				
					
					
					
					
					
				
				
					
							
							Species

						
							
							Specimen

						
							
							Tooth

						
							
							Wear stage

						
							
							Average wear

						
					

					
							
							Paranthropus robustus

						
							
							SK 23

						
							
							L M1

						
							
							4.3

						
							
							4

						
					

					
							
							P. robustus

						
							
							SK 23

						
							
							R P4

						
							
							3

						
							
							3

						
					

					
							
							P. robustus

						
							
							SKX 5023

						
							
							R M1

						
							
							5.3

						
							
							4

						
					

					
							
							P. robustus

						
							
							SK 55

						
							
							L M1

						
							
							3.3

						
							
							4

						
					

					
							
							P. robustus

						
							
							SK 13/14

						
							
							L M2

						
							
							3.5

						
							
							3.6

						
					

					
							
							Early Homo

						
							
							SK 15

						
							
							L M1

						
							
							5.8

						
							
							–

						
					

					
							
							Early Homo

						
							
							SK 15

						
							
							R M2

						
							
							4.3

						
							
							–

						
					

					
							
							Homo naledi

						
							
							UW 101-001

						
							
							R P4

						
							
							4

						
							
							3.4

						
					

					
							
							H. naledi

						
							
							UW 101-001

						
							
							R M1

						
							
							6.3

						
							
							3.9

						
					

				
			

			

			L, left; R, right
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			Discussion

			The results suggest caries may have been more common in past populations than originally thought. In particular, caries is relatively common in several of the South African fossil hominin species, suggesting this pathology may be a common feature of hominins. In addition to macroscopic observations, X-ray imaging, exploration with dental probes and colouration changes are also commonly used to confirm caries lesions in the clinical setting. In archaeological and palaeoanthropological studies, these approaches are often difficult due to postmortem changes (e.g. tooth colouration or structure), or unavailability of diagnostic equipment. Additionally, lesions within interproximal areas may not be observable if teeth remain in situ within the mandible or maxilla. Only a small sample of teeth (n=5) were studied via micro-CT here. A comparative micro-CT study is needed to identify lesions with more accuracy, particularly to account for intersample differences in morphology and taphonomy. Preservation and sample bias are also important considerations, with diagnosis without clear large cavitation not possible in many fossil samples due to taphonomic changes to dental tissues. Therefore, caries prevalence in fossil hominins should be viewed with caution; nevertheless, presence and position can provide useful information concerning diet and behaviour in individuals and groups.

			Given the results here and elsewhere23-31, cariogenic bacteria seemed to be prevalent in a number of hominin species. This scenario is supported by research suggesting that a variety of bacteria contribute to a cariogenic microbiota; these same species are often part of the normal oral microbiome in non-pathological situations.3,4 As noted by Sheiham and James42, diet is the primary factor in caries formation and if enough cariogenic foods were consumed regularly by past groups, they would likely develop carious lesions. Differences in microbiota among hominin groups may have influenced caries prevalence, with the threshold required to create a lesion (e.g. regularity of sugar intake) likely varying depending on the prevailing oral microbiota.22,43

			High prevalence of occlusal caries is associated with low attrition, while interproximal lesions are linked with high attrition.44 However, interproximal caries may also be related to calculus, as a result of plaque deposition in these areas45, although this link has not been extensively researched. There is no evidence for calculus-associated caries in South African hominins, although postmortem loss of calculus may have occurred. Enamel hypoplasia may also influence caries formation, acting as a site for lesion development because weakened enamel is more vulnerable to acid solubility.8,46 Enamel hypoplasia likely influenced caries formation in P. robustus SK 55 and SK 13/14, with substantial hypoplastic pitting present; pitting is a common feature of this species.47 Other pathologies and wear can also create an environment in which caries is more likely to form, e.g. in response to unusual occlusion patterns.14 It is noteworthy that several fossil teeth with interproximal caries also have substantial cupped occlusal wear and enamel chipping, either above the lesion or on interproximal surfaces of adjacent teeth (SKX 5023, DNH 40 and UW 101-001). Occlusal forces may therefore have been contributing factors, either directly through weakening dental tissues or indirectly through creating an interproximal gap where cariogenic bacteria and foods could accumulate.48 

			The mastication of hard items (e.g. grit) over time can lead to fatigue of the enamel49,50; as such, certain regions of the crown can become susceptible to pathology. In hominins, the interproximal regions of molars seem susceptible to different types of wear and pathologies, including chipping and non-carious cervical lesions (i.e. ‘toothpick’ or interproximal grooves). Therefore, higher interproximal stresses may lead to tissue fatigue, which could ultimately mean these regions are more prone to pathology and wear. In humans, caries tends to be more common in posterior teeth, with occlusal surfaces commonly affected.10,17-19,51,52 This pattern is observed in the present hominin sample, with posterior teeth affected more commonly. However, in contrast to recent humans, most lesions were not on occlusal surfaces; this difference likely reflects differences in occlusal wear, in that surface fissures and pits were worn away before lesions could form.

			Many human samples from the last 50 000 years show caries frequencies similar to those observed in this study.15,27,39 With the development of agriculture, this frequency varied, and some populations had substantially greater caries rates.10,17-19 It seems that a low to moderate occurrence of caries was common in these hominin populations, typically affecting 1–5% of teeth – as previously suggested for hunter-gatherer groups.53 Lower or higher caries frequencies are usually associated with specific diets or behaviours. For example, high caries prevalence (i.e. >5% of teeth) is associated with agricultural diets10,18,19,51,52, and hunter-gatherer groups reliant on cariogenic foods9,54-56. Low prevalence of caries (i.e. <1% of teeth) is often associated with a diet high in marine foods/terrestrial meat.15,27,39

			It is unlikely that the oral microbiome composition was solely responsible for the lack of carious lesions in A. africanus. Instead, it may relate to dietary differences, or due to sampling bias. The large lesions on P. robustus, H. naledi and early Homo teeth suggest cariogenic foods were consumed. Most fossils assigned to the genus Homo also exhibit caries, including Neanderthals, early Homo, H. erectus, and Pleistocene age H. sapiens25-30,57,58 Thus, caries was likely common throughout the evolutionary history of the genus, and may relate to the consumption of cariogenic foods such as tubers, nuts, plants or fruit.9,54-56

			A recent study of caries in the African sub-continent through time found that hunter-gatherer groups had a caries prevalence similar to that of the South African fossil hominins analysed here.59 This includes groups relevant to the present study because of geographic proximity, i.e. prehistoric and historic Khoesan peoples. The diet of these hunter-gatherers would have been diverse, but tubers rich in starch have been suggested as one possible contributor to caries occurrence.44 Similarly, honey is consumed in many recent hunter-gatherer groups, thus it may have been present in the diet of early Homo and Paranthropus.11 Cooking has also been proposed as a factor influencing caries prevalence25, but there is currently insufficient evidence to conclude if the hominins in this study mastered the use of fire for cooking food. Further ecological/environmental comparisons may allow insight into the dietary items and food processing techniques facilitating the development of carious lesions. Caries has been present throughout human evolution, with fossil hominins from South Africa affected by this disease. Caries rates observed here are similar to those of pre-agricultural human groups, in which 1–5% of teeth are typically affected. 
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