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Recent genomic data have revealed multiple interactions between 
Neanderthals and modern humans1, but there is currently little 
genetic evidence regarding Neanderthal behaviour, diet, or disease. 
Here we describe the shotgun-sequencing of ancient DNA from 
five specimens of Neanderthal calcified dental plaque (calculus) 
and the characterization of regional differences in Neanderthal 
ecology. At Spy cave, Belgium, Neanderthal diet was heavily meat 
based and included woolly rhinoceros and wild sheep (mouflon), 
characteristic of a steppe environment. In contrast, no meat was 
detected in the diet of Neanderthals from El Sidrón cave, Spain, and 
dietary components of mushrooms, pine nuts, and moss reflected 
forest gathering2,3. Differences in diet were also linked to an overall 
shift in the oral bacterial community (microbiota) and suggested 
that meat consumption contributed to substantial variation within 
Neanderthal microbiota. Evidence for self-medication was detected 
in an El Sidrón Neanderthal with a dental abscess4 and a chronic 
gastrointestinal pathogen (Enterocytozoon bieneusi). Metagenomic 
data from this individual also contained a nearly complete genome 
of the archaeal commensal Methanobrevibacter oralis (10.2× depth 
of coverage)—the oldest draft microbial genome generated to date, 
at around 48,000 years old. DNA preserved within dental calculus 
represents a notable source of information about the behaviour and 
health of ancient hominin specimens, as well as a unique system that 
is useful for the study of long-term microbial evolution.

Neanderthals remain our closest known, extinct, hominin relatives, 
who co-existed and occasionally interbred with anatomically modern 
humans across Eurasia in the Late Pleistocene epoch1. Neanderthals 
became extinct in Europe around 40,000 years ago (40 ka), although the 
extinction process across the rest of Eurasia is less clear5. Archaeological 
and isotopic data from the last glacial cycle (around 120–12 ka) suggest 
that Neanderthals were as carnivorous as polar bears or wolves6 with a 
diet heavily based on large terrestrial herbivores, such as reindeer, woolly 
mammoth, and woolly rhinoceros7. By contrast, microwear  analysis 
of tooth surfaces from Neanderthals in different  ecological settings, 
such as wooded areas or open plains, suggests that diets were guided 
by local food availability3. Analyses of phytoliths, starch granules, and 
proteins from calcified dental calculus also indicate that Neanderthal 
diets included many plants, including some that were used for medicinal 

purposes8. As a result, Neanderthal diet remains a topic of considerable 
debate, with limited data on the specific animals and plants directly 
consumed or the potential effects on Neanderthal health and disease.

Although genomic studies continue to reveal evidence of inter-
breeding between anatomically modern humans and Neanderthals 
across Eurasia9, little is known about the health consequences of these  
interactions. The genetic analysis of Neanderthal dental calculus 
represents an opportunity to examine this issue and to reconstruct 
Neanderthal diet, behaviour, and disease10. Here, we report the 
first genetic analysis of dental calculus from five Neanderthals (two 
 individuals from El Sidrón cave in Spain; two individuals from Spy 
cave in Belgium; and one individual from Breuil Grotta in Italy) and 
compare these data to a historic wild-caught chimpanzee (n =  1) 
and modern human (n =  1), as well as to low coverage sequencing of  
calculus from a wide-range of ancient humans (Supplementary Table 1).  
To provide increased resolution of the diseases that may have affected 
Neanderthals, we also deeply sequenced (> 147 million reads)  dental 
calculus from the best-preserved Neanderthal, El Sidrón 1, which  
suffered from a dental abscess4.

Size-based PCR-amplification biases can confound standard metabar-
coding analyses (for example, sequencing of 16S ribosomal (r)RNA 
amplicons11,12) of ancient dental calculus13. Consequently, we  compared 
metagenomic-shotgun sequencing and 16S rRNA amplicon (V4 region)  
analyses of the Neanderthal dental calculus specimens—by far the oldest  
examined to date. The 16S amplicon datasets were not representative 
of the biodiversity revealed by shotgun  sequencing (Extended Data  
Figs 1, 2 and Supplementary Tables 2, 3, 7, 16), as samples clustered 
according to methodolgy (Fig. 1) and contained disproportionately 
large amounts of non-oral microorganisms that were environmental 
contaminants (Supplementary Tables 2, 7 and Extended Data Figs 3, 
4a). As a result, the 16S amplicon datasets were excluded from down-
stream analysis, along with the Neanderthal sample from the Breuil 
Grotta, which failed to produce amplifiable sequences.

The shotgun datasets consisted of short DNA fragments (< 70 bp), 
which complicated accurate identification of bacterial species using 
standard software, such as MG-RAST or DIAMOND14 (Extended 
Data Fig. 4b, see Supplementary Information). To circumvent this 
 problem, we benchmarked and used a new metagenomic  alignment 
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tool, MALTX, which rapidly identifies species from shorter  fragment 
lengths using a rapid BLASTX-like algorithm15 (Extended Data 
Fig. 5 and Supplementary Tables 4, 5, 6, 7). Bioinformatic  filtering 
showed that the Spy Neanderthals samples were more heavily 
affected by  environmental contamination (Extended Data Fig. 6 and 
Supplementary Table 7). Indeed, shotgun sequences from Spy I had 
DNA damage patterns  characteristic of contamination with modern 
DNA sequences (Extended Data Fig. 7), clustered more closely to the 
modern individual than to other Neanderthals (Fig. 1), and contained 
similar diversity to environmental samples (Extended Data Fig. 8). 
Therefore, this individual was also excluded from further analyses. 
The shotgun-sequencing datasets from the three remaining, robust 
Neanderthal samples (El Sidrón 1, El Sidrón 2 and Spy II) contained 
an average of 93.76% bacterial, 5.91% archaeal, 0.27% eukaryotic, and 
0.06% viral identifiable sequences, similar to previously published 
ancient and modern human dental calculus12 (Fig. 2a and Extended 
Data Fig. 6c). The six dominant bacterial phyla in the modern human 
mouth (Actinobacteria, Firmicutes, Bacteroidetes, Fusobacteria, 
Proteobacteria, and Spirochaetes) were also dominant in each of the 
Neanderthals with an average of 222 bacterial species per individual 
(Fig. 2a and Extended Data Fig. 6c).

We first examined Neanderthal diets using the eukaryotic diversity 
preserved within the dental calculus (see Supplementary Information). 
Calculus from the Spy II individual contained high numbers of reads 
mapping to rhinoceros (Ceratotherium simum) and sheep (Ovis aries), 
as well as the edible grey shag mushroom (Coprinopsis cinerea) (Table 1).  
Bones of woolly rhinoceros, reindeer, mammoth, and horses were 
 present in Spy Cave16, while wild mouflon sheep were broadly 
 distributed in Europe throughout the Pleistocene17. Woolly  rhinoceros 

has long been suspected to be part of the Spy Neanderthal diet18, 
 confirming the highly carnivorous lifestyle inferred from the isotope 
and dental microwear data obtained from the Spy individuals3,6,19. 

Figure 2 | Bacterial community composition at the phyla level of 
oral microbiota from chimpanzee, Neanderthal and modern human 
samples. a, Oral microbiota from shotgun sequencing datasets of a  
wild-caught chimpanzee (top), Neanderthals (n =  3; middle) and a 
modern human (bottom) are presented at the phyla level. Names  
of the phyla were simplified for clarity, and unidentified reads were 
excluded. Gram-positive (blue) and Gram-negative (red) phyla are 
differentiated by colour. b, UPGMA clustering of Bray–Curtis distances 
are displayed for 22 oral metagenomes, revealing a strong correlation 
with meat consumption. The scale bar represents differences in Bray–
Curtis distances. The UPGMA clustering reveals four distinct groupings: 
Forager-Gatherers, Hunter-Gatherers, Ancient Agriculturalists, and 
the Modern human. Definitions for abbreviations can be found in the 
Supplementary Table 1: Spy and El Sidron, Neanderthals; Afr SF, African 
forager; LBK, Early European farmer; Afr PP, African Pastoralist period; 
Euro HG, European hunter–gatherer; Jewbury, UK Medieval; War, 
German (published German Medieval data sets from ref. 12) Medieval; 
and modern, modern human (C10).
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Figure 1 | Comparison of 16S amplicon and shotgun sequencing 
datasets obtained from ancient, historic, and modern dental calculus 
samples. Filtered and unfiltered 16S rRNA amplicon and shotgun 
sequencing datasets, as well as the 16S rRNA shotgun sequences identified 
using GraftM, were compared using UPGMA clustering of Bray–Curtis 
distances from a wild-caught chimpanzee (red), Neanderthals (El Sidrón 1  
(dark green), El Sidrón 2 (light green), Spy I (grey), Spy II (blue), and a 
modern human (orange) (n =  6 total samples).
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These findings also support recent isotope evidence that suggests Spy 
Neanderthals were regularly consuming mushrooms20.

The dietary profile in El Sidrón Neanderthals was markedly 
 different from Spy, and contained no sequences matching large her-
bivores or suggesting high meat consumption. However, reads map-
ping to  edible mushrooms (split gill; Schizophyllum commune), pine 
nuts (Pinus koraiensis), forest moss (Physcomitrella patens), and poplar 
(Populus  trichocarpa) were identified (Table 1). Sequences mapping 
to plant  fungal pathogens were also observed (Zymoseptoria  tritici, 
Phaeosphaeria nodorum, Penicillium rubens, and Myceliophthora thermo-
phila), suggesting that the El Sidrón Neanderthals may have consumed 
moulded herbaceous material. Limited zooarchaeological evidence 
exists for the El Sidrón individuals, and our first genetic description 
of their diet supports evidence that Neanderthal groups across Europe 
used multiple subsistence strategies according to location and food  
availability2,3. Additional approaches are needed to verify and extend 
these dietary reconstructions17 (see Supplementary Information).

Our findings support previous suggestions that El Sidrón 1 may 
have been self-medicating a dental abscess8. This was the only indi-
vidual whose calculus included sequences corresponding to poplar, 
which contains the natural pain-killer salicylic acid (the active ingre-
dient in aspirin), and also notably contained sequences of the natural 

antibiotic producing Penicillium from the moulded herbaceous material.  
The sample from this individual also included sequences matching 
the intracellular eukaryotic pathogen microsporidia (Enterocytozoon  
bieneusi), which causes acute diarrhoea in humans21, indicating another 
health issue that potentially required self-medication.

To examine how oral microorganisms (microbiota) in Neanderthals 
reflected dietary composition, we compared the filtered shotgun data 
to a wide range of ancient calculus specimens from humans with 
 varying diets, including ancient African gatherers from the Later Stone 
Age; individuals from the African Pastoralist Period with high meat 
 consumption22; European hunter–gatherers with a diet that included 
a wide range of protein sources; and early European farmers with 
diets largely based around high carbohydrate and milk consumption  
(see Supplementary Information). We clustered Bray–Curtis  distances 
using the unweighted-pair group method with arithmetic means 
(UPGMA) and found four distinct groups: forager–gatherers with 
limited meat consumption (El Sidrón Neanderthals, chimpanzee, 
and African gatherers from the Later Stone Age); hunter–gatherers 
(or  pastoralists) with a frequent meat diet (Spy Neanderthal, African 
pastoralists, and European hunter–gatherers); ancient agriculturalists  
(European farming individuals); and modern humans (Fig. 2b 
and Extended Data Fig. 9a). This analysis identifies a split between 

Table 1 | Dietary information preserved in calculus

Scientific name
Common name of 
probable source

Hominid  
pathogen or 

medicinal use El Sidrón 1 El Sidrón 2 Spy II Chimpanzee
Modern 
human

Laboratory 
control (EBC) Spy I*

Zymoseptoria tritici Plant (wheat) pathogen 4.13% 0 0 0 0 0 2.87%
Phaeosphaeria nodorum Plant (wheat) pathogen 12.22% 0 0 3.98% 0 0 0.45%
Penicillium rubens Food fungus MU 3.97% 0 0 0 0 0 1.35%
Myceliophthora thermophila Cellulose fungus 0 0 0.56% 0 0 0 0.13%
Coprinopsis cinerea Edible mushroom  

(grey shag)
0 0 2.44% 0 0 0 0

Schizophyllum commune Edible mushroom  
(split gill)

3.65% 0 0 0 0 0 0.10%

Malassezia globosa Human fungal 
commensal

3.65% 8.89% 0 0 19.92% 0 5.49%

Enterocytozoon bieneusi Intracellular parasite  
(microsporidia)

HP 8.10% 0 0 0 0 0 0

Ovis aries Sheep (wild mouflon) 0 0 62.03% 0 0 0 1.17%
Ceratotherium simum White rhinoceros  

(woolly rhinoceros)
0 0 34.40% 0 0 0 0.11%

Ixodes scapularis* Tick 0 0 0 0 2.15% 0 0.15%
Physcomitrella patens Moss 2.06% 0 0 0 0 0 0.09%
Pinus koraiensis Pine tree 13.49% 19.60% 0 4.45% 0 0 0.40%
Populus trichocarpa Poplar tree MU 2.86% 0 0 0 0 0 0.44%

Total eukaryotic reads 630 551 532 427 3,760 5 25,294
DNA sequences mapping to eukaryotic species are shown as a proportion of the total eukaryotic reads identified within each sample. Eukaryotic sequences were also identified in the extraction blank 
controls (EBCs) and the Spy I Neanderthal, which is heavily contaminated with modern DNA; these samples are shown to the right.
HP, human pathogen; MU, medicinal use.
* Samples or taxa that are probably the results of contamination, as they do not represent biological processes (see Supplementary Information).

Table 2 | Draft microbial genomes present in El Sidrón 1

Mapped Reads

Reference Genome
Sequence reference 

number
Length 
(Mb)

GC 
content 

(%)

Bases 
covered 

(Mb) Unique hits

Depth 
(average 
coverage)

Average 
read 

length 5′-C-T 3′-G-A ΔD ΔS λ

Methanobrevibacter oralis JMR01 NZ_CBWS00000000 2.107 27.8 0.941 370115 15.16 58.67 0.33 0.36 0.05 1 0.38
Candidatus Saccharibacteria oral TM7 NZ_CP007496.1 0.705 44.5 0.131 108919 5.83 52.46 0.37 0.41 0.01 1 0.38
Campylobacter gracilis ATCC 33236 NZ_CP012196.1 2.282 46.6 1.199 94472 2.40 51.7 0.38 0.41 0.01 1 0.36
Propionibacterium propionicum 
F0230a

NZ_018142.1 3.449 66.1 2.083 130748 1.89 48.85 0.37 0.43 0 1 0.43

Fretibacterium  
fastidiosum

gi 296110870 2.728 55.5 1.466 121822 2.43 48 0.39 0.43 0 1 0.41

Eubacterium infirmum F0142 NZ_AGWI00000000 1.9 40.1 0.176 52170 10.73 51.53 0.33 0.38 0.02 1 0.41
Peptostreptococcus stomatis DSM 
17678

GCF_000147675.1 1.988 36.7 1.222 94743 2.90 54.62 0.36 0.4 0.02 1 0.38

Eubacterium sphenum ATCC 49989 NZ_GG688422.1 1.084 40.6 0.261 23124 3.46 52.87 0.37 0.41 0.03 1 0.36
Eight draft microbial genomes from Gram-positive bacteria, Gram-negative bacteria, eubacteria, and archaea were obtained from the deep-sequenced El Sidrón 1 specimen by read mapping. The 
sequence coverage, GC content, sequencing depth, and damage profile (average fragment length and base-pair modifications calculated using mapDamage 2.0) are shown for each genome. ΔD,  
ΔS, and λ are outputs from mapDamage 2.0 and represent aspects of ancient DNA damage identified in the samples.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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hunter–gatherers and agriculturalists, as previously observed11, 
but also shows two distinct gatherer groups (hunter–gatherers and  
forager–gatherers), which are  apparently  differentiated by the quantity 
of meat consumed in their diet. As such, meat  consumption appears 
to have affected early hominin microbiota,  analogous to carnivorous 
and herbivorous mammals23. This also  suggests that microorganisms 
preserved in dental calculus can be used to record details of dietary 
behaviour in ancient hominins.

We also examined the microbial diversity of the Neanderthal 
 samples for potential pathogens as a sign of disease. Neanderthal 
microbiota were more similar to the historic chimpanzee sample than 
the modern human sample and contained less potentially pathogenic 
Gram-negative species, which are associated with secondary enamel 
colonization, increased plaque formation, and periodontal disease24 
(18.9% Gram-negative bacteria in Neanderthals compared to 77.6% in 
the modern human; Extended Data Fig. 9b). All types of  microbial taxa 
were equally damaged and fragmented, suggesting this difference is not 
simply owing to a preservation bias in Gram-negative microorganisms, 
as previously reported11 (Table 2; see Supplementary Information). The 
low levels of immunostimulatory Gram-negative taxa in Neanderthals 
may be related to the reduced presence of Fusobacteria (Extended 
Data Fig. 6c), which can facilitate the  binding of Gram-negative 
 microorganisms to the Gram-positive primary colonizers that bind 
tooth enamel (Streptococcus, Actinomyces, and Methanobrevibacter 
 species)25. Notably, the increased diversity of Gram-negative immu-
nostimulatory taxa in modern humans is strongly linked to a wide-
range of Western diseases26.

Several oral pathogens could be identified within the shotgun 
sequencing data, although the short ancient sequences and diverse 
metagenomic background complicated authentication. We esta-
blished a number of criteria to verify the presence of specific  bacterial 
pathogens, including the assessment of ancient DNA damage, 
 phylogenetic position, and bioinformatic comparisons to close relatives  
(see Supplementary Information). We identified the caries- associated 

species Streptococcus mutans (0.08%–0.18%) and the members 
of the ‘red complex’ associated with modern periodontal disease 
(Porphyromonas gingivalis, 0–0.52%; Tannerella forsythia, 0.05–2.4%; 
and Treponema denticola, 0–1.87%), consistent with evidence of  dental 
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Figure 3 | Draft genome and phylogeny of a 48,000-year-old archaeon, 
Methanobrevibacter oralis subsp. neandertalensis. a, Ancient sequences 
mapping to Methanobrevibacter oralis JMR01 are displayed in a circos 
plot (black), alongside the depth of coverage obtained (red; scale, 0–2,757 
sequences). The reference sequence is displayed (grey) with the GC content 
of the reference sequence calculated in 2,500 bp bins (green; 0–0.4852% 
GC). b, A Methanobrevibacter phylogeny was constructed from alignment 
of the whole genome in RAxML with 100 bootstrap replicates, with the 
per cent support shown in each node. The estimated dates were calculated 
from a whole genome phylogeny using a Bayesian methodology (in BEAST) 
assuming a strict clock model (see Supplementary Information).

Table 3 | Purifying and positive selection in M. oralis neandertalensis

Gene number CDS Genebank dN/dS ratio Gene annotation Coding protein function

Gene1211 1184 WP_042693702.1 0 NZ_HG796201.1 Preprotein translocase subunit SecG
Gene291 283 WP_042691749.1 0 NZ_HG796199.1 SAM-dependent methyltransferase
Gene303 295 WP_042691777.1 0 NZ_HG796199.1 Fibrillarin
Gene343 343 WP_042691868.1 0 NZ_HG796199.1 Sugar-fermentation stimulation protein SfsA
Gene394 394 WP_042691937.1 0 NZ_HG796199.1 30S ribosomal protein S2
Gene401 401 WP_042691950.1 0 NZ_HG796199.1 Transcriptional regulator
Gene745 745 WP_042692741.1 0 NZ_HG796200.1 50S ribosomal protein L37
Gene757 757 WP_042693268.1 0 NZ_HG796200.1 Acyltransferase
Gene766 766 WP_042692795.1 0 NZ_HG796200.1 DNA-directed RNA polymerase
Gene769 769 WP_042692805.1 0 NZ_HG796200.1 30S ribosomal protein S6
Gene772 772 WP_042692815.1 0 NZ_HG796200.1 50S ribosomal protein L24
Gene773 773 WP_042692817.1 0 NZ_HG796200.1 30S ribosomal protein
Gene810 810 WP_042692911.1 0 NZ_HG796200.1 Transcriptional regulator
Gene836 836 WP_042692956.1 0 NZ_HG796200.1 Endonuclease DDE
Gene880 880 WP_042693050.1 1.52 NZ_HG796200.1 Uracil transporter
Gene724 724 WP_042692699.1 2.67 NZ_HG796200.1 Acetylesterase
Gene269 269 WP_042691703.1 3.64 NZ_HG796199.1 Conjugal-transfer protein TraB
Gene1206 1206 WP_042693692.1 12 NZ_HG796201.1 DNA mismatch-repair protein MutT

The ratio of non-synonymous to synonymous substitutions per site (dN/dS) was calculated for coding regions with sufficient coverage and that were conserved between M. oralis and M. oralis subsp. 
neandertalensis. Genes that have undergone strong purifying (dN/dS <  0.1) or positive (dN/dS >  1) selection are displayed if the function of the gene was annotated. Hypothetical proteins and those not 
matching the M. oralis genome during BLAST searches are not shown. CDS, coding DNA sequence.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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caries and periodontal disease in Neanderthals27 (Supplementary 
Tables 9–11). A variety of other pathogens (Bordetella parapertusssis, 
Pasteurella multocida, Neisseria gonorrhoeae, Streptococcus pyogenes, 
and Corynebacterium diptheriae) were identified but could not be 
unambiguously distinguished from closely related commensal oral taxa 
(Extended Data Fig. 10a and Supplementary Tables 9, 14), highlighting 
the need for rigorous criteria when identifying pathogenic strains from 
ancient metagenomic data.

Lastly, we examined Neanderthal commensal microorganisms. 
Within the El Sidrón 1 specimen that was deeply sequenced, we were 
able to recover draft genomes (> 1×  depth of coverage) for the eight 
most prevalent microbial species (Table 2). Of particular note was  
a dominant archaeal species (14.7%; Extended Data Fig. 6c) in  
El Sidrón 1 that was present in lower proportions in other Neanderthals 
(1.4% and 1.2% in El Sidrón 2 and Spy II, respectively). The large 
differences in G/C content between bacteria and archaea facilitated 
efficient read mapping (Table 2) to the modern-human-associated 
Methanobrevibacter oralis JMR01 strain. At around 48 thousand years 
(kyr)28, Methanobrevibacter oralis subsp. neandertalensis is the oldest 
draft microbial genome to date (44.7% of 2.1 Mb, with a 10.3×  depth 
of coverage; Table 2 and Fig. 3).

Date estimates using a strict molecular clock place the divergence 
between the M. oralis strains of Neanderthals and modern humans 
between 112–143 ka (95% highest posterior density interval; mean date 
of 126 ka) (Fig. 3b; see Supplementary Information). As this is long after 
the genomic divergence of Neanderthals and modern humans (450–
750 ka)29, it appears that commensal microbial species were transferred 
between the two hosts during subsequent interactions, potentially in 
the Near East30. Further genome comparisons revealed 136 coding 
sequences in the modern human M. oralis that were putatively absent 
in M. oralis subsp. neandertalensis (Supplementary Table 15),  including 
genes encoding antiseptic resistance (qacE), maltose meta bolism 
regulation (sfsA), and bacterial immunity (CRISPR Cas2 and Cas6; 
Supplementary Table 15), which probably reflect dietary and hygiene 
differences between modern humans and Neanderthals. A comparison 
of 375 translatable protein-coding sequences from the M. oralis strains 
from Neanderthals and modern humans indicated that 58% were under 
strong purifying selection (dN/dS <  0.1) (Table 3, see Supplementary 
Information). Only 4% appeared to be under putative positive  selection 
(dN/dS >  1) and include regions for conjugal gene transfer (that is, uptake 
of foreign or plasmid DNA; traB) and DNA-mismatch repair (mutT).

Preserved dental calculus represents a notable source of information 
about behaviour, diet, and health of ancient hominin specimens, as well 
as a unique long-term system that can be used to study how hundreds of 
different microbial species have evolved and spread among hominins.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Data reporting. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded to 
allocation during experiments and outcome assessment.
Sample handling and DNA extraction. All sample storage and  molecular biology 
procedures before PCR amplification stages were carried out at the Australian 
Centre for Ancient DNA facility at The University of Adelaide. All experiments 
were performed within UV-treated, still-air hoods located in isolated, still-air rooms 
that have been designed to allow highly technical ancient-DNA research to be  
performed with ultra-low levels of background contamination (that is, workflow and 
background microbial contamination are monitored, facilities are irradiated with 
ultraviolet light each night, and the general facility is under positive air pressure).  
To minimize environmental contamination, each dental calculus sample was 
UV-treated for 15 min on each side, soaked in 2 ml of 5% bleach for 3 min, rinsed 
in 90% ethanol for 1 min, and dried at room temperature for several minutes.  
Immediately after  decontamination, DNA extraction was performed using an 
in-house silica-based method, as  previously described31 but with decreased buffer 
volumes (1.8 ml lysis buffer (1.6 ml EDTA; 200 μ l SDS; 20 μ l 20 mg ml−1 proteinase 
K) and 3 ml  guanidine DNA-binding buffer).
DNA library preparation and sequencing. After DNA was extracted, 16S 
ribosomal RNA amplicon libraries of the V4 region were constructed by PCR 
 amplification32. Each sample was amplified in triplicate, and samples were pooled, 
Ampure cleaned, and quantified using a TapeStation and quantitative PCR (KAPA 
Illumina quantification kit), before sequencing with an Illumina MiSeq 300 cycle 
kit (approximately 40 samples per run). Frequent and repetitive extraction blank 
controls (EBCs) are used throughout all experimental procedures (that is, addi-
tional control samples were included during extraction, amplification, and library 
preparation). From the samples processed for 16S sequencing, several key speci-
mens were selected for shotgun metagenomic sequencing. Shotgun metagenomic 
libraries were constructed as previously described33, with 5-bp forward and reverse 
barcodes. Metagenomic shotgun libraries were Ampure cleaned, quantified using a 
TapeStation and quantitative PCR (KAPA Illumina quantification kit), and pooled 
at equimolar concentrations before sequencing.
16S rRNA amplicon library analysis. To process the 16S amplicon data, sequences 
were de-multiplexed using the CASAVA pipeline and joined into amplicons using 
fastq_joiner (ea-utils)34. Quality filtering and trimming was completed using 
Cutadapt, and sequences were then imported into QIIME 1.6.0 for analysis35. In 
QIIME, OTUs (operational taxonomic units) were clustered in UCLUST at 97%, 
and representative sequences were taxonomically identified using the Greengenes 
(gg_12_10) database36. After OTU selection, strict filtering was applied to all 
 samples (see Supplementary Information Section II). Diversity was analysed in 
QIIME, and phylogenetic analysis was visualized in FigTree (http://tree.bio.ed.ac.
uk/software/figtree). Statistical analysis was performed by anosim in QIIME, and 
the calculation of the Jaccard or Bray–Curtis indices, hierarchal clustering, and 
heatmap construction were completed in R using the vegan and gplots packages 
(http://cran.r-project.org).
Shotgun DNA sequencing library analysis. To process shotgun metagenomic 
sequencing data, reads were merged with a 5-bp overlap using bbmerge, and reads 
matching the forward and reserve barcodes with no mismatches were retained 
using AdapterRemoval37. Taxonomic identifications were made using protein 
 alignments in MetaPhlAn38, MG-RAST39, DIAMOND40, and the new  metagenome 
 alignment tool with BLASTX-like approach (MALTX) developed in the Huson 
 laboratory at the University of Tübingen15. Taxonomic assignments were then 

 filtered using default LCA parameters in MEGAN5 (ref. 41), and data was exported 
at  specific taxonomic classification levels (that is, phyla, genera, or species) for 
downstream analysis. Reference genomes were excluded if they were known to 
have human DNA contamination42. Statistical analyses were done using a Mann–
Whitney U test (comparisons of phyla in one sample compared to other samples), 
a  heteroscedastic t-test (direct comparisons between specific taxa in two samples 
or groups), or LefSe (identifying taxa that distinguish one group from another). 
Genomes were  assembled by mapping to a reference genome using specific ancient 
DNA  parameters in bwa43, and authenticated using mapDamage 2.0 (ref. 44). 
Phylogenetic analyses were completed by mapping reads to reference genomes, 
aligning genomic sequences using progressiveMauve45, and inferring trees in 
RAxML v8.1.21 (ref. 46) using the GTRGAMMA model. A Bayesian approach 
was used to estimate dates of divergence between strains and clades. Detailed 
descriptions of the procedures are available in the Supplementary Information.
Data and code availability. Raw and analysed sequence data and all  analytical 
codes used in this study are publically available in the Online Ancient Gene 
Repository (https://www.oagr.org.au/) under the study ‘Reconstructing Neandertal 
behaviour, diet, and disease using ancient DNA from dental calculus.’ (http://dx.
doi.org/10.4225/55/584775546a409).
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Extended Data Figure 1 | Proportions of bacterial phyla from filtered 
and unfiltered 16S amplicon and shotgun sequencing datasets.  
a, b, Proportions of bacterial phyla of El Sidrón 1(a) and the modern 
human oral microbiota were compared (b). Samples in blue are from 
shotgun sequencing datasets, whereas samples in red are from 16S 

amplicon datasets. The different shapes of each data point correspond to 
the microbial phyla, which are displayed next to each phyla grouping  
(for example, the cross represents Proteobacteria for both 16S and shotgun 
sequencing datasets).
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Extended Data Figure 2 | The presence/absence distance (Jaccard) 
calculated for each 16S OTU observed in the 99th percentile. OTUs 
from each sample were then clustered according to dissimilarity within 
each sample. Clusters of unique operational taxonomic units (OTUs) are 

identified (dashed lines) and labelled according to cluster relationships 
(red, no-agriculture; green, agriculture; purple, 19th century; fuchsia, 
modern time). Calculations are consistent with ancient DNA metagenomic 
analysis.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 3 | SourceTracker take-one-out analysis for all 
samples. a, b, Samples were grouped into time periods, and the proportion 
of each taxa originating from each sample group was inferred. Other, 
summed proportions across non-oral microbial groups (non-oral human 
microbiome, air, and soil) and unknown classification. Groups have a 

minimum of two samples (the non-human primate group is removed in 
filtered analysis as filtering reduced the sample number to one) and are 
displayed for the raw (unfiltered) OTU (a) (n =  54) and filtered OTU (b) 
data (n =  42).
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Extended Data Figure 4 | MALTX analysis compared to 16S and alternative shotgun analysis methods. a, Unfiltered prokaryotic phyla identified 
from 16S rRNA (QIIME) and shotgun sequencing results (MALTX) are compared. b, Raw shotgun sequences were analysed by MALTX and by  
MG-RAST, and bacterial phyla and kingdom level results are displayed.
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Extended Data Figure 5 | MALTX benchmarked using modern oral 
microbiota and simulated datasets. a, Phyla identified in simulated 
metagenomes (modern or ancient) are shown for four different analysis 
programs: MALTX, DIAMOND, MetaPhylAn, and MG-RAST.  
b, Simulated metagenomes (modern (circle) or ancient (square;  
damaged)) analysed using four different software (DIAMOND (green), 

MALT (red), MetaPhylAn (blue), MG-RAST (orange)) were UPGMA-
clustered according to Bray–Curtis distances calculated from genera 
within samples. c, Phyla identified by MALTX analysis in shotgun and 
amplicon oral datasets obtained from this study and MG-RAST are 
displayed in stacked bar plots.
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Extended Data Figure 6 | The composition of DNA sequences within 
ancient dental calculus in contrast to laboratory and environmental 
controls. a, Sequences identified by MALTX at the phyla level are 
displayed for dental calculus samples, extraction blank controls (EBCs), 
and environmental samples. Ancient dental calculus samples are ordered 
according to age, with the oldest specimens listed on the left. b, Identified 

reads from MALTX were filtered to remove reads corresponding to species 
identified in extraction blank controls from QG DNA extractions and 
environmental controls. c, Filtered data was summarized to analyse only 
archaea and bacterial phyla typically found in the modern oral cavity. 
Dental calculus samples are displayed in order of age.
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Extended Data Figure 7 | MapDamage analysis of oral bacterial species shared between Neanderthals and the modern human. a, b, The per cent of 
C–T mutations (a) and read length (b) calculated from mapped reads from each sample are shown for ten conserved species.
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Extended Data Figure 8 | Alpha diversity from deeply sequenced unfiltered shotgun datasets. a, b, Calculations of rarefied data were carried out  
using Shannon–Weaver (a) and Simpson’s reciprocal (b) indexes.
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Extended Data Figure 9 | Neanderthal microbiota compared to other 
ancient and modern calculus specimens. a, UPGMA clustering of  
Bray–Curtis values were calculated from filtered rarefied shotgun data. 
b, The groups in a split on the basis of their differences in proportion 

of Gram-positive and Gram-negative phyla in shotgun datasets and 
were plotted for each group (chimpanzee and modern human, n =  1; 
Neanderthals, n =  3). Error bars represent s.d.
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Extended Data Figure 10 | Phylogenetic analysis of unlikely bacterial 
pathogens observed in Neanderthal dental calculus. a, Reads from 
El Sidrón 2 were mapped onto shared Neisseria genes (that is, those 
gene regions shared between all of the species) and the resulting 
DNA fragments were aligned in MUGSY, compared to RAxML, and 

bootstrapped with 100 iterations. b, Phylogenetic analysis of whooping 
cough in Neanderthals was completed. Shared genomic regions within 
publically available Bordetella genomes were compared to ancient 
Bordetella reads from El Sidrón Neanderthals using RAxML with  
1,000 iterations (bootstrap values).

El Sidron 2 mapped onto Neisseria gonorrhoeae
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