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Abstract 

Background: 

Streptococcus mutans is a member of the human oral microbiota and is considered one of the most 

important cariogenic organisms. Previous studies have suggested an expansion of S. mutans 

populations about 10,000 years ago with the onset of agriculture, yet direct molecular evidence of 

its presence from ancient DNA remains sparse. 

 

Results: 

Here, we present population genomic analyses of 25 ancient S. mutans genomes (average read depth 

0.1X – 387X) recovered from archaeological remains across Eurasia spanning ~8,000 years of 

human evolution. Recombination-corrected phylogenomic analyses using Gubbins show a star-like 

phylogeny indicative of an early radiation, with the ancient genomes falling within the genomic 

diversity of modern isolates but restricted to one of the major clades of the phylogeny (D). Analyses 

of genes encoding present day virulence factors reveals that the presence of the mutanobactin 

operon involved in oxygen tolerance is restricted to specific subclades (A & B) and absent among 

the ancient samples. Using the MEGAHIT assembler followed by binning of contigs with 

CONCOCT, we recover metagenome-assembled genomes (MAG) of 7 high-coverage ancient S. 

mutans strains, including a 7,500-year-old sample from an early European Neolithic farmer. 

Pangenome analysis with modern isolates using the anvi’o’s suite revealed the presence of specific 

functional genes in the ancient isolates, which were lost through time. 

Conclusions: 

Our study demonstrates that Streptococcus mutans DNA is well preserved in tooth samples from 

archaeological remains and show that it formed part of the human oral microbiota already before 
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the onset of agriculture, consistent with a radiation and population expansion well before 8,000 

years ago. 

 

Background 

Dental caries is the most widespread microbially-driven disease affecting more than 2 billion people 

worldwide
1,2

. Dental caries is an oral biofilm-induced disease, where fermentable carbohydrates are 

metabolized, generating acidic byproducts like lactic acid
3,4

. This induces an ecological shift that 

creates an acidic anaerobic environment, in which specific oral bacterial species such as 

Streptococcus mutans thrives
5
. Consequently, S. mutans has for many decades been considered the 

most important cariogenic organism 
6
. 

S. mutans is a gram positive facultative anaerobic coccus, residing in oral biofilms as a member of 

the resident oral microbiota
7
. Since its discovery in 1924

8
, S. mutans has for many decades been 

considered as the model bacterium of dental caries
7
. The reason for the prominent position of S. 

mutans in caries research is that S. mutans can perform all required biochemical processes driving 

or triggering development of the disease. As such, S. mutans can degrade carbohydrates into 

organic acids, which is essential to establishing the acidic environment of the caries lesion. In 

addition, S. mutans is proficient in synthesizing the extracellular polymers needed to create a 

biofilm that can maintain a low pH and anaerobic conditions of a caries lesion, in which S. mutans 

unlike most other oral species is able to thrive
7,9

. Previous genomic studies have identified and 

described several virulence factors of S. mutans, primarily involved in carbohydrate metabolism and 

acid tolerance
10-11

. However, the evolution of the S. mutans genome remains to be uncovered. 

Ancient samples from the oral cavity are an important source of information in the field of 

paleomicrobiology, as DNA is highly preserved in mineralized tissues of the oral cavity, such as 

teeth and dental calculus
12.

 However, only a few studies have attempted to reconstruct ancient oral 
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microbiotas
13-15

. When used in combination with data from modern samples, ancient DNA 

sequencing provides a unique perspective, due to the ability to reconstruct ancient bacterial 

genomes and trace the composition and likely evolution of the microbiota and its adaptations 

through time. 

Metagenomics based studies have successfully demonstrated the presence of S. mutans DNA in 

ancient oral samples
16-18

, which suggests that S. mutans has been part of the resident oral 

microbiota for millennia. Previous studies have collectively reported a low frequency of caries 

lesions in ancient skulls as compared to modern data, albeit an increase in lesions seems to be 

associated with the transition from hunter-gatherers to agriculture
19

. Collectively, these findings 

raise the question if specific core genes of present day S. mutans are the consequence of adaptation 

to a modern lifestyle, characterized by increased consumption of  simple, fermentable 

carbohydrates
20

. 

To answer these questions, the purpose of the present study was to characterize spatiotemporal 

variation of the genome of S. mutans. We employed state of the art methodologies
21-22

 for 

reconstruction of S. mutans genomes from 1,313 ancient human samples, originating from across 

Eurasia, spanning the period from the Mesolithic and Neolithic Ages (10000 - 4500 BCE) up to the 

end of the Viking Age (~1000 CE)
23-24

, and compared data with modern reference genomes of S. 

mutans. We tested the hypothesis that the genome of S. mutans has been subject to significant 

modification through time because of changes in human diet and lifestyles 

 

Methods 

Reference-based dataset generation 

Ancient samples for analysis were selected based on having been identified as positive for 

Streptococcus mutans (N>5,000 reads mapped) in a screening study for ancient pathogens including 
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1,313 ancient samples
25

. We further included three high coverage samples (>6X) identified from 

screening shotgun sequencing data of additional >5,000 ancient samples available at Globe 

Institute. For each positive sample, adapter-trimmed shotgun sequencing reads were mapped against 

the S. mutans NCH105 reference assembly (accession GCF_009738105.1) using bowtie2
26

  

(https://github.com/BenLangmead/bowtie2 2.5.1) with the very sensitive bowtie2 preset: “-D 20 -R 

3 -N 1 -L 20 -i S,1,0.50”, modified by N set to 1 to further increase sensitivity. 

 

The resulting alignment files files were sorted, indexed, and filtered using samtools
27

 (1.15 

https://github.com/samtools/ filters: “-q1 -F 0x400”), coverage statistics were calculated using 

bedtools
28

 (2.30.0 https://github.com/arq5x/bedtools2) and duplicate reads were marked using 

picard
29

 (3.0.0 https://broadinstitute.github.io/picard). Authentication of ancient DNA and 

estimation of damage patterns was carried out using metaDMG
30

 (https://github.com/metaDMG-

dev/metaDMG-core 1.37). Summary statistics for read mappings were calculated and plotted using 

the Rsamtools
31

 (2.16 https://bioconductor.org/packages/release/bioc/html/Rsamtools.html) and 

tidyverse
32

 (2.0.0 https://www.tidyverse.org/) packages in R. Coverage statistics for annotated 

genes were obtained using mosdepth
33

 (0.3.4 https://github.com/brentp/mosdepth) and bedtools. For 

ancient samples, the gene coverage was normalized as the observed/expected breadth of coverage: 

𝑐𝑜𝑣𝑃𝑟𝑎𝑡𝑖𝑜𝑔𝑒𝑛𝑒 = 𝑚𝑖𝑛(1, 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒𝑃𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒𝑔𝑒𝑛𝑜𝑚𝑒⁄ ) (Additional file 3: Table S1) 

Where: 

-  𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒𝑃𝑔𝑒𝑛𝑒= the percentage of the gene covered (0,1) (Additional file 3: Table 1) 

- 𝑒𝑥𝑝𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒𝑔𝑒𝑛𝑜𝑚𝑒 = 1 − 𝑒−(𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝐶𝑜𝑣𝑒𝑟𝑒𝑑𝑔𝑒𝑛𝑜𝑚𝑒) (0,1)  

To determine strain multiplicity for high coverage samples (>5X read depth), we carried out 

genotype calling using ‘bcftools call’ with ‘—ploidy 2’ option, and calculated the rate of observing 

multiple alleles at all sites covered by at least five reads in each sample. Haploid genotype calls for 

samples without evidence for multiple infections were then generated using ‘bcftools call’ with ‘—
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ploidy 1’ option. For the remaining samples (high coverage multi-infection as well as low 

coverage), we generated consensus sequences by calling the majority allele across all aligned reads 

with mapping quality >20 at each reference genome position covered.  

To construct a reference dataset of modern genomes, we downloaded 255 S. mutans isolates 

available May 2023 from NCBI (ncbi-genome-download --format fasta,assembly-report -P --genera 

"Streptococcus mutans" --metadata strep_metadata.tsv bacteria). Each modern sample was aligned 

with the S. mutans NCH105 reference assembly (accession GCF_009738105.1) using minimap2
34

  

(2.26-r1175 https://github.com/lh3/minimap2), using parameters (-cx asm5) recommended for intra-

species asm-to-asm alignment. Variants against the reference were called and extracted in VCF 

format using the paftools.js extension, using a minimum alignment length of 10kb, and 

complemented with the reference genome against all aligned regions using bedtools, to generate the 

final reference aligned fasta files for each assembly. These resulting reference-aligned fasta files 

were concatenated and converted back to VCF format using snp-sites
35

 (2.5.1 

https://github.com/sanger-pathogens/snp-sites), and used to generate core genome alignments for S. 

mutans, requiring >= 99% of modern samples able to be aligned against the reference. For samples 

with identical core genomes, we removed all but one of the samples for downstream analyses.  

The dataset for the PCA and clustering was obtained by extracting bi-allelic SNPs across modern 

and high coverage ancient samples across the core genome, with genotypes for lower coverage 

ancient samples set to missing if neither of the two alleles was observed. 

 

Population genomics and phylogenetics 

 

Genetic variation among modern and ancient S. mutans genomes was investigated using principal 

component analysis (PCA) using plink
36

 (1.90b6.21 www.cog-genomics.org/plink/1.9/) and 

GCTA
37

 (1.94.1). Haplotype sharing and clustering analyses were carried out using 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

ChromoPainterV2
38

 (https://github.com/sahwa/ChromoPainterV2) and fineSTRUCTURE v2
38

, with 

all samples designated as donors and recipients.  

 

Maximum-likelihood phylogenetic analysis was carried out using RaxML-ng
39

 (1.2.0 

https://github.com/amkozlov/raxml-ng) using the GTR+GAMMA model with 200 nonparametric 

bootstrap replicates. Using this tree as a starting tree, a recombination corrected phylogenetic tree 

was then constructed using  Gubbins run_gubbins.py (3.3.1 http://nickjcroucher.github.io/gubbins/) 

over 20 iterations of recombinant region masking on the MSA and subsequent RaxML-ng tree 

construction, again with a GTR+GAMMA substitution model using the previous RaXMl-NG final 

tree as a starting tree. A final tree was constructed afterwards with 200 nonparametric bootstrap 

replicates. From the workflow, a recombination masked alignment of the MSA was extracted using 

mask_gubbins_aln.py. Low coverage ancient samples were placed onto a RaxML-ng phylogenetic 

tree built from the masked MSA from Gubbins using EPA-ng
40

 (0.3.8 

https://github.com/pierrebarbera/epa-ng), and merged with the rest of the tree using gappa
41

 ( 0.8.2 

https://github.com/lczech/gappa). Phylogenetic trees were visualized and compared for bootstrap 

confidence, ChromoPainter cluster and sample metadata concordance in R using tidyverse (2.0.0 

https://www.tidyverse.org/), together with ggtree
42

 (3.8.0 

https://bioconductor.org/packages/release/bioc/html/ggtree.html) ape
43

 (5.7.1 

https://github.com/emmanuelparadis/ape) and aplot
44

 (0.22 https://cran.r-

project.org/web/packages/aplot/index.html). These packages were also used to visualize the 

distribution of genes across the phylogeny, and for placement weight evaluation, we also used 

treeIO
45

 (1.24.1 https://bioconductor.org/packages/release/bioc/html/treeio.html). 

 

Construction of MAGs 
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To generate a genus-wide representative panel of modern Streptococcus reference genomes, a total 

of 656 Streptococcus genomes were downloaded from NCBI on September 2021 and clustered 

based on a 99% average nucleotide identity (ANI) similarity threshold computed through fastANI
46

 

( https://github.com/ParBLiSS/FastANI 1.33). From each cluster, a representative reference was 

picked based on its centrality in the cluster through TraMineR
47

 (http://traminer.unige.ch/ 2.25) in 

R
48

 (4.3.0 https://www.r-project.org/). 

After removal of human reads using KrakenUniq
49

 (v0.7 

https://github.com/fbreitwieser/krakenuniq) with a custom database of 25272 human and human 

associated microbial genomes
50

, those ancient samples with over 85 percent of the reference 

genomes covered for a S. mutans reference had their reads assembled using three different 

MEGAHIT
51

 (v1.2.7 https://github.com/voutcn/megahit) settings - henceforth referred to as strategy 

“A”, “B” and “C” (Additional file 3: Table 2). Each assembly strategy was explored using both a 

contig cutoff of 1kb and 2.5kb.  

 

Contigs databases were created for each sample assembly using anvi’o
52

 (v7.1 https://anvio.org/). 

The contigs databases were annotated with anvi’os default hidden Markov model (HMM) 

taxonomic profiles using HMMER (3.4 http://hmmer.org/)
53

,
 
NCBI-COGS

54
 gene functions

 
through 

DIAMOND (v2.1.12.166 http://www.diamondsearch.org)
55

 and a Genome Taxonomy Database 

(GTDB) based Single-copy Core Gene (SCG) database for gene taxonomy
56

. The original short 

reads for each sample were mapped back to their respective contigs databases using bowtie2, which 

were used together to create sample contig profiles using anvi’o. 

The contigs were binned using CONCOCT
57

 (1.1.0 https://github.com/BinPro/CONCOCT) and 

METABAT2
58

 (2.15 https://gensoft.pasteur.fr/docs/MetaBAT/2.15/) and anvi’o was used to 

summarize the binning results by linking their constituent contigs with the information in their 

corresponding sample contig and profile databases. 
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To evaluate which method would most consistently deliver high quality S. mutans bins, we 

compared different summary metrics such as N50, estimated completion, length and redundancy.  

Once the ideal assembly and binning strategy had been chosen, the S. mutans consensus sequence 

for each sample, corresponding to the contigs binned as S. mutans, were used to compute anvi’o 

contigs databases again, which were compared which each other in an anvi’o pangenomic 

analysis
59

. From this comparative analysis, unique gene clusters were identified, and the sequences 

of these were linked back to the contigs they belonged to in the original S. mutans bins. Read 

damage estimates were then made using metaDMG, by which the authenticity of each contig could 

be quantified by tallying the damage estimations for all reads that corresponded to that contig. 

These two pieces of contig information were padded unto the anvi’o contig and profile databases, 

which were used to inform the manual refinement of the S. mutans bins into their final MAGs
60

. 

The refined MAG’s were checked for contamination using gunc
61

 (1.0.6 https://github.com/grp-

bork/gunc) which analysed the taxonomy of genes identified in contigs against GTDB. 

Contaminated MAGs were filtered by removing contigs which were assigned to a phylogenetic 

lineage different from S. mutans  using mmseqs2
62 

(15.6f452 

https://github.com/soedinglab/MMseqs2) taxonomy with GTDB until they all passed the gunc 

analysis  (See Additional file 1: Supplemental information A). 

 

Our ancient S. mutans MAGs and the set of modern S. mutans assembly used for the phylogenetic 

analysis were annotated using the bakta
63

 (1.9.3 https://github.com/oschwengers/bakta) database. 

The presence of genes annotated in the ancient and modern isolates through bakta which could not 

be found within the reference genome (GCF_009738105.1) were visualized as a heatmap against 

our phylogenetic tree including the 3 placements that were MAGs, as had been done previously for 

the phylogenetic analysis. 
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Pangenomics 

Besides our ancient MAG’s, 10 modern S. mutans reference genomes, and 15 representative species 

from across the genus Streptococcus were chosen for this analysis.  

Contigs databases were created for each sample and annotated with hits from the KEGG+KOfam
64

 

databases through anvi’o. Anvi’o was then used on these databases to estimate metabolic pathway 

completion across the dataset according to the KEGG database
65

, enabling a comparative analysis 

of the enrichment of metabolic modules between ancient/modern S. mutans and the other 

Streptococcus species. 

The modules which differed in enrichment across these 3 groups were selected, and their presence 

in the dataset were compared in a heatmap in R through the gplots
66

 package (3.1.3 

https://www.rdocumentation.org/packages/gplots/versions/3.1.3/topics/heatmap.2). 

 

Results 

 

Overview of the dataset 

To investigate the origins and past genetic diversity of Streptococcus mutans, we generated a 

dataset of ancient S. mutans genomes by mapping shotgun-sequenced ancient metagenomic DNA 

reads to a modern S. mutans reference assembly (GCF_009738105.1). A total of 25 ancient S. 

mutans genomes passed stringent ancient DNA authentication criteria, with average read depth 

ranging from 0.08X to 387.5X, including seven high coverage genomes (read depth >7X), three of 

which were deeply sequenced to >35X (Additional file 3: Table 1). Genomic similarity of the 

ancient genomes to the modern reference as measured through average nucleotide similarity (ANI) 

was high (98 % - 99 %; Additional file 3: Table 1, Additional file 2: Fig. S8). Among the genomes 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

we found evidence for infections by a clonal strain (multi-allele rate <10
-4

) and infection by a 

mixture of strains (multi-allele rate ≥10
-4

). 

 
Figure 1. Dataset overview. (A) Spatiotemporal distribution of the 25 ancient S. mutans genomes reported 

in this study. Sample ages and archaeological period are indicated with symbol color and shape, respectively. 

(B) Mapping statistics showing average read depth (x axis) and breadth of genomic coverage (y axis) for 

each ancient genome. Minimum read depth cutoff for samples used in metagenomic assembly is indicated by 

dashed line. 

 

The ancient genomes in our dataset spanned a broad geographic range from Europe to North and 

Southeast Asia, with sample ages from ~7,800 to 280 years before present (Figure 1; Additional file 

3: Table 1). The earliest occurrences of S mutans were found in a Mesolithic individual from Spain, 

Southern Europe (NEO938; El Mazo; 7,966 – 7,789 years cal. BP) and a Neolithic individual from 
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Lake Baikal, North Asia (DA246; Shamanka; 7,827 – 7,626 years cal. BP), both associated with 

hunter-gatherer contexts.  

 

Genetic structure of S. mutans 

 

To investigate the population structure of our ancient S. mutans within the context of modern 

diversity, we merged the ancient genomes with publicly available genome assemblies of 255 

modern S. mutans isolates (Additional file 2: Fig. S1). As S. mutans has previously shown to be a 

highly recombining species, we first investigated its population structure with a recombination-

aware chromosome painting approach (Methods). We painted the core genomes of each modern 

assembly and the four clonal high coverage (>7X) ancient genomes with each of them as potential 

donors using ChromoPainter. The resulting matrix of haplotype chunk counts representing genetic 

similarity among genomes (Additional file 2: Fig. S2) was then used to perform a hierarchical 

clustering using fineSTRUCTURE. At the highest resolution, the 259 genomes formed 180 distinct 

clusters, which were aggregated into five higher level clusters to highlight the broad genetic 

structure among the modern and ancient genomes (Figure 2; Additional file 2: Fig. S3). 

Recombination between S. mutans isolates was evident in the chunk count matrix, which showed 

many instances of donor genomes donating high numbers of chromosome chunks to recipient 

genomes in distant clusters (Additional file 2: Fig. S2). The three older high coverage ancient 

genomes (NEO137, 7,672 – 7,512 cal. BP; CGG101233, 1042 - 1222 cal. BP; VK63, 975 years BP) 

were found in closely related subclusters within one of the high level clusters (cluster D; Figure 2; 

Additional file 2: Fig. S2), whereas the most recent sample (NEO105, 516 - 334 cal. BP) was found 

in a different cluster (cluster A; Figure 2; Additional file 2: Fig. S2). 
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Figure 2. Genetic structure of ancient and modern S. mutans. (A) Dendrogram showing 

fineSTRUCTURE clustering hierarchy inferred from ChromoPainter haplotype chunk count sharing matrix 

for modern and high coverage ancient S. mutans genomes. (B) Principal component analysis of modern and 

ancient S. mutans based on SNP genotype covariance matrix. Cluster membership for modern and high 

coverage ancient genomes is indicated by symbol color and shape. The three ancient samples included in the 

tree are marked as triangles, whereas NEO105 is marked as a dot. The placement of the lower coverage 

ancient samples in the PC space are indicated simply as black dots. 

 

 

We next carried out principal component analysis (PCA) based on the matrix of pairwise genotype 

covariances to place the lower coverage ancient genomes within the genetic diversity of the modern 

and high coverage ancient genomes. Interestingly, we found that most ancient genomes fell within a 

tight area in principal component space, close to the three older ancient high coverage ancient 

genomes (cluster D; Fig 2B; Additional file 2: Fig. S2).  

 

Phylogenetics 

 

To further investigate the evolutionary history of S. mutans lineages, we carried out maximum-

likelihood phylogenetic reconstruction of the core genome alignments of the modern and high 
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coverage ancient genomes. The topology of the resulting phylogeny reflected the population 

structure obtained from ChromoPainter, with the high level clusters broadly corresponding to major 

clades (Additional file 2: Fig. S3). The branching among the deep clades was generally poorly 

resolved with low bootstrap support (Additional file 1: Supplemental information B), consistent 

with the effects of recombination obscuring deeper evolutionary relationships as seen in other 

recombining Streptococcus species such as S. pyogenes
67

.  

 

To account for the effects of recombination, we inferred patterns of recombination along the 

genome and reconstructed recombination-masked phylogenies using Gubbins. Consistent with the 

results from ChromoPainter, we found widespread evidence for recombination across the core 

genome (Additional file 2: Fig. S4), which was inferred to occur across 99.9% of the  alignment 

(genome-wide r/m = 0.2502). While bootstrap support of the deep branches was slightly improved 

in the masked phylogeny, the topology was still characterized by an almost star-like phylogeny of 

early lineages radiating in poorly resolved order from the last common ancestor (Additional file 2: 

Fig. S5, Additional file 1: Supplemental information C).  

 

Phylogenetic placement of the assembly of the sister species S. troglodytae was uncertain, but its 

Maximum Likelihood position was nonetheless deemed the most objective measure with which to 

root the final tree (Additional file 2: Fig. S6 A-U, Additional file 1: Supplemental information C). 

Lower coverage ancient genomes showed that most were placed within a clade of modern and high 

coverage ancient genomes corresponding to cluster A inferred from ChromoPainter (Figure 3; 

Additional file 2: Fig. S6 A-U). We observed no evident geographic structure among the isolates in 

the recombination-masked alignment, nor did source of isolation correlate with the topology (Figure 

3; Additional file 2: Fig. S4).  
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Figure 3. Annotated phylogeny of S. mutans. Maximum-likelihood phylogenetic tree inferred using 

RAxML-ng from recombination masked-alignment of modern and high coverage ancient genomes. Lower 

coverage ancient genomes as well as the S. troglodytae assembly (GCF_002355215.1), which was used to 

root the tree, were added to the tree using phylogenetic placement with EPA-ng (Additional file 2: Fig. S6 A-

V). Annotation columns show different metadata of samples as indicated in legend. Ancient samples are 

represented as dotted lines with branch lengths artificially set for ease of comparison with these columns.  

 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

Genetic adaptations for oxidative stress resistance 

We next aimed at identifying putative targets of recent positive selection in S. mutans. In a scenario 

of adaptation through newly acquired genes, those that confer a strong selective advantage for S. 

mutans populations are expected to spread rapidly, leading to a characteristic signature of high 

frequency combined with low genetic diversity among lineages. Having identified such genes, we 

can then use their occurrence among the ancient genomes to determine a lower bound for the time 

when they were acquired by S. mutans populations during their evolutionary history.  

To scan for genes that were putative targets of recent positive selection, we quantified the average 

pairwise difference (i. e. nucleotide diversity π) and frequency of each gene annotated in the 

reference assembly (GCF_009738105.1). We identified several candidate genes that were outliers 

with low genetic diversity, the most striking example of which were genes which are part of the 

mutanobactin A (mub) operon (Figure 4) involved in oxidative stress resistance
68

. We found that a 

region containing 13 genes (mubT – mubP) with low genetic diversity (π < 10
-3

) was observed at 

high frequency (~100 modern isolates) within a clade of genomes from ChromoPainter clusters A 

and B, but virtually absent from genomes in other clusters and ancient genomes (Figure 4). The 

notable exception was sample RISE540 (Arano, Italy; 4,148 – 3,927 cal. BP), one of only two 

ancient genomes placed within ChromoPainter cluster C outside the main ancient genome cluster D, 

which showed evidence for reads mapping across all genes of the operon (Figure 4). The genes 

arcC aguA and ptcA associated with acid tolerance
69

 were likewise found in around 50% of modern 

isolates but were largely absent from the ancient S. mutans cluster (Figure 4).  
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Figure 4. Gene presence in the mub operon. Heatmap showing gene presence (indicated using fraction of 

the gene covered) of mub operon genes and genes arcC aguA and ptcA across modern and ancient S. mutans. 

Rows of heatmap are ordered based on the recombination masked phylogeny, shown in the margin of the 

heatmap. Color bar indicates high level fineSTRUCTURE cluster membership, with ancient genomes shown 

in black. Ancient samples are represented as dotted lines with branch lengths artificially set for ease of 

comparison with these columns.  
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Ancient S. mutans pan-genomics 

To characterize the full diversity of the pan-genome of our high coverage ancient S. mutans 

genomes outside of what could be found in our reference genome (GCF_009738105.1), we 

constructed MAGs and compared their pangenome with the modern isolates. We first determined 

whether metagenomic assembly was feasible for these samples by investigating how unique the 

metagenomic reads mapped to S. mutans compared to a panel of 115 reference genomes of other 

Streptococcus species (Additional file 2: Fig. S7). We found that read mapping rates were generally 

low for reference genomes of species other than S. mutans and its close relative S. troglodytae, 

indicating that few of the Streptococcus sequencing reads in the samples originate from other 

species (Additional file 2: Fig. S8).  

 

Among the assembly methods tested, we achieved consistently the highest bin quality using the “A” 

settings for MEGAHIT and CONCOCT as a binning tool, as well as a 1kb contig length threshold 

(Additional file 3: Table 2, Additional file 2: Fig. S9 and S10). 

After manual refinement of contigs in the S. mutans bins based on comparative gene uniqueness, 

local read damage estimations, and BLASTp identity with possible contaminants of suspect contigs 

(Additional file 2: Fig. S11), there were seven MAGs with estimated >80% completion and <5% 

redundancy according to anvi’o available for downstream pangenomic analysis. NEO105 only 

passed the gunc contamination check after 25 contigs were filtered out using mmseqs2 taxonomy 

(Additional file 3: Table 3, Additional file 1: Supplemental information A). 

Three of our MAGs were of very high quality according to anvi’o (completion=100%, 

redundancy=0%, N50>20k, num_contigs<100) NEO105, NEO137 and CGG101233   (Additional 

file 3: Table 1, 4 and Additional file 2: Supplemental information D). 
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We compared our ancient MAGs with the 10 most phylogenetically distinct modern S. mutans 

isolates, and 15 representative Streptococcus species from across the genus in a pangenomics 

analysis focusing on metabolic pathways. Using KEGG metabolic modules detected through anvi’o 

among the gene clusters, we found six modules that differed in enrichment between the samples. 

For these six modules, the three ancient MAGs CGG101233, NEO105, NEO137 had the same 

enrichment profile as the modern samples, whereas the other ancient MAGs had lower abundances 

(Additional file 2: Fig. S12). This lower abundance was likely due to missing or partial genes rather 

than biological differences, since these MAGs were the ones of the lower quality (Additional file 3: 

Table 4).  

We could not find any virulence factors from our reference mapping which were systematically 

absent from our 25 ancient genomes compared to the modern isolates beyond the mub operon, 

arcC, aguA and ptcA (Figure 4). The partial absence  of the comY operon however in ancient S. 

mutans, could suggest a lower competency for internalizing DNA from other organisms (Additional 

file 2: Fig. S13)
70

. 

 

Our ancient S. mutans MAGs were then compared with the modern S. mutans isolates using gene 

annotations found through BAKTA, where we focused on  the genes which could not be found 

through reference mapping (Additional file 2: Fig. S14). Among these genes,  few were rare among 

the modern isolates, and those that were unique to the MAGs, were then usually only present in one 

of them. These rare cases included genes coding for bacteriocins bacA, bhtE and pksJ, each found 

among the oldest MAGs (Additional file 2: Fig. S15). 

We sorted out genes which had previously been described as bacteriocins in S. mutans
7
, which were 

not present in the reference genome GCF_009738105.1 (Additional file 3: Table S2). This gave a 

list of 17 virulence genes, all of which could be found in at least one of our ancient MAGs 

(Additional file 2: Fig. S16)
7
. This included the eponymous antimicrobial mutacin genes 
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specifically produced by some S. mutans
7
 (NEO105) and the Ess/Type VII secretion system 

(CGG100272), previously described as a virulence factor among Staphylococcus aureus
71

 

(Additional file 2: Fig. S16). 

 

 

Discussion 

 

Ancient genomics provides a unique data source to directly survey the past genetic diversity of 

human pathogens
72

. In this study, we applied these tools to carry out the first large-scale genetic 

characterization of the human oral pathobiont Streptococcus mutans recovered from ancient human 

remains. Until now, only a single ancient S. mutans genome, recovered from ~4,000-year-old teeth 

from Ireland, has been reported
20

. Our 25 newly reported samples substantially expands the number 

of ancient S. mutans genomes, which  contradicts the notion that it can only be rarely reported in 

ancient genomic datasets
73

. Furthermore, we observed exceptional DNA preservation and very high 

abundance of bacterial DNA in some of our samples. The most striking case was a ~1000 year old 

ancient tooth sample from Afghanistan, which yielded an ultra-deep sequenced genome with 

average read depth of 387X, using a metagenomic shotgun-sequencing approach without genomic 

enrichment. Together with three other genomes with read depth >20X, our results thus point to 

exceptionally high bacterial load of S. mutans in the oral microbiotas for some individuals in 

ancient human populations (See Additional file 1: Supplemental information D). 

 

The ancient S. mutans genomes spanned a wide spatiotemporal range. The earliest genomes date to 

~9,000 years ago and were recovered in ancient teeth from individuals associated with hunter-

gatherer archaeological context. Moreover, the two earliest cases were found in distant geographic 

regions, ranging from northern Spain in Southern Europe to the Lake Baikal region in Siberia. 
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These results demonstrate that S. mutans already formed part of the oral microbial community of 

human populations before the onset of agriculture and was already widespread across Eurasia by 

~9,000 years ago. The dates of our earliest samples are compatible with a previously inferred rapid 

expansion of S. mutans populations around ~10,000 years ago
10

. However, their wide geographic 

distribution and occurrence in archaeological contexts of hunter-gatherer populations question 

whether the transition to agriculture was indeed a major factor in this expansion, as previously 

suggested
10

. 

 

Our analyses of the genetic structure of S. mutans also support previous results of recombination 

being a major force in shaping the genetic diversity of the species (Additional file 2: Fig. S4, 

Additional file 1: Supplemental information B)
10

. These high rates of horizontal gene transfer likely 

contribute to the ability of S. mutans to adapt to fast-changing environments, as well as explain the 

lack of association of phylogeny with sample metadata such as geographic origin or isolation 

source, and the difficulty in finding a robust temporal signal (Additional file 1: Supplemental 

information B and C). On the other hand, our results also clearly highlight a non-random placement 

of most ancient S. mutans genomes within a restricted part of the phylogeny of present-day isolate 

genomes studied to date, despite spanning ~8,000 years of S. mutans evolution.  

 

Species with high rates of recombination such as observed in S. mutans facilitate genetic 

adaptations through individual genes or functional elements proliferating in the population through 

selective sweeps. Consistent with this prediction, we find strong evidence for a recent selective 

sweep involving the mub operon in our dataset, as the low genetic diversity and high frequency we 

observed among the modern isolates suggests that it spread rapidly through a subset of populations 

(genomes from fineSTRUCTURE clusters A and B; Figure 4). The fact that it was absent in almost 

all our ancient genomes also supports a recent spread. As the mub operon provides S. mutans 
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tolerance to oxidative stress, we hypothesize that recent changes in dental hygiene such as tooth 

brushing, resulting in more frequent exposure to more aerobic environments could be a driving 

factor in this adaptation. It will also have made S. mutans more resistant to peroxide producing 

commensals. 

Figure 5. Gene-level nucleotide diversity. Plot showing average nucleotide diversity (π) for 1,913 genes 

annotated in the S. mutans reference assembly GCF_009738105.1 as a function of their frequency observed 

among the 255 modern isolates. Genes of the mub operon are indicated with black symbols and labelled. Plot 

symbol size indicates length in base pairs for a particular gene. 

Nevertheless, a single ancient genome with evidence for its presence was identified, from a ~4,000 

years old sample in Italy, thus demonstrating that it had already been acquired by S. mutans by that 

time in Europe. We thus do not contest that additional data might be able to nuance our hypothesis 

about aerobic adaptation in S. mutans. The fact that we only have few samples representing broad 

periods of human history also limits us to exploring the presence of, but not the frequency of S. 

mutans in general or its genes in particular.  
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Streptococcus mutans is a pathogen that, as far as we can elucidate, has retained the core genes that 

define its pathogenicity. This should not preclude necessarily, that there hasn’t occurred a 

significant change in its phenotype as previously described in other oral bacterial species, such as 

Aggregatibacter Actinomycetemcomitans, where a single SNP change resulted in a 20-fold increase 

in pathogenicity, due to increased leukotoxin production
74

. Importantly, such subtle changes are 

difficult to trace in ancient pathogen genomes, as most do not have deep coverage, and for those 

that do, we lack clinical metadata. Nonetheless, we do not find structure in the phylogeny which 

would suggest such a development happening among the ancient samples. The ancient S. mutans 

samples do not cluster themselves in any way as to show such a development, which has been seen 

with historically virulent pathogens such as Yersinia pestis, which separate into distinct, age 

dependent clusters, compared with modern samples
75

. The lack of such a temporal or geographical 

structure in the S. mutans phylogeny, suggests that the story of this bacteria is different than the one 

we see for A. Actinomycetemcomitans or Y. Pestis, whose pathogenicity demonstrably has waxed 

and waned through periodic outbreaks, triggered by changes in genetic makeup or human 

conditions. 

 

Overall, we did not find compelling genetic evidence to support that S. mutans has evolved to the 

changes in human diet in the last 8,000 years. This challenges the hypothesis that S. mutans has 

either emerged as, or evolved into, an agent directly responsible for the development of caries, 

because of the post-industrial diet of carbohydrates. Since we can find S. mutans across diets and 

lifestyles, and since archaeological and anthropological evidence suggests that caries was a rare 

disease among people, who did not actively mitigate the development of a rich biofilm, the 

overriding factors that determine the development of caries likely relate to a modern lifestyle with 

frequent carbohydrate intake. Our study therefore  supports a discourse of caries being a 

multifactorial disease with many necessary etiological factors
4
. Primarily a carbohydrate rich diet 
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that can be capitalized by resident acidogenic bacteria such as S. mutans, which,  if given enough 

time to anchor themselves in a mature biofilm on the tooth, creates a caries lesion
76

.   

Conclusions  

Our results demonstrate the utility of ancient pathogen genomics to elucidate the evolutionary 

history of a major human pathobiont, and how we can use the perspective of the past to inform how 

to combat the rise of caries as an endemic disease in the future.  
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