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Archaeological dental calculus preserves a genetic record of the perimortem oral microbiome, which can 
inform on individual-level diet and disease. Ancient DNA from the dental calculus of five individuals from 
CA-ALA-554 was extracted, sequenced, and identified using protein-level sequence classification. Results 
reveal both “healthy” oral taxa as well as potentially pathogenic species, including those associated with 
tooth decay, periodontal disease, and meningitis.. This novel dataset is compared to metagenomic data 
from a previously investigated, nearby site, CA-SCL-919. Within-sample and between-sample microbial 
diversity are analyzed, suggestive of reduced metagenomic diversity at the latter, a more recently formed 
village site. This study highlights important variability within hunter-gather populations and surveys 
prevalent oral taxa from prehistoric Central California. 

Recent advances in paleomicrobiology and studies of the human microbiome have opened new 
avenues for investigating long-term evolutionary trends in human health and the spread of disease. In 
particular, archaeological dental calculus, the calcified remains of bacterial biofilm adhered to teeth, has 
been shown to preserve a wealth of biomolecules, including nucleic acids of microbes and dietary inclusions 
(Warinner, et al. 2014; Weyrich, et al. 2017), starches and plant microfossils from food (Hardy, et al. 2012a; 
Mickleburgh and Pagán-Jiménez 2012), and alkaloids and other phytochemicals from the smoking of 
tobacco and medicinal plants (Eerkens, et al. 2018a; Hardy, et al. 2012b). This paper presents the findings 
of a new metagenomic survey from the dental calculus of five individuals from CA-ALA-554 and compares 
them to a previous metagenomic study of four individuals from SCL-919 (Eerkens, et al. 2018b), 
identifying dominant and site-specific taxa, highlighting trends in microbial diversity, and presenting 
evidence of site-biased clustering of oral microbiomes in prehistoric California. 

BACKGROUND 

Dental Calculus as a Metagenomic Time Capsule 

Archaeological dental calculus, the calcified remains of dental plaque from the precipitation of 
salivary calcium salts into the microbial biofilm, has been shown to closely resemble dental plaque 
communities with little contamination from skin and soil (Velsko, et al. 2017). Due to its mineralization during 
life, dental calculus preserves a snapshot of a human microbiome that remains relatively unchanged from 
when it was formed, and it remains attached to the individual it formed on, which can provide useful 
contextual information (e.g., age, sex, health status). Unfortunately, the duration of calculus on teeth is not 
well documented and probably highly variable. In a longitudinal study of a population without professional 
dental care or oral hygiene practices at home, Anerud et al. (1991) document supragingival calculus formation 
starting soon after tooth eruption and subgingival calculus forming 6–8 years after tooth eruption, both 
reaching maximum tooth coverage around 30 years of age; however calculus formation rate can vary between 
individuals within a population and not much is known about its turnover rate, making it a less accurate as a 
window into particular periods within a person’s life than bone or tooth collagen (Salazar-Garcia, et al. 2014). 

The efficacy of high throughput next-generation sequencing (NGS) and advances in 
paleomicrobiology have made metagenomic surveys of archaeological dental calculus possible and more 
widely accessible (Mackie, et al. 2017; Warinner, et al. 2015; Weyrich, et al. 2015). So far, dental calculus 
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has been used to successfully reconstruct ancient microbial draft genomes (Warinner et al. 2014; Weyrich et 
al. 2017), identify prehistoric pathology (Eerkens et al. 2018b; Warinner et al. 2014), and assess the effects of 
major dietary transitions on oral health (Adler et al. 2013). The application of this method to the rich and 
complex landscape of prehistoric California may help explain the effects of resource intensification on human 
health, identify diseases or diseased states that may have been present in ancient times, and possibly serve as 
a method to test population-level interaction or migration in the archaeological record. 

The Oral Microbiome 

The human body is estimated to contain roughly 3.8 trillion microbes compared to the 
approximately 3.0 trillion cells in the human body, though the net weight of these microbes is about 0.2 
kilograms in a 70-kilogram human (Sender et al. 2016). Located throughout the body, this diverse set of 
microbial ecosystems, collectively known as the human microbiome, may be an important mediating link 
between human social organization and health outcomes including autoimmune disorders, obesity, 
metabolic syndrome, malignancies, stroke, diabetes, and cardiovascular disease (Albenberg and Wu 2014; 
Dewhirst et al. 2010; Rook et al. 2017; Wade 2013). 

The oral microbiome is the second most diverse microbiome in the body, following the gut, and the 
mouth’s interface with the environment makes it one of the most heavily colonized areas of the human body 
(Kilian et al. 2016). In addition to playing a role in diseases of the oral cavity such as periodontitis, dental 
carries, and endodontitis, the oral microbiome acts as a reservoir for disease beyond the mouth, harboring 
opportunistic pathogens that contribute to respiratory diseases (Paju and Scannapieco 2007) and infections of 
the blood stream where they can cause inflammation of heart tissue (Parahitiyawa et al. 2009). 

The composition of the human oral and gut microbiome is largely influenced by subsistence 
behavior. Studies of contemporary hunter-gatherer populations demonstrate much higher levels of 
microbial diversity than in agricultural or industrial populations (Clemente et al. 2015; Nasidze et al. 2011; 
Schnorr et al. 2014). Archaeological evidence from dental calculus also suggests that the advent of 
agriculture and the Industrial Revolution resulted in less diverse and more diseased states of oral 
microbiomes (Adler et al. 2013). The transition to agriculture is also associated with many osteological 
signs of disease attributable to changes in diet and lifestyle (Larsen 2006), although hunter-gatherers of 
prehistoric California also exhibit significant amounts of dental disease and attrition from abrasive diets 
incorporating large quantities of acorns and small seeds (Jurmain 1990). 

In precontact California, dietary intensification is well-documented through archeobotanical remains 
(Wohlgemuth 1996), zooarchaeological remains (Broughton 1994), technological changes in milling 
equipment (Stevens and McElreath 2015), and stable isotopes (Burns et al. 2016). Resource intensification 
among hunter-gatherers may have similar effects as the transition to agriculture on oral microbiome diversity 
and human health, posing new potential health challenges as subsistence economies intensified. 

Furthermore, the oral microbiome may be a useful indicator of interaction between people, as oral 
taxa can be transmitted vertically and horizontally. For example, evidence from a closely related, diasporic 
family suggests that household-level microbial variation is a better predictor of salivary microbiome 
similarity than region of residence or genetic relatedness, although some household effects can persist even 
after individuals no longer cohabitate (Shaw et al. 2017). The effects of cohabitation on microbiome 
similarity even extends between people and their pets (Song et al. 2013), suggesting a significant effect of 
cohabitation on microbiome diversity. As microbe transmission is largely driven by human interaction, the 
patterns of microbial transmission within and between populations over time may be reflective of aggregate 
interaction, though they may also be mediated by social, technological, and environmental effects. 
Clustering of individuals by site or time period may provide insights into regional patterns of population 
interaction or relatedness. 
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SAMPLES 

This study investigates the oral microbiomes of nine individuals (Table 1) from two pre-contact 
period sites situated approximately 30 kilometers apart in the broader San Francisco Bay area (Figure 1). 
Permission to analyze the dental calculus from human burials excavated during construction projects was 
given by the state appointed Most Likely Descendant (MLD) for each site. For ALA-554 in Pleasanton, 
where land was being developed for a shopping complex, the MLD is Ramona Garibay. For SCL-919 in 
Milpitas, where land was being developed for an expansion of the Bay Area Rapid Transit System, the 
MLD is Katherine Perez. 

Data recovery at ALA-554 was performed by William Self and Associates in 2011 as part of the 
Pleasanton Gateway Retail and Office Plaza project (Estes et al. 2012). Situated along the southern shore 
of what was formerly Willow Marsh, ALA-554 represents a village site occupied from 2500 to 300 cal BP, 
with most intense occupation between 1400 and 600 cal BP (the latter portion of Middle Period into the 
start of the Late Period), a time when large, permanently occupied village sites were widespread across the 
Central California landscape. Potential for conflict arising from landscape use intensification and the 
formation of new villages is examined through a mass burial of eight, traumatized, non-local males at this 
site by Eerkens et al. (2016a). 

Site SCL-919 was excavated by Far Western and has Late Period cultural deposits suggesting 
intermittent use from 700 to 500 cal BP, with a more permanent and intensive occupation from 500 to 280 
cal BP (Kaijankoski and Rosenthal 2018). Isotopic strontium signatures and corresponding radiocarbon 
dates on the oldest burials suggest that that the founders of the site, around 500 cal BP, were born at a 
number of different locations in Central California (Eerkens et al. 2016b). An older woman (Burial 16) was 
the main focus of the Eerkens et al. (2018b) study, and the prevalence of Neisseria meningitidis in her 
calculus suggested a probable ancient case of bacterial meningococcal disease that progressed rapidly 
enough to only leave minor signs of endocranial lesions on her cranial bones. Streptococcus pneumonia 
and Haemophilus influenzae were also documented in her dental calculus, suggesting a more complex 
disease state involving multiple pathogens (Eerkens et al. 2016b). 

Archaeological dental calculus has been shown to reliably preserve a record of prehistoric oral 
microbiomes that are distinct from the surrounding soil (Mackie et al. 2017; Warinner et al. 2014). Eerkens 
et al. (2018b) likewise demonstrate that the metagenomic dental calculus samples from SCL-919 and their 
associated burial soil were distinct. Additional metagenomic sequencing was not performed on burial soil 
from ALA-554, though the resulting libraries were consistent with oral microbiomes. Samples were 
decontaminated before extraction and sequencing as described in the methods section below. 

METHODS 

Ancient DNA extraction and library preparation were conducted in a dedicated ancient DNA 
facility in the University of California Santa Cruz Paleogenomics Laboratory during the summer of 2017 
for the five samples from ALA-544. This facility is physically isolated from other molecular biology 
research and followed protocols to minimize potential contamination from exogenous DNA (Fulton 2012). 
A negative extraction control was run with the samples to quantify intrusive microbial DNA. 

Dental calculus was removed from specimens by scraping or prying with a dental pick or drill and 
placing in a capped glass vial. In the ancient DNA lab at UC Santa Cruz, calculus samples were then 
decontaminated in a 750 microliter solution of 5% bleach and soaked for 2.5–3.0 minutes with agitation 
before being pelleted by centrifuge. Supernatant was removed and the sample was washed with 750 
microliters water, soaked for 1.5–2.0 minutes, and pelleted again. Once more, supernatant was removed, 
750 microliters of 90% ethanol was added to each sample, and samples were soaked for 4.5–5.0 minutes 
before pelleting, removing the supernatant, and letting dry completely. 
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Figure 1. Map of Study Sites from San Francisco Bay Area in Modern-day Pleasanton (CA-ALA-554) and 
Milpitas (CA-SCL-919). 
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Table 1. Individuals from CA-ALA-554 and CA-SCL-919 Included in this Study.  

SAMPLE SITE BURIAL AGE SEX MEDIAN AGE** 
(CAL BP) 

1 Σ RANGE** 
(CAL BP) 

BURIAL POSITION 

GW01 ALA-554 13B 8–10 Indeterminate 600 563–662 Indeterminate 

GW02 ALA-554 157 30–35 Female 951 930–964 Tightly Flexed 

GW03 ALA-554 139 30–35 Male 511 497–531 Flexed 

GW04 ALA-554 38 30–35 Possible Male 1479 1416–1540 Indeterminate 

GW05 ALA-554 57 20–25 Female 996 935–1052 Tightly Flexed 

RN01* SCL-919 2 10–13 Indeterminate no date no date Flexed 

RN02* SCL-919 4 40–45 Male 514 502–526 Partial Cremation 

RN03* SCL-919 15 35–44 Female 495 481–509 Flexed 

RN04* SCL-919 16 50+ Female 503 493–514 Sitting, facing N 

*Samples run as part of Eerkens et al. (2018b) study. **Radiocarbon dates were taken from bone collagen. Radiocarbon dates were 
calibrated assuming no marine contribution using IntCal13 (Reimer et al. 2013). 

After drying, the calculus samples were placed in weigh paper and pulverized into powder with a 
hammer before being added to 1 milliliter of lysis buffer made from 1.7 milliliter of 10% SDS, 100 
microliters of 0.5 M ETDA, and 0.4 milligrams of proteinase K. The solution was vortexed and placed in 
an oven at 37 °C and rotated continuously for 18–24 hours. 

DNA was extracted from the samples using the protocol by Dabney et al. (2013), a method 
developed to retain the small DNA fragments that characterize ancient samples. Following extraction, DNA 
was eluted in 50 microliters of TET. 

Library preparation was performed following procedures laid out by Meyer and Kircher (2010) 
with modifications by Heintzman et al. (2015), in which barcoded double-indexed Illumina sequencing 
libraries were prepared for the calculus and control samples. Libraries were pooled in equimolar ratios and 
sequenced on an Illumina MiSeq using v3 chemistry 150 cycle kits (2 x 75 pair-end sequencing). 

The bioinformatic toolkit Trimmomatic (Bolger et al. 2014) was used to remove adapter sequences 
and low quality reads using Illuminaclip (TruSeq3-PE, seedMismatches=2, palindromeClipThreshold=30, 
simpleClipThreshold=10, minimum adapter length=8) and Slidingwindow (windowSize=4, 
requiredQuality=20) operations. The data from SCL-919 were downloaded from the Sequence Read 
Archive (Accessions: SRX2599468, SRX2599467, SRX2599466, SRX2599465) and subject to the same 
quality control measures for consistency with the runs described. 

For metagenomic analysis, pair-ended sequence data were run against the NCBI BLAST nr+euk 
(non-redundant protein database for bacteria, archaea, viruses, and microbial eukaryotes) using Kaiju, a 
program that uses protein-level classification to achieve higher sensitivity, especially for taxa 
underrepresented in reference databases (Menzel et al. 2016). A SEG-filtered Greedy-5 approach was used 
with minimum match score of 75. 

Diversity and species richness measurements were calculated in the R programing environment 
using community ecology package ‘vegan’ (Oksanen et al. 2013). Alpha-diversity measurements, or within-
sample diversity, are calculated as Shannon-Weiner indices. Beta-diversity measures, or between-sample 
diversity, are calculated as Bray-Curtis distances between each sample. Cluster analysis of Bray-Curtis 
distance was performed with the R hclust function using the Ward’s minimum variance method 
(“ward.D2”), employing Ward’s cluster criterion (Murtagh and Legendre 2014). 
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RESULTS 

The results of the metagenomic survey are shown in Table 2, displaying both the total number of 
reads sequenced after filtering and the number that could be identified when run against the NCBI BLAST 
(nr+euk) protein database. As the sequence data were only compared against microbial DNA from protein 
coding regions of the genome, some percentage of the unclassified reads may be classifiable against other 
databases, although modern plaque can also return similar amounts of unclassified reads (Velsko et al. 
2017). DNA from multi-cellular eukaryotes, including human DNA and DNA from plant and animal dietary 
inclusions, are possibly among the unclassified portion as well. 

While the experimental control produced a non-trivial number of filtered reads, the species 
composition of the experimental control was strongly skewed towards a small number of taxa. 
Acinetobacter baumannii, a hard-to-kill and ubiquitous opportunistic pathogen, often hard to eliminate from 
hospital settings (Howard et al. 2012; Lin and Lan 2014), made up 93.0% of the reads in the experimental 
control (Table 3). A. baumannii is much less common in the ancient calculus samples in both absolute hits 
and relative abundance. The taxa that appear abundant in the ancient calculus samples do not appear in 
significant quantity in the control, however, which helps establish their validity. 

Diversity Measurements 

Alpha-diversity, measured as a Shannon-Weiner index (H’), accounts for both species richness and 
evenness and is evaluated at the levels of roughly “phyla” (node 5) and “genus” (node 9) operational 
taxonomical unit (OTU) diversity (Figure 2). At the level of phyla, ALA-554 (H’=2.11, σ=0.19) was more 
diverse than SCL-919 (H’=1.87, σ=0.17). At the level of genus, ALA-554 (H’=3.88, σ=0.32) remained 
more diverse than SCL-919 (H’=3.24, σ=0.40). Though these sample sizes are low, they are significant at 
the alpha=0.05 level for the genus level (unequal variance t-test: t=2.64, p=0.04), though not on the level 
of phyla (unequal variance t-test: t=1.98, p=0.09). 

Beta-diversity analysis generated Bray-Curtis distances for each dyad, which were hierarchically 
clustered using Ward’s clustering method (Figure 3). Analysis was performed on the same levels of OTU 
diversity as the alpha-diversity tests. Both levels of cluster analysis returned similar results, with the lower-
level cluster differing only in the placement of Burial 16 and Burial 4 from SCL-919 within their cluster. 
While the individuals from SCL-919 were from a narrow window of time around 450 radiocarbon years BP, 
the individuals from ALA-554 spanned a longer stretch of time from around 1,600 radiocarbon years BP to 
460 radiocarbon years BP. Despite this, there is no apparent clustering by time depth within ALA-554. 

Together, these tests are suggestive of site-level distinctions in microbiome diversity, an important first 
step in understanding the patterns of oral microbiome diversity within archaeological populations. This study 
represents a small number of burials, and the effects of individual-level variation cannot yet be evaluated. Burial 
157 (GW02) from ALA-554, for instance, is an outlier in terms of its low alpha-diversity. Among the samples 
from SCL-919, it is not clear if the variability in alpha-diversity represents a bimodal distribution, as two 
individuals had noticeably lower alpha-diversity. However, these individuals were also both older at the time 
of their death (40–45 and 50+ years of age). Larger sample sizes and corroborating metrics for diet (i.e., stable 
isotopes) would help in documenting factors that contribute to variation in future studies. 

Dominant Taxa Comparison 

A comparison of the dominant taxa between ALA-554 and SCL-919 show noticeably different 
microbial communities (Table 3). Many factors can affect community composition, and many bacteria are 
functionally redundant (Horz and Conrads 2011). In that regard, the species present in an oral microbiome 
could be influenced by the environment, shared history, or could be highly variable by individual. 
Furthermore, species that may be commensal in one microbiome may become pathogenic in a different part 
of the body, and instances of infection have been induced by medical dental procedures as well as  
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Table 2. Metagenomic Survey Results showing Total Reads Sequenced, Number of Reads Analyzed after 
Filtering for Quality Control, and the Number of Reads Classified to an OTU. 

SITE SAMPLE RAW READS FILTERED READS CLASSIFIED % CLASS. 

A
LA

-5
54

 

GW01 877,103 347,973 155,888 44.8% 

GW02 1,640,949 442,283 232,364 52.5% 

GW03 1,687,410 611,171 311,594 51.0% 

GW04 1,828,628 715,291 320,089 44.7% 

GW05 2,173,010 618,074 277,732 44.9% 

SC
L-

91
9 

RN01 - 6,883,478 2,408,507 35.0% 

RN02 - 5,544,955 2,591,659 46.7% 

RN03 - 4,718,419 1,605,114 34.0% 

RN04 - 14,715,513 7,407,444 50.3% 

Control EC 362,183 145,455 96,500 66.3% 

 

Table 3. Most-abundant and Notable Taxa as Percent of Total Reads for ALA-554 and SCL-919 Individuals 
Sampled.  

TAXA 

ALA-554 SCL-919 E.C. 

GW01 GW02 GW03 GW04 GW05 RN01 RN02 RN03 RN04 EC 

Acinetobacter baumannii 0.01 0.01 0.03 0.00 0.28 0.07 0.02 0.11 0.14 93.03 

Anaerolineaceae bacterium oral taxon 439 4.16 0.40 1.41 9.85 9.79 3.29 15.12 4.43 3.11 0.08 

Clostridium spp. 2.98 0.18 0.55 1.25 0.90 0.61 0.48 0.62 0.00 0.03 

Enterococcus faecalis 0.10 0.08 0.02 0.02 0.04 4.94 16.37 4.14 3.44 0.01 

Enterococcus faecium 0.39 0.29 0.32 0.08 0.27 19.13 14.13 16.94 31.87 0.61 

Fretibacterium fastidiosum 2.30 0.08 0.98 1.31 1.92 1.23 0.86 0.87 0.27 0.02 

Methanobrevibacter oralis 1.49 0.04 0.65 8.57 1.11 6.15 5.54 2.49 1.15 0.02 

Mycobacterium tuberculosis complex 0.01 0.02 0.02 0.01 0.01 0.04 0.03 0.04 0.04 0.00 

Neisseria meningitidis 0.01 0.11 0.04 0.01 0.01 0.01 0.00 0.02 0.04 0.00 

Olsenella spp. 2.72 0.12 3.00 12.74 4.21 1.01 4.22 6.14 2.06 0.07 

Ottowia spp. 1.40 12.73 3.64 0.05 1.64 0.00 0.08 0.43 2.12 0.01 

Pseudopropionibacterium propionicum 6.72 3.28 5.97 0.21 5.33 1.12 0.84 0.30 2.22 0.06 

Streptococcus spp. 0.64 23.08 7.79 1.90 1.09 0.58 1.45 1.31 5.73 0.03 

Tannerella forsythia 5.33 0.14 1.26 0.82 5.55 3.48 0.70 1.43 0.18 0.06 

Treponema denticola 0.61 0.24 0.47 0.30 0.78 0.30 0.15 0.00 0.00 0.01 

Treponema socranskii 1.41 0.41 1.17 1.26 1.56 1.26 0.31 0.81 0.28 0.02 

Numbers represent percent contribution to sample. Bolded font represents taxa of highest abundance for the sample. 
Shading indicates higher values as a visual aid. 
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Figure 2: Alpha-Diversity by Site Expressed as H’ (Shannon-Weiner Index) at Two Levels of Taxonomic 
Classification, OTU Node 5 (roughly Phyla) and OTU Node 9 (roughly Genera). 

 
Clusters are assigned using Ward’s minimum variance method. The different levels of taxonomy cluster similarly except for the 
relative placement of RN02 and RN04. 

Figure 3: Hierarchical Clustering of Bray Curtis Dissimilarly at Two Levels of Taxonomic Classification, 
OTU Node 5 (roughly Phyla) and OTU Node 9 (roughly Genera).   
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abrasion of periodontal tissues (Parahitiyawa et al. 2009). In Late Period prehistoric California, where 
dental wear was significant, the oral microbiome may have had a heightened role as a reservoir for 
pathogenic diseases, and a survey of the prominent taxa inhabiting the oral microbiome may be a useful 
start for understanding the health consequences of resource intensification and abrasive diets. 

The most notable difference between the two sites is the abundance of Enterococcus faecalis and 
Enterococcus faecium in all the SCL-919 individuals. E. faecalis and E. faecium are commensals of the gut 
microbiome. However, both can become pathogenic and are commonly attributable to infections such as 
bacteremia and endocarditis, though are less commonly implicated in meningitides and pneumonia as well 
(Higuita and Huycke 2014). In the oral cavity, E. faecalis is also able to invade difficult-to-colonize dentinal 
tubules, without the need of other bacteria, making it a particularly effective pathogen in endodontic disease 
(Kayaoglu and Ørstavik 2004; Love 2001). E. faecalis is also an acid-tolerant oral taxon, with a killing pH 
of 2.5, allowing it to survive cyclic acid shock associated with high carbohydrate diets (Svensäter et al. 
1997). This would be particularly interesting if associated with seed- and acorn-heavy diets at SCL-919. 

Among the ALA-554 samples, Pseudopropionibacterium propionicum and members of the genus 
Ottowia were in higher abundance than at SCL-919. P. propionicum is known to be an active agent in 
actinomycosis in humans, an abscess-forming anaerobic infection found in infected root canals (Saito et al. 
2018) that can spread to the pulmonary system in individuals with poor oral health (Valour et al. 2014). 
Interestingly, P. propionicum has also been documented in the oral microbiome of sea mammals (see 
supplimentary material in Bik et al. 2016; Dudek et al. 2017), though it is not known whether strains are 
shared between sea mammals and humans, possibly through dietary consumption or from the environment. 
Phylogenetic approaches might be able to distinguish between a deep separation of human and sea mammal 
P. propionicum lineages and the possibility of more recent or ongoing microbial sharing. 

The other taxa that tend to be prevalent in the ALA-554 individuals are members of the genus 
Ottowia. Ottowia spp. have been documented in higher abundance in dental plaque with elevated levels of 
urease as well as in children that have had previous carries (Morou-Bermudez et al. 2015). While there is 
not a prolific literature on the taxon, the reference genome for Ottowia sp. oral taxon 894 (NCBI Bio 
Sample: SAMN03704033), was sequenced from the plaque of a healthy individual and may not itself be 
indicative of disease. However, the high abundance of the taxon is somewhat surprising at ALA-554, and 
is particularly abundant in Burial 157, an individual with overall low alpha-diversity. This could indicate 
active dental carries or an overall diseased state in Burial 157 that sets the individual apart from others at 
the site. Furthermore, its ubiquity at the site may suggest a more significant role for this species in 
prehistoric native Californians than in modern settings. 

Additionally, while not specific to either site, large proportions of various Streptococcus spp. were 
present in two of the burials from ALA-554, Burial 157 (GW02) and Burial 139 (GW03). The largest 
component of Streptococcus reads could only be classified to genus (n=36,977; n=16,614), followed by 
classifications of Streptococcus sanguinis (n=9,583; n=2,189), a primary tooth colonizer and biofilm 
producer that is mostly commensal (Turner et al. 2009). Contemporary studies place members of the genus 
Streptococcus as some of the most abundant taxa in the human oral microbiome, including commensal 
species, such as Streptococcus gordonii that can inhibit plaque formation, and pathogenic species, such as 
Streptococcus mutans, a leading cause of dental carries (Avila et al. 2009). As such, the relationship between 
members of the genus can be complex. For instance, S. sanguinis may be an important early colonizer for 
the dental health of children by inhibiting colonization of S. mutans (Caufield et al. 2000), and thus our 
analysis is somewhat limited by being unable to distinguish between Streptococci for a majority of the reads. 

Other taxa common to both ALA-554 and SCL-919 include obligate anaerobes Methanobrevibacter 
oralis, Anaerolineaceae bacterium oral taxon 439, and members of the genus Olsenella. Obligate anaerobes 
are not uncommon in the human oral microbiome due to the oxygen-depleted environment quickly formed 
within oral biofilms (Wade 2013). Additionally, Methanobrevibacter and Anaerolineaceae are methanogens, 
which whether pathogenic themselves or not, may support fermenting bacteria, which can often be 
pathogenic (Horz and Conrads 2011). 
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M. oralis is a methane-producing archaeon first described in the dental plaque of healthy 
individuals (Dridi et al. 2011; Ferrari et al. 1994), though found to have an extremely high predictive power 
for periodontitis, which it may contribute to with its own antigenic molecules or through facilitation of 
anaerobic bacterial infections through interspecies hydrogen transfer (Horz and Conrads 2011). Within the 
oral microbiome, M. oralis may serve as a keystone H2 consumer with few functional replacements (Horz 
and Conrads 2011). Its role in the human microbiome is likely an ancient one, and a draft genome for M. 
oralis has been constructed from the dental calculus of Neanderthals (Weyrich et al. 2017). M. oralis is 
abundant in individuals from both ALA-554 and SCL-919, notably in Burial 38 from ALA-554, an 
individual with a partially healed cranial trephination and high abundances of Olsenella spp. and 
Anaerolineaceae bacterium oral taxon 439 as well. 

Anaerolineaceae bacterium oral taxon 439 was identified in the oral microbiome of an individual 
with periodontitis in the United Kingdom (NCBI BioSample: SAMN05505093) and a complete genome 
sequence assembled. The limited depth of sequence and taxonomic data on this strain and its relatives may 
obscure important diversity within the lineage, and further work may reveal important taxonomic divisions. 
However, the reads returned as Anaerolineaceae bacterium oral taxon 439 are generally abundant in 
individuals from SCL-919 and ALA-554, and are the most abundant taxa in Burial 57, ALA-554 (GW05). 
The high abundance of this taxon in both sites may be suggestive of its prevalence in prehistoric California. 

Members of the genus Olsenella are known to inhabit the human oral microbiome (Dewhirst et al. 
2010), and they are a prominent taxon in the anaerobic cultivation of oral microbiota (Munson et al. 2004; 
Sato et al. 2012). Furthermore, some members of the genus may be implicated with pulpitis, infection of 
the dental pulp tissue (Jenkinson 2011). Olsenella spp. was abundant in individuals from both ALA-554 
and SCL-919, comprising the most abundant taxon in Burial 38 from ALA-554, which may be indicative 
of a disease-state relationship with the two abundant methanogens. Its abundance across both sites may also 
place it as a candidate for a signification taxon in the oral microbiomes of prehistoric native California. 

DISCUSSION 

Using NGS and protein-level search alignment, this study documents metagenomic diversity, 
prevalent taxa, and possible pathogens in the archaeological dental calculus from two Middle to Late Period 
sites from Central California. Differences in microbiome diversity have been demonstrated between hunter-
gatherers and agriculture populations, but important differences may exist within and between different 
hunter-gather populations, especially with regards to resource intensification. This study provides a 
precursory survey of the oral microbiota of prehistoric California, finding high abundances of taxa that are 
marginal in modern literature and datasets, including Anaerolineaceae bacterium oral taxon 439, P. 
propionicum, and Ottowia spp. 

Although small, this study is suggestive of important variability within the oral microbiome of 
native Californians, and hierarchical clustering of Bray Curtis dissimilarity of microbial diversity on 
multiple levels of specificity shows the potential for unique site-specific signatures, perhaps even spanning 
long periods of occupation. The mechanism, whether mediated by the environment or histories of person-
to-person transfer, is still unknown, though future phylogenetic methods examining the relatedness between 
strains or larger regional studies may help elucidate them. Although this study only examines two nearby 
sites, the potential for large-scale patterning between multiple sites as an indication of interconnectivity or 
shared-history remains an exciting potential follow-up to this initial investigation. 

Furthermore, in light of evidence presented by Eerkens et al. (2016b) of a recent village formation 
event among the individuals sampled from SCL-919, this study shows an associated lower microbiome 
alpha-diversity in the recently formed village compared to a nearby village with longer occupation. If the 
temporal occupations of the sites are indicative of their relative ranking in an ideal free distribution, it may 
be that lower-ranking sites are those with less dietary diversity or require more intensive processing of low-
ranking resources, which could have a negative effect on oral microbiome diversity. Alternatively, 
individuals already suffering from dietary distress may also be more inclined to leave an old village and 
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start a new village site. The current study is not large enough to make overarching statements about oral 
microbiome diversity and resource use, but it does add another corroborating line of evidence concerning 
the documented village formation event at SCL-919. 

Paleomicrobiological study of the ancient human oral microbiome via dental calculus has the 
potential to inform about past states of human health, its relationship to the environment, and patterns of 
similarity among populations. This initial survey demonstrates some of the wealth of information that can 
be gained from archaeological dental calculus. While metagenomic and ecological analyses are useful to 
begin to quantify and understand the patterns of microbiome diversity, future work can construct draft 
genomes of the represented taxa and relate them phylogenetically to one another. With growing access and 
interest in the human microbiome, archaeology may soon have a new and independent line of evidence for 
establishing chronologies, assessing changes in diets and behavior, and tracing the movements and 
interactions between people. Paleomicrobiology may also help to better understand the role of disease in 
prehistoric hunter-gatherer societies and the health costs associated with resource intensification. Wherever 
humans have existed, they have lived alongside a myriad of microbes on and within their bodies. And while 
humans have one set of genes for their entire life, they carry trillions of microbial genes that respond to 
internal and external conditions, making each human a diverse landscape that behavior and interactions can 
modify. While most of the human microbiome is lost to time, the vast wealth contained within dental 
calculus make it a valuable window into the past. 
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