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ARTICLE INFO ABSTRACT

Keywords: Dental calculus and other preserved microbiome substrates are an attractive target for dietary reconstruction in
Diet past populations through a variety of physical, chemical, and molecular means. Recently, studies have attempted
Dental caleulus to reconstruct diet from archaeological dental calculus using archaeogenetic techniques. While dental calculus
Meu_igenomlcs may provide a relatively stable environment for DNA preservation, the detection of plants and animals possibly
Ancient DNA o e P . . . . . . .
consumed by an individual through DNA analysis is primarily hindered by microbial richness and incomplete
reference databases. Moreover, high genomic similarity within eukaryotic groups - such as mammals - can
obfuscate precise taxonomic identification. In the current study we demonstrate the challenges associated with
accurate taxonomic identification and authentication of dietary taxa in ancient DNA data using both synthetic
and ancient dental calculus datasets. We highlight common errors and sources of contamination across ancient
DNA datasets, provide recommendations for dietary DNA validation, and call for caution in the interpretation of

diet from dental calculus and other archaeological microbiome substrates.

1. Introduction

Diet is a fundamental component of human culture, biology, and
evolution. Shifts in food procurement, production, and processing are
inherently linked to shifts in human society and major evolutionary
events (Goodman and Redclift, 2002; Larsen, 2003; Bocquet-Appel and
Bar-Yosef, 2008; Ma et al., 2016; Andrews and Johnson, 2020). What
people choose to eat (or not to eat) provides insight into cultural values
and beliefs (Messer, 1984). Archaeological study of the interrelation-
ships between people and foods, such as plants and animals, has
revealed complex cultural practices and socio-political structures (Ata-
lay and Hastorf, 2006; Tung et al., 2016; Morehart and Morell-Hart,
2015) organized around food consumption and distribution in which
diet is directly related to social status (Cuéllar, 2013), ceremonial

events, control of food supply, and the establishment of trade (Williams,
2010; Tung and Knudson, 2018). Likewise, the effect of environmental
factors such as climate shifts and geologic processes on dietary resources
can be investigated through the study of ancient diet (Messner and
Stinchcomb, 2014; Nelson et al., 2016). How food was produced and
procured throughout human history also provides important historical
context for understanding human health in the modern era. Given its
importance in understanding the human condition, archaeologists work
to reconstruct past diets using a variety of techniques, including analyses
of faunal assemblages (e.g., Blasco et al., 2013), paleobotanical remains
(e.g., Pearsall, 2018), coprolite analysis (e.g., Reinhard and Bryant,
1992), and dental analyses of wear, development, and disease (e.g.,
Forshaw, 2014; Molnar et al., 1972; White and Folkens, 2005). The
introduction of bulk biomolecular methods, such as stable isotope
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analysis from ancient teeth, bone, paleo-residues, and artefacts, has
allowed for further resolution of paleodiets (e.g., Evershed, 2008;
Makarewicz and Sealy, 2015).

More recently, advances in techniques that target ancient bio-
molecules such as proteins (Warinner et al., 2014a; Hendy et al., 2018;
Geber et al., 2019) and the application of next generation DNA
sequencing (Adler et al., 2013; Warinner et al., 2014b; Weyrich et al.,
2017; Maixner et al., 2018; Ottoni et al., 2019; Ozga et al., 2019) have
been explored as an alternative to more traditional methods. Using DNA
to study the diet of past humans is an attractive approach, as in principle
it enables identification of specific food items, instead of a general pic-
ture of bulk dietary intake (as with e.g., isotope studies), or only
(generally) higher taxonomic-level identifications (e.g., with botanical
remains) (Schlumbaum et al., 2008). Most earlier genetic analyses of
diet from the archaeological record have focused on paleofeces or other
preserved tissues, (Poinar et al., 1998; Hofreiter et al., 2003; Bon et al.,
2012; Maixner et al., 2018) but the preservation of DNA is highly
inconsistent and many early studies were plagued with authentication
problems, which restricted further development of this area of research
(Cooper and Poinar, 2000). A slightly more unexpected archaeological
material - birch pitch mastics (ancient ‘chewing gum’) - has recently
been shown to be a source of both human and dietary DNA (Jensen et al.,
2019; Kashuba et al., 2019). However, these types of materials are
relatively rare in the archaeological record and are only preserved in
exceptional circumstances. In contrast, dental calculus, a mineralized
microbial biofilm that is a long term source of host, microbial, and
ambient biomolecules, is an increasingly attractive target for dietary
reconstruction. This is due to dental calculus being more commonly
found associated with well-preserved archaeological skeletons than
other potential sources of dietary DNA (although this varies across
collections, age of the individual, oral hygiene practices, and archaeo-
logical contexts) (White, 1997; Austin et al., 2019).

Dietary DNA analysis has been carried out using two major genetic
techniques - amplicon sequencing and metagenomics. Amplicon
sequencing involves the amplification and massive parallel sequencing
of a specific region of DNA that targets one or more species of interest (e.
g., Poinar et al., 1998; Sawafuji et al., 2020). While less expensive than
metagenomics, amplicon sequencing has been shown to introduce biases
due to the fragmented nature of ancient DNA (aDNA) (Ziesemer et al.,
2015) and choosing a region of a genome suitable for species identifi-
cation given the restrictions of aDNA (i.e., short DNA fragments), can be
difficult. Metagenomic sequencing, on the other hand, involves untar-
geted DNA extraction and sequencing, and theoretically allows every
DNA molecule to be detected using high throughput sequencing tech-
nology (also known as a ‘metagenome’ when multi-organismal DNA is
present in a sample).

Dietary reconstructions from metagenomic aDNA datasets generated
from human (Adler et al., 2013; Warinner et al., 2014b; Weyrich et al.,
2017) and primate (Ottoni et al., 2019; Ozga et al., 2019) calculus have
been previously attempted, but generally very few sequencing reads
(sequenced DNA molecules) from potential dietary sources were
recovered. For example, Warinner et al. (2014b) identified a total of 487
eukaryotic reads (0.0003% of the entire sequencing dataset), of which
only three could be assigned to the species level for three likely dietary
organisms, and Weyrich et al. (2017) identified an average of 571 pu-
tative dietary molecules per sample. With so little data, authenticating
the antiquity of these DNA molecules is difficult, and often studies have
instead sought to validate their finds by other methods, such as micro-
fossil analysis (Henry and Piperno, 2008; Hardy et al., 2012; Tromp and
Dudgeon, 2015) and paleoproteomics (Warinner et al., 2014a; Hendy
et al., 2018; Geber et al.,, 2019). These studies raise an important
question: why are putative dietary organisms difficult to detect in
metagenomic datasets generated from dental calculus, which otherwise
serves as a rich source of aDNA?

Accurate detection of animal and plant taxa that may represent
foodstuffs in metagenomic datasets generated from dental calculus or
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other archaeological sources is hindered by (1) the fragmented and
damaged nature of the DNA molecules, (2) the relatively low number of
dietary biomolecules as compared to those derived from the endogenous
and environmental microbial community, (3) differences in genome size
and similarity across different species, and (4) reference database errors
or lack of representation.

A primary challenge for all ancient metagenomic analyses is DNA
sequence authentication. Post-mortem taphonomic processes, including
intracellular nucleases, microbial activity, and natural chemical pro-
cesses (Eglinton et al., 1991; Lindahl, 1993; Allentoft et al., 2012),
continually act on ancient remains, resulting in molecular damage,
fragmentation, and contamination from modern and environmental
sources (Dabney et al., 2013). However, the types of aDNA damage that
occur are generally consistent, with characteristic nucleotide mis-
incorporation damage patterns and fragmentation (Sawyer et al., 2012).
Depending on the tissue type, age, and general preservation, DNA
fragments recovered with current laboratory methods are generally
expected to be less than 100 base pairs (bp) and as small as 25bp (Briggs
et al., 2007; Dabney et al., 2013; Glocke and Meyer, 2017). Fragmen-
tation occurs rapidly (Kistler et al., 2017) due to DNA depurination,
whereby the bonds between certain nucleotides are cleaved, leaving
exposed abasic sites at the end of aDNA molecules (Hofreiter et al., 2001;
Dabney et al., 2013). Next, single stranded overhangs (i.e., unequal ends
of the two strands of DNA) that can occur after depurination, expose the
single-stranded nucleotides to a greater chance of chemical processes -
most commonly deamination - converting cytosines to uracils (a
nucleotide normally found in RNA), through the loss of an amino group.
When repairing these ends for next-generation sequencing, deaminated
cytosines (C) are then ‘mistakenly’ read as thymines (T) and later as
guanine (G) to adenine (A) mutations on the complementary strand of
molecules, respectively (Hofreiter et al., 2001; Briggs et al., 2007; Green
et al., 2009). This ‘misreading’ of the original nucleotide is often called
‘miscoding’ or ‘misincorporation’ lesions. Programs like mapDamage2.0
(Jonsson et al., 2013), PMDtools (Skoglund et al., 2014), and Dam-
ageProfiler (Neukamm et al., 2020) evaluate the ancient origin of DNA
sequences, where the ends of ancient and fragmented molecules are
expected to have increased frequencies of C to T misincorporations.
These misincorporations are then plotted to assess whether DNA from
that particular organism is modern contamination (i.e., no increased
frequency) or may represent likely aDNA (Fig. 1a and b).

In addition to fragmented and damaged DNA, dental calculus is
primarily a calcified microbial ‘biofilm’ (oral microbiome) that during
the lifetime of the individual adheres to the enamel surface unless me-
chanically removed. As the vast majority of biomass in dental calculus is
composed of bacterial cells (approximately 70%) (Marsh and Bradshaw,
1995), retrievable DNA informative of diet is therefore easily eclipsed by
microbial DNA. Dietary DNA, in contrast, mostly will reside in saliva or
loosely bound to oral surfaces in a transient manner and is primarily
removed from the oral cavity through swallowing. Moreover, humans
often rely on starch-rich organs of plants which do not contain as much
retrievable DNA as other tissues. For example, leaves of the potato plant
contain over 10 times and roots 20 times more DNA per gram of tissue
than tubers (Scott et al., 1984). Cooking and other types of food pro-
cessing may also degrade the quality of DNA before being consumed
(Aslan et al., 2009; Gryson, 2010).

The remaining dietary fragments that will get trapped within the oral
biofilm must be separated from the DNA of the microbial community
during analysis. As aDNA fragments are generally short, any one aDNA
fragment is much less likely to be unique or specific to a particular or-
ganism due to the limited number of combinations that four nucleotides
can make. Therefore, DNA fragments originally from a dietary source
can be misassigned to different unrelated taxa, particularly when it is
underrepresented in the database. Next, although microbes and eu-
karyotes are quite divergent, genomes within eukaryotes can share large
sequences of DNA even across divergent species. For example, while the
human and chimpanzee genomes are approximately 96% similar
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(Waterson et al., 2005), the much more distantly related zebrafish
(Danio rerio) also shares approximately 70% of its genome with humans
(Howe et al., 2013). Meanwhile, strains of bacteria that belong to the
same species may have up to 20% genome sequence divergence (Lan
et al., 2000). Many metagenomic profiling tools rely on the concept of
‘lowest common ancestor’ (LCA) to assess the specificity of taxonomic
assignment. LCA tools assess whether a sequencing read can map to
different genomes equally well. If so, the tool will ‘look up’ a phyloge-
netic tree and assign the read to the most recent common ancestor of the
two reference genomes. For example, a read aligning equally well to
both a chimpanzee and human sequence will be assigned to the Homi-
nini subfamily, and therefore, in the context of aDNA, makes informa-
tive identification more difficult (such as reported by Ottoni et al.,
2019). The larger size of eukaryotic genomes can also pose a problem
(Fig. 1c), as these often have much longer stretches of highly-repetitive
non-coding regions. Reads deriving from these regions often have ‘low
sequence complexity’ or low specificity, that again can map to many
different organisms as they are not specific only to closely related taxa
(e.g., at species or genus level).

Finally, identifying dietary eukaryotes from metagenomic datasets is
complicated by poor representation of eukaryotes in publicly available
reference databases. Genome sequencing projects have historically
focused on economically or biomedically relevant organisms and despite
recent pushes to improve the diversity of genome databases (Genome
10K, 2009), database biodiversity still remains low. As of March 2020,
4637 eukaryotic genomes were deposited in the NCBI reference data-
base, 23% of which are from organisms that are generally used as
experimental models in biomedical or other biological research
(Fig. 1d). Lacking proper genetic references, the detection of many

dietary eukaryotes is therefore limited. Furthermore, the quality of these
modern reference genomes can vary - with many reconstructed genomes
representing chimeras of the target taxon and contaminating species
(both microbial, eukaryotic, and synthetic DNA from sequencing)
(Merchant et al., 2014; Steinegger and Salzberg, 2020).

The purpose of the current study is to illustrate some of the specific
challenges associated with dietary analysis of archaeological materials
using metagenomic approaches, and to provide both researchers and
peer reviewers guidelines to evaluate the confidence of dietary in-
terpretations from metagenomic datasets. To this end we perform
analysis to show the effects of low read numbers on the reliability of
aDNA damage pattern detection. We generate a synthetic dataset to
represent a typical oral microbial community from dental calculus with
spiked-in genetic material from ten dietary eukaryotes to test the ac-
curacy and precision of genetic analyses of diet in a mixed microbial
community. To demonstrate this with real data, we also analyze 13
previously published archaeological and a modern dental calculus
sample to identify common sources of reference database contamination
or misidentification. We find that accurate identification of potential
dietary organisms with a commonly used metagenomic profiling tech-
nique is weak and most reads are unable to be classified. Moreover, a
subset of reads across all organisms, both eukaryotic and microbial, are
classified to the wrong genus or species. We also report eukaryotic or-
ganisms detected across metagenomic datasets generated from dental
calculus that likely represent reference database contamination or
annotation errors.

This study highlights the caution that must be taken when analyzing
potential dietary information from metagenomic datasets and provides
suggestions for future directions into the robust validation of ancient
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dietary DNA from dental calculus and other microbiome substrates.
2. Materials and methods

To demonstrate the effect of low numbers of identified dietary reads
on damage profiles - one of the most typical authentication criteria of
aDNA - we performed a downsampling experiment on single genomes of
well-preserved aDNA samples. To assess whether these effects are the
same across different types of organisms, we downloaded metagenomic
aDNA sequencing data of a range of contexts: a human petrous bone as a
typical target of aDNA studies (Gamba et al., 2014), an Atlantic cod
(Gadus morhua) sample as a possible dietary species (Star et al., 2017),
archaeological calcified nodules containing Gardnerella vaginalis to
represent a clonal pathogenic microbe (Devault et al., 2017), and an
ancient human dental calculus sample containing Tannerella forsythia, a
common microbiome symbiont (Mann et al., 2018). We chose to analyze
bacteria in addition to eukaryotes due to the increasing interest into food
preparation processes such as fermentation, and therefore bacteria may
increasingly become target organisms for genetic analysis of diet (Gib-
bons and Rinker, 2015; Sibbesson, 2019). We used nf-core/eager
(v2.1.0) (Fellows Yates et al., 2020) to simulate a typical screening
procedure, removing adapters with AdapterRemoval (v2) (Schubert
et al., 2016) and mapping the sequencing reads with bwa aln (v0.7.17)
(Li and Durbin, 2009) against each respective reference genome, using a
slightly relaxed edit distance of 0.03 to account for DNA damage
(Schubert et al., 2012). The resulting BAM file of mapped-only reads was
then processed using samtools (v1.10) (Li et al., 2009) and the GNU
‘shuf’ tool to downsample each BAM file to 25, 50, 100, 200, 500, 1,000,
5000 and 10000 reads (with 100 sampling-with-replacement replicates
for each). Damage profiles were then generated using DamageProfiler
(v0.4.9) (Neukamm et al., 2020), and visualized in R (v3.6.3) (R Core
Team, 2017) with the data.table (Dowle et al., 2020) and tidyverse set of
packages (v1.3.0) (Wickham et al., 2019).

To explore the challenges of identification and specificity of dietary
DNA sequences during metagenomic taxon identification, we generated
synthetic dental calculus metagenomes containing possible dietary taxa.
We chose five plant and five animal species to represent a wide range of
potential dietary sources. Representative genomes were retrieved from
NCBI and include: peanut (Arachis hypogaea: GCA_003086295.2), tomato
(Solanum lycopersicum: GCA_000188115.3), peach (Prunus persica:
GCA_000346465.2), wheat (Triticum aestivum: GCA_900519105.1), corn
(Zea mays: GCA_000005005.6), red deer (Cervus elaphus:
GCA_002197005.1), rabbit (Oryctolagus cuniculus: GCA_000003625.1), pig
(Sus scrofa: GCA_000003025.6), chicken (Gallus gallus: GCA_000002315.5),
and Atlantic salmon (Salmo salar: GCA_000233375.4). During selection of
these sequences, accessions were compared to a list of genome sequences
that have been previously flagged as being contaminated with microbial or
host DNA, to ensure genome sequences are reliable representations of each
given species (Steinegger and Salzberg, 2020). Any suspected contami-
nated sequences were removed from downstream analysis. We generated a
mock oral microbial community using representative genomes of 19 bac-
terial species as well as a single archaeal species for a total of 20 taxa.
Species were chosen to represent microbes commonly found in the human
oral microbiome. Information for all microbes in the mock oral and dietary
datasets can be found in Supplementary Table 1. From these genome se-
quences, we generated simulated ancient metagenomic sequencing li-
braries using Gargammel (v1.1.2) (Renaud et al., 2017) with a minimum
read length of 25 bp, a maximum read length of 125 bp, and damage pat-
terns based on Briggs et al. (2007). Because the host should be a predom-
inant source of eukaryotic DNA in dental calculus, given regular contact of
dental calculus with human oral tissues and saliva, we also generated a
simulated dataset from the human reference genome (GCF_000001405.39)
in an identical manner to compare to the mock diet results. After identifying
adapter sequences for each dataset using —identify-adapters, we quality
filtered, trimmed, and merged each simulated dataset with Adapter-
Removal (v2.3.0) (Schubert et al., 2016) with a minimum quality phred
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score of 25. Only those reads that were successfully merged, or were
unmerged forward reads that passed quality checks, were used in down-
stream analyses. We removed exact sequence duplicates from each syn-
thetic dataset using VSEARCH (v1.1.3) (Rognes et al., 2016). We then
generated mock oral and dietary/host datasets by spiking in a randomly
sampled 50, 500, or 5000 reads of each dietary/host source into the mock
oral microbiome community so that three datasets for each dietary/host
organism was generated each equaling five million reads total. A taxonomic
assignment for each read in all datasets was made using KRAKEN2 (v2.0.8)
(Wood et al., 2019) and the NCBI nucleotide (nt) database (January 2020)
as reference. An alluvial plot illustrating the proportion of microbial reads
that were classified correctly at each taxonomic level was generated with
RawGraphs (Mauri et al., 2017). Lollipop plots of mock dietary results were
generated with ggplot2 (Wickham, 2016) in R version 3.6.1 (R Core Team,
2017). To demonstrate that the challenges documented in this manuscript
are not unique to the KRAKEN2 pipeline, taxonomic assignment of a single
mock diet sample (S. Lycopersicum 5000 spike-in) was also performed with
DIAMOND (v.0.9.14) (Buchfink et al., 2015).

Finally, we analyzed 14 published dental calculus datasets repre-
senting a wide geographic, temporal, and preservation range to identify
commonly misidentified eukaryotes in metagenomic datasets. We chose
13 archaeological dental calculus samples including two individuals
each from Camino del Molino, Iberia (CMOL53, CMOL214: 3290-4870
BP); Arbulag Soum, Khoovsgool, Mongolia (H10, H24: 2880-3600 BP);
Samdzong, Nepal (S40, S41b: 1550-1300 BP); Anse a la Gourde,
Guadeloupe (F1948, F349A: 975-555 BP); Norris Farms, Illinois, USA
(NF217, NF47: 650 BP); and Middenbeemster, the Netherlands (S454,
$108: 339-84 BP) (Mann et al., 2018; Ziesemer et al., 2019) and a single
Neanderthal individual (ELSIDRON1L7: 48400 + 3200 BP) (Weyrich
et al.,, 2017; Wood et al., 2013). To provide a modern context and to
evaluate differences between modern and ancient samples, a dental
calculus sample from a living individual from Spain was also included
(Velsko et al., 2019). Reads for each dataset were quality filtered,
merged, and taxonomically assigned in an identical manner to the
synthetic datasets. These samples were chosen to represent a wide
geographic and temporal span, but also because they were processed in
three different laboratories, to account for methodological differences.

Figures (Fig. 1c and d) illustrating the distribution of published ge-
nomes were generated using an assembly report downloaded from NCBI
(ftp://ftp.ncbi.nlm.nih.gov/genomes/ASSEMBLY_REPORTS/species_ge
nome_size.txt.gz, as of March 2020). The genomes were binned into
taxonomic groups after which the number of available genomes and
genome size was calculated. Viruses were omitted from the genome size
calculations, and synthetic sequences from all illustrations.

Conda environments for analytical reproducibility, as well as pro-
cessing and figure generation scripts can be found https://github.com
/aemann01/diet calculus and are archived in Zenodo (https://doi.
org/10.5281/zenodo.4265311).

3. Results
3.1. Effects of low read counts on damage patterns

First, we assessed the ability to observe damage patterns when
downscaling well-preserved ancient DNA datasets of single eukaryotic
genomes to numbers of reads typical of putative dietary taxa found in
dental calculus. Across all species types analyzed we observed that the
fewer the mapped reads, the weaker the damage signals (Fig. 2a). All
four samples show clear damage patterns when using all reads (Fig. 2b).
For the two eukaryotic genomes - G. morhua - (cod) and Homo sapiens
(human) - at least 500 reads were required to consistently visualize
sufficient damage pattern signals across all downsampling replicates. In
contrast, the two bacterial genomes required greater numbers of reads to
visualize a signal, with around 5000 for a clean clonal genome and
10000 for a ‘commensal’ taxon in a microbially diverse sample, to
reliably display clear signs of damage across replicates. An example
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Fig. 2. Effects of low read counts on damage profiles. Four different ancient DNA sample sources were mapped against their respective reference genomes. Each
mapped file was then downsampled to different levels of mapped reads, representing different levels of typical dietary hits. (a) represents damage profiles of 100
downsamplings to each set of number of reads. (b) represents the original damage profile of each reference genome with all mapped reads. The number of reads
informing each species in (b) are: H. sapiens - 7943448, G. morhua - 5963543, G. vaginalis - 36721, T. forsythia - 134372. Note that for both G. vaginalis and T. forsythia,
100 downsamplings were not always reached for 25-100 read levels, due to insufficient coverage.

damage profile of a single downsampling replicate can be seen in Sup-
plementary Figure 1.

3.2. Identification of dietary reads from synthetic datasets

Overall, accurate identification of dietary reads from synthetic dental
calculus samples was poor, with an average of 67.51% (£+17.26) having no
taxonomic classification and 55.45% (429.07) classified at either the
wrong genus or a taxonomic classification level higher than genus across all
mock dietary datasets. Accurate species or genus level assignment was
variable between dietary sources but consistent across different spike-in
levels (Fig. 3). This is in sharp contrast to the synthetic oral microbes
where 56% of reads were assigned to the correct genus, 49% to the correct
species, and only 39% unassigned (Fig. 4). Among plants, tomato had the
highest proportion of reads correctly assigned to the species level (51.34%
+ 4.16) followed by peanut (28.81% =+ 2.83), corn (19.97% + 14.77),
wheat (14.11% + 0.85), and peach (5.67% =+ 5.67). Among vertebrates,
human had the highest proportion of correctly identified reads at the spe-
cies level (39.36% + 4.04) followed by pig (12.67% =+ 5.86), chicken
(9.86% =+ 3.42), salmon (6.17% =+ 6.78), and rabbit (5.04% + 1.18)
(Supplementary Table 2). Reads generated from the red deer were never
correctly classified at either the genus or species level. Instead, most reads
that could be assigned were designated as wild yak (Bos mutus) followed by
the Bovidae family which notably, does not include deer (Cervidae).
Misidentification of the source of dietary reads was common across all
synthetic datasets, both at the species and genus level, occasionally at
relatively high read counts (Table 1). For example, 239 reads originating
from the red deer were misidentified as wild yak while 161 were assigned to
bighorn sheep (Table 1). Importantly, correct identification of reads to the
species level is strongly correlated with the number of available genome
assemblies in the reference database for that genus (Spearman correlation:
5000: R2 = 0.87; 500: R? = 0.91; 50: R? = 0.88) (Supplementary Figure 2).
Full KRAKEN2 results for all spike-in levels can be found in Supplementary

Table 3. To test the impact of another popular bioinformatic pipeline, we
analyzed the best performing dietary species from our KRAKEN2 results,
S. lycopersicum, with DIAMOND. We found that DIAMOND performed
substantially poorer, with only 0.24% of reads assigned to S. lycopersicum,
and 97.58% were unable to be assigned to any taxonomic level (Supple-
mentary Table 4).

Synthetic bacterial reads were occasionally misidentified as
eukaryotic organisms (0.02% of all reads) including reads assigned to
the common carp (Cyprinus carpio), mouse (Mus musculus), golden eagle
(Aquila chrysaetos), human (Homo sapiens), and blunt-snouted clingfish
(Gouania willdenowi) among others. These misidentifications highlight
that many eukaryotic entries in the database are contaminated with
microbial DNA (Laurence et al., 2014; Merchant et al., 2014) or are
otherwise problematic. Full results from the microbial dataset can be
found in Supplementary Table 5.

3.3. Identification of dietary reads from real datasets

Next we examined published datasets generated from archaeological
and modern calculus to identify eukaryotic organisms that are
commonly misidentified in metagenomic data. As the dental calculus
samples evaluated here represent a variety of sampling contexts, ages,
cultures, subsistence strategies, environmental contexts, and were pro-
cessed in different laboratories, we expect that non-host eukaryotes
detected across a large proportion of samples are common sources of
error in metagenomic datasets. We found a wide range of species that
were found in all datasets at relatively high average read counts
(Table 2), 58.6% of which are fish including the model organisms Ory-
zias latipes and Danio rerio. Notably the common carp was found in all
samples at unexpectedly higher counts than any other non-host organ-
ism (x = 204286 across all samples) reflecting a high degree of
contamination with real or synthetic sequences used during sequencing
of this reference genome (a known problem with the Cyprinus carpio
reference genome: http://grahametherington.blogspot.com/2
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Fig. 3. Most synthetic ancient reads generated from dietary genomes cannot be classified to the species level. Lollipop plots indicate the proportion of reads
at each spike-in level (5000, 500, 50) that were correctly identified at the species level, only to the genus level or the correct genus but wrong species, the incorrect
genus or higher taxonomic group (“other™), or could not be assigned to any taxonomic level. Species images downloaded from phylopic.org.

014/09/why-you-should-qc-your-reads-and-your.html). Variation in
standard deviation for each organism reflects differences in sequencing
depth across samples after post processing (x = 16449051 +
18627823) for most organisms (Pearson correlation: R? > 0.7). De-
viations from this pattern include Cyprinus carpio (R? = 0.4), Erinaceus
europaeus (R? = 0.4), Sparus aurata (R? = —0.07), and Camelus drome-
darius (R? = —0.2). The Neanderthal calculus sample largely drives both
the Cyprinus carpio and Erinaceus europaeus read counts, which con-
tributes 99.28% and 69.60% to the total number of reads matching to

these organisms across all samples, respectively. Negative correlation
between the sequencing depth and Sparus aurata and Camelus drome-
darius is driven by a disproportionate number of reads derived from a
single or two samples (S. aurata: S41, C. dromedarius: S454 & NF47).
Importantly, many of these same species were identified as sources of
misidentification in the synthetic bacterial and dietary datasets which
lends support to them being contaminated or misannotated genomes in
the NCBI nt database (seen in Table 2).


http://grahametherington.blogspot.com/2014/09/why-you-should-qc-your-reads-and-your.html

A.E. Mann et al.

Quaternary International xxx (xxxx) Xxx

Bacteria
61%
Correct Genus
56%
Correct Species
49%
1 Other
N 5%
Unassigned
39%
Arch?ea Correct Genus
0.06% 0.05% Correct Species
0.006%
1 |
Eukaryotes | 0.02% Other 0.004%

" Viruses 0.001%

Fig. 4. Alluvial diagram of synthetic microbial DNA. Most reads generated from microbial genomes representing a mock oral microbiome were assigned to
bacteria. Of the total dataset 56% of bacterial species were assigned to the correct genus and 49% to the correct species. 0.02% of bacterial or archaeal reads were

misassigned as eukaryotic. Box is zoom in of small branch indicated by arrow.

Table 1

Species mismatches in the 5000 spike-in synthetic dataset with identifi-
cations of five or more reads. Species misidentification is common across
datasets. Query indicates the true origin of reads, subject is the assigned taxo-
nomic identification by KRAKEN2. Count indicates the number of reads assigned
to the misidentified subject.

Query Subject Count  Common name of
misidentified taxa

C. elaphus Bos mutus 239 Wild yak

C. elaphus Ovis canadensis 161 Bighorn sheep

S. salar Coregonus sp. ‘balchen’ 79 Blue whitefish

C. elaphus Odocoileus virginianus 34 White tailed deer

texanus

T. aestivum Aegilops tauschii 43 Tausch’s goatgrass

G. gallus Aquila chrysaetos 19 Golden eagle

C. elaphus Bos taurus 14 Domesticated cattle

S. scrofa Bos mutus 11 Wild yak

G. gallus Apteryx mantelli 11 North Island brown kiwi

S. scrofa Ovis canadensis 9 Bighorn sheep

G. gallus Streptopelia turtur 9 European turtle dove

C. elaphus Sus scrofa 8 Wild boar

T. aestivum Hordeum vulgare 7 Barley

C. elaphus Homo sapiens 7 Human

S. scrofa Homo sapiens 6 Human

G. gallus Meleagris gallopavo 6 Wild turkey

S. scrofa Lutra lutra 5 Eurasian otter

O. cuniculus  Homo sapiens 5 Human

G. gallus Phasianus colchicus 5 Ring necked pheasant

4. Discussion and conclusions

Results from this study highlight the challenges associated with
proper identification and validation of DNA from dietary sources in
archaeological dental calculus. While dietary reconstruction using
genomic techniques is increasingly popular, identification of eukaryotes
that may represent foodstuffs in mixed microbial communities is diffi-
cult, and a lack of validation criteria makes most claims of dietary in-
formation from metagenomic samples suspect. Read count and/or
relative abundance are not sufficient to prove the existence of dietary
DNA in metagenomic data and instead further validation criteria are
necessary for robust interpretations of dietary reconstructions of the
past.

We have demonstrated here that typical aDNA authentication
criteria, such as damage patterns, can often be difficult to assess when
dealing with possible dietary genetic material retrieved from dental
calculus. Clear signals of damage required at least ~500 reads for
eukaryotic authentication, and thousands for microbes. The low yield of
putative dietary DNA molecules from the substrate is therefore often
insufficient to generate authentication profiles that allow for the
assessment of the presence of damage (as rightly reported on dietary hits
from baboon dental calculus by Ottoni et al., 2019). This is especially
important for highly diverse species, such as seen with, but not limited
to microbes, where many more reads were required to reliably detect
damage patterns (Fig. 2a). A possible cause for this difference is the
presence of DNA from a greater biodiversity of closely related microbial
taxa that are often present in burial environments and degraded
archaeological material, compared to DNA extracted from a single bone
of a single species. The large abundance of many different species in a
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Table 2

The usual suspects. Non-host (Homo sapiens) eukaryotes at the species level found in all metagenomic samples with an average of 100 reads or higher.

Quaternary International xxx (xxxx) Xxx

Species Common name NCBI taxonomy ID Average read count (+SD) Average relative abundance (+SD)
Cyprinus carpio Common carp 7962 204286 + 785091 0.5166 + 1.8482
Erinaceus europaeus European hedgehog 9365 721 + 1818 0.0038 + 0.0040
Mus musculus House mouse 10090 390 + 457 0.0024 + 0.0008
Oryzias latipes Japanese rice fish 8090 226 + 264 0.0014 + 0.0004
Agquila chrysaetos Golden eagle 223781 223 + 250 0.0014 + 0.003
Apteryx mantelli North Island brown kiwi 202946 210 + 253 0.0013 + 0.004
Coregonus sp. ‘balchen’ Whitefish 861768 203 £ 222 0.0013 + 0.003
Sphaeramia orbicularis Orbiculate cardinalfish 375764 188 + 207 0.0012 £ 0.0003
Salmo trutta Brown trout 8032 185 + 205 0.0012 + 0.0004
Danio rerio Zebrafish 7955 171 + 187 0.0011 + 0.003
Myripristis murdjan Soldierfish 586833 170 + 207 0.0010 =+ 0.0003
Scleropages formosus Asian arowana 113540 161 + 193 0.0010 + 0.003
Spirometra erinaceieuropaei Tapeworm 99802 155 + 193 0.0009 + 0.003
Sparus aurata Gilt-head bream 8175 154 + 194 0.009 + 0.003
Ovis canadensis Bighorn sheep 112262 148 + 156 0.0010 =+ 0.009
Salarias fasciatus Lawnmower blenny 181472 147 + 163 0.0009 =+ 0.0002
Bos mutus Domestic yak 72004 146 + 155 0.0009 £ 0.0005
Neostethus bicornis Southeast Asian fish 300306 137 + 160 0.0008 + 0.003
Chanos chanos Milkfish 29144 136 + 159 0.0008 + 0.0003
Pecten maximus Great scallop 6579 133 + 152 0.008 + 0.002
Thalassophryne Prehistoric monster fish 390379 131 + 162 0.0007 £ 0.0002
Gouania willdenowi Blunt-snouted clingfish 441366 131 + 145 0.0009 + 0.0003
Lutra lutra Eurasian otter 9657 129 + 145 0.0008 £ 0.0002
Lateolabrax maculatus Asian seabass 315492 122 +137 0.0007 £ 0.0003
Gadus morhua Atlantic cod 8049 119 + 135 0.0007 =+ 0.0002
Caligus rogercresseyi Sea louse 217165 118 + 153 0.0007 + 0.0003
Haemonchus contortus Barber’s pole worm 6289 115 + 149 0.0007 + 0.0003
Streptopelia turtur European turtle dove 177155 113 +133 0.0007 =+ 0.0005
Echeneis naucrates Live sharksucker 173247 109 + 128 0.0006 -+ 0.0002
Camelus dromedarius Dromedary 9838 107 + 238 0.0018 + 0.0046
Betta splendens Betta fish 158456 105 + 134 0.0006 + 0.0003
Rhinatrema bivittatum Two lined caecilian 194408 105 + 122 0.0006 =+ 0.0002
Denticeps clupeoides Denticle herring 299321 104 + 129 0.0006 + 0.0001

sample means that there is a greater chance of DNA sequences being able
to misalign to the reference genome of a particular target organism
(Warinner et al., 2017). This results in ‘false-positive’ mutations
compared to the reference genome being detected and thus adds noise to
damage pattern profiles. DNA originating from putative dietary sources,
on the other hand, require fewer species-level assigned reads to
authenticate using this method if there are fewer competing
closely-related species within the substrate, greatly reducing noise at
low read counts as compared to microbes. Authors and reviewers should
therefore be aware of unusual or unreported damage patterns and
consider the noise that can occur when dealing with low numbers of
reads before making assertions of authenticity. For example, some lab-
oratory protocols used for high quality aDNA genome reconstruction
will remove damage (e.g., Briggs et al., 2010), to improve detection of
true biological mutations in a genome. However, these protocols are
only suitable for samples that yield hundreds of thousands to millions of
aDNA reads of an organism and should only be used after prior
authentication of sequences. This highlights that alternative strategies
are needed to assist in the assessment of the authenticity of any reported
dietary taxa. Enrichment techniques, such as those employed in other
metagenomic contexts (Ozga et al., 2016; Slon et al., 2017; Maixner
et al., 2018) or more stringent statistical analysis to assess confidence of
damage signals may need to be further developed (Weif et al., 2015).
The majority of reads generated in the synthetic datasets across all
putative dietary and host organisms could not be assigned to any taxo-
nomic level, illustrating that many regions across eukaryotic genomes
can map equally well to a variety of disparate sources. This process is
exacerbated in the context of fragmented and damaged aDNA, even
when a high number of reads are retained in the dataset (i.e., 5000).
Moreover, reads that were assigned to a taxon were often too unspecific
(i.e., assigned at the family level) to provide any meaningful dietary
analysis or were assigned to the wrong organism altogether. While these
mismatches are often quite obvious, limiting discussion of dietary

information to those organisms that ‘make sense’ in terms of the
archaeological context or time period belies the complexity and often
perplexing nature of eukaryotic results from metagenomic data. For
example, while reads matching common grape vine (Vitis vinifera)
reference sequences - a species that has long been an important viti-
culture crop in Europe (Ramos-Madrigal et al., 2019) - were found in
both archaeological samples from individuals who lived in the
Netherlands (n = 21 & 17, respectively), both also had a comparable
number of reads matching the Tasmanian devil (Sarcophilus harrissii n =
21 & 25, respectively). Analogously, while 37 reads from the Neander-
thal individual matched the genus Pinus which includes species that
produce edible nuts that are thought to be a component of Neanderthal
diet (Weyrich et al., 2017), a comparable number of reads in the same
dataset matched sequences of the Arizona bark scorpion (Centruroides
sculpturatus, n = 37), cheetah (Acinonyx jubatus, n = 36), and the kakapo
(Strigops habroptila, n = 35), which are unlikely to be true dietary results.
The highest read count for non-host eukaryotes (excluding carp) found
in archaeological samples include European hedgehog (Erinaceus euro-
paeus, F349, n = 403; F1948, n = 271; CMOL214, n = 275; NF217,n =
135; S108, n = 298; S37, n = 534; ELSIDRON1L7, n = 7021), mouse
(Mus musculus, H24b, n = 269; H10b, n = 521; CMOL53, n = 393),
dromedary (Camelus dromedarius, NF47, n = 563; S454, n = 759), and
bighorn sheep (Ovis canadensis, S41, n = 370). Importantly, this iden-
tification of unlikely dietary taxa is not limited to ancient samples. We
find many eukaryotes in the modern human dental calculus sample that
may be a signal of diet, but also those that are highly unlikely to be so,
both at relatively high read counts. For example, while 479 reads
matched brown trout (Salmo trutta), an important resource in northern
Spain (Vera et al., 2018), 582 matched the North Island brown kiwi
(Apteryx mantelli) and 528 to the Asian arowana (Scleropages formosus)
(0.001% of the total dataset).

While dental calculus can provide a long-term resource of ancient
biomolecules, including DNA, the reconstruction of diet from
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archaeological substrates using metagenomic approaches remains a
challenge. These challenges may be alleviated by expanding coverage of
eukaryotic taxa in genomic reference databases and increased sampling
depth. Particularly when aligning short aDNA reads with few unique
species-informative substitutions to a collection of eukaryotes with large
portions of shared genome sequences, alignment to expanded databases
will lower the frequency of species misidentification by pushing unin-
formative reads up the tree (using LCA based methods), as well as in-
crease the resolution of taxonomically informative reads by providing
adequate comparative references (Fig. 5). In the meantime, dietary
reconstruction from metagenomic datasets requires vigorous
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authentication and cautious interpretation. To this end, we provide a
suggested list of criteria for the evaluation of dietary analyses from
metagenomic studies of ancient dental calculus. It should be noted that it
is rare that all points can be completely addressed by researchers,
particularly when working with museum samples that do not have
detailed sample history records or are utilizing previously published
data. However, it is important that studies should at least show that they
are aware of the following points to ensure transparency and assist re-
viewers in assessing the strength of claims of identification of dietary
DNA.
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4.1. Checklist for authors and reviewers

4.1.1. Field/storage contamination

DNA contamination can be introduced to a sample from a variety of
sources before any molecular analysis is initiated, necessitating close
documentation of sample context, excavation practices, and sample
collection procedures for the interpretation of potential dietary DNA.
Environmental contaminants from soils, percolating/leaching water
sources, etc. are assumed to be present in most ancient DNA samples.
However, less commonly documented are the conditions of the exca-
vation itself: What precautions were taken against contaminating
excavation units and the subsequent biological specimens that were
collected (i.e., washing hands, wearing gloves, cleaning tools between
excavation units, etc.)? Was the site and by extension the biological
remains from the site disturbed by looters and/or animals prior to or
during excavation? What measures were taken to ensure the tools for
sampling (i.e., dental extractors, dental picks, etc.) would not introduce
modern contaminants or cross-contamination between samples? Addi-
tionally, were samples washed (to be avoided), stored in old food con-
tainers, or treated with glues or consolidants made of plant/animal
products (Nicholson et al., 2002)? Lastly, practices to protect specimens
from pests or preserve them in museum collections can introduce con-
taminants. Careful identification of these factors, sample histories and
contexts can provide critical information for interpreting the presence of
unexpected taxa or authenticating dietary components.

4.1.2. Is the laboratory methodology suitable for aDNA authentication?

Are laboratory conditions introducing dietary DNA? Laboratories
that are not adapted for aDNA processing, such as facilities that have
shared workbenches or air flow with modern DNA laboratories, may
introduce eukaryotic DNA fragments into the samples from the labora-
tory environment. Some reagents used for sample processing may also
contain traces of eukaryotic DNA (e.g., bovine or rat serum albumin)
(Leonard et al., 2007). Are short molecules selected for? Extraction
methods that recover short reads are more likely to capture authentic
ancient eukaryotic DNA, compared to kits for modern research that
require and select for longer DNA sequences. Does the methodology
remove DNA damage? For example, full UDG treatment of DNA libraries
will remove all damage from the DNA fragments, whereas partial UDG
treatment will leave damage on the first bases (Rohland et al., 2015)
which can then be used for damage verification. Moreover, read
‘carry-over’ between next-generation sequencing runs on the same ma-
chine (Nelson et al., 2014) and indicies ‘bleeding’ during sample prep-
aration and sequencing (Warinner et al., 2017) can result in false
positives (where indices of one library are occasionally transferred to
DNA molecules of another). Reads should therefore have unique dual
indices (Kircher et al., 2012), or even additional ‘inline’ barcodes (Valk
et al., 2020), to correct for cross-run contamination or chimeric reads
that are assigned to the wrong sample. The summary by Llamas and
colleagues is a useful reference resource as to the setup typically
required for all types of aDNA studies (Llamas et al., 2017).

4.1.3. Is the database and pipeline suitable?

Many databases are biased towards certain classes of organisms (e.g.,
those that are clinically or economically important) or types of genomes
(such as noted by Ozga et al., 2019), which may not be suitable nor
appropriate for the analysis of diet in metagenomic datasets. More
balanced databases should therefore be constructed to reduce misiden-
tification due to the attraction of reads of over-represented genomes
(such as the approach taken by Zhou et al., 2017). Furthermore, if di-
etary reconstruction is the goal, the database should include represen-
tative genomes for known or suspected dietary eukaryotes for the site or
region of study as well as closely related species whenever possible.
Moreover, as annotation errors or contamination is a common problem
for many reference databases, including NCBI nt, suspected signals of
diet should be independently verified (e.g., through analyses using a

10

Quaternary International xxx (xxxx) Xxx

separate database or additional phylogenetic analyses). While strin-
gently curated databases can reduce off-target taxonomic assignments
they can also limit the breadth of organisms that may be detected. For
example, while BLASTX approaches (translating from nucleotide to
amino-acid sequences) (e.g., with DIAMOND) has been used in the past
due to improved quality of protein databases (e.g., Weyrich et al., 2017),
this suffers from a range of drawbacks, particularly when applied to
ancient DNA. Firstly, using only amino-acid sequences reduces database
searches against protein-coding regions of the genome only. Secondly,
short aDNA molecules translate into even shorter amino-acid sequences
that may match many different proteins. Thirdly, typically only
high-quality genomes are placed in protein databases, which reduces the
number of possible taxa that may be available in databases. Therefore,
BLASTX-like approaches are generally more suitable as a confirmatory
analysis, depending on the nature of the data as well as taxa of interest.

4.1.4. Is the taxonomic resolution analyzed sufficient for reliable
interpretation?

Generally, taxonomic levels above genus should not be relied on for
dietary reconstruction due to non-genetically informed definitions of
taxonomic ranks, thus varying naming criteria. Moreover, within
different genera the strength of interpretations can vary. For example,
there are four recognized species within the genus Gallus (including the
domesticated chicken) commonly known as junglefowl. A strong signal
of Gallus could therefore be reliably interpreted as the consumption of
junglefowl (though species level differentiation may not be possible). On
the other hand, the genus Solanum has more than 1000 named species,
both edible and inedible, including potato, tomato, and eggplant, and a
strong Solanum signal alone cannot reliably be interpreted as an edible
species.

4.1.5. Have unexpected taxa been reported and evaluated?

Organisms that are unexpected or may represent mismatches should
be reported and properly evaluated, including those that are incom-
patible with the geographic location, or are model organisms along with
those that are suspected dietary organisms.

4.1.6. Have laboratory controls been evaluated alongside samples?

Parallel processing of negative controls (e.g., molecular laboratory
grade water) alongside true samples is necessary for the proper
authentication of DNA extracted from archaeological materials, like
dental calculus, as well as the tracking of sources of contamination.
These should be reported at both extraction and library construction
steps, particularly if the latter is performed at non-aDNA specialist
commercial or centralized sequencing facilities. If low frequency dietary
reads are found in true samples, it should be verified that laboratory
controls do not also contain suspicious signals of these putative dietary
taxa. In addition to negative controls, positive controls collected from
the archaeological site (e.g., the surrounding soil or deposits and con-
cretions originating from the teeth themselves) sequenced along true
samples may be useful for characterizing the impact of environmental
taxa on data interpretation. However, note that this may only be possible
when archaeological excavations are recent, this will likely be impos-
sible for samples from museum collections.

4.1.7. Has evidence of aDNA authenticity been provided?

If sufficient numbers of reads are available, characteristics of
authentic aDNA, including short fragment lengths and higher fre-
quencies of cytosine to thymine shifts at the ends of reads, should be
reported (Fig. 2).

4.1.8. Is there other evidence supporting that dietary organisms were
consumed?

If sufficient reads are not available to verify the presence and
authenticity of dietary organisms, archaeological or other proxy evi-
dence for the consumption of that particular food should be provided.
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Finally, if strong signals of eukaryotic taxa are found, care must be
taken to make practical and reasonable interpretations of taxa. Report-
ing of unexpected putative dietary items should include literature re-
views to ensure a taxon ‘makes sense’ as a dietary hit. For example, in
one of the earliest metagenomic dietary DNA studies, Weyrich et al.
(2017) reported moss (Physcomitrella patens) as being possibly consumed
by a Neanderthal from El Sidrén cave. However, it was later pointed out
that moss is both inedible (at least to modern humans) and devoid of
nutrition (Dickson et al., 2017), thus making further speculation of any
reason to consume moss - utilitarian or otherwise — tenuous. In contrast,
Ottoni et al. (2019) reported reservations about hits to cucumber in
Egyptian baboon calculus due to geographic implausibility. Further-
more, the inherent limits of the utility of DNA for interpretation must be
acknowledged. For example, raw DNA sequences alone cannot indicate
which tissue the DNA was derived from, and thus potentially consumed
(such as the ‘pine nut’ interpretation from the identification of Pinus
DNA by Weyrich et al., 2017); something palaeoproteomics is more
applicable to. Therefore, when unusual results are found, further inter-
disciplinary analysis such as paleoproteomics (Hendy et al., 2018),
pollen analysis, evidence of butchery, or the improved design of genetic
primers or capture methods that target specific dietary organisms
(Maixner et al., 2018; Sawafuji et al., 2020) may be ways to strengthen
interpretation of diet in the past from dental calculus metagenomics.

In summary, while dental calculus may be an important source of
genetic evidence for dietary organisms, low DNA yields, current meta-
genomic methods, and limited references may confound many dietary
reconstruction attempts. With these limitations in mind, further devel-
opment of tailored methods for the analysis of eukaryotic results from
metagenomic data, and the use of multiple lines of evidence beyond
genetics alone, will greatly enhance dietary reconstructions from
archaeological dental calculus.

Data availability

Public dataset EBI ENA (https://www.ebi.ac.uk/ena/) accession
numbers (archaeological and modern dental calculus samples):
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ERR2900748, ERR2900752, ERR2900756, ERR2900760, ERR2900764,
ERR2900768, ERR2900772, ERR2900776. Data for ELSIDRON1L7
downloaded from https://www.oagr.org. For read downscaling on
damage experiment: ERR1943572, and from NCBI SRA (https://www.
ncbi.nlm.nih.gov/sra) SRR4885939, SRR1187682 and SRR6877313.
Conda environment and scripts for all analyses can be found at htt
ps://github.com/aemann01/diet_calculus (DOI: 10.5281/
zenodo.4265311).
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