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DNA recovery from ancient human remains has revolutionized our ability to reconstruct the genetic landscape of the past.
Ancient DNA research has benefited from the identification of skeletal elements, such as the cochlear part of the osseous
inner ear, that provides optimal contexts for DNA preservation; however, the rich genetic information obtained from the
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cochlea must be counterbalanced against the loss of morphological information caused by its sampling. Motivated by sim-
ilarities in developmental processes and histological properties between the cochlea and auditory ossicles, we evaluate the
ossicles as an alternative source of ancient DNA.We show that ossicles perform comparably to the cochlea in terms of DNA
recovery, finding no substantial reduction in data quantity and minimal differences in data quality across preservation con-
ditions. Ossicles can be sampled from intact skulls or disarticulated petrous bones without damage to surrounding bone,
and we argue that they should be used when available to reduce damage to human remains. Our results identify another
optimal skeletal element for ancient DNA analysis and add to a growing toolkit of sampling methods that help to better
preserve skeletal remains for future research while maximizing the likelihood that ancient DNA analysis will produce use-
able results.

[Supplemental material is available for this article.]

Ancient DNA has become an important tool for addressing key
questions about human evolutionary and demographic history.
Its rapid growth over the last decade has been driven largely by ad-
vances in isolating (Dabney et al. 2013; Rohland et al. 2018), pre-
paring (Rohland et al. 2015; Gansauge et al. 2017), enriching (Fu
et al. 2013, 2015;Haak et al. 2015;Mathieson et al. 2015), sequenc-
ing (Margulies et al. 2005), and analyzing (Briggs et al. 2007, 2010;
Ginolhac et al. 2011; Skoglund et al. 2014) small quantities of
degraded DNA. Although these methodological advances have
contributed to an improvement in the quality and quantity of
paleogenomic data obtained from ancient human remains, all an-
cient DNA research fundamentally depends upon access to biolog-
ical material that has sufficient biomolecular preservation.

Skeletal tissue (i.e., bone or teeth) is the preferred biological
material for human ancient DNA analysis owing to its ability to re-
sist postmortem degradation better than other types of tissues, in-
cluding skin and hair (Lindahl 1993; Smith et al. 2001, 2003;
Collins et al. 2002). However, recent research has shown that
not all bone elements are equally effective in preserving DNA
and has identified the dense bone encapsulating the cochlea with-
in the petrous pyramid of the temporal bone (referred to hence-
forth as the cochlea) (Gamba et al. 2014; Pinhasi et al. 2015), as
well as the cementum layer in teeth roots (Damgaard et al. 2015;
Hansen et al. 2017), as especially DNA-rich parts of the skeleton.
The use of these skeletal elements that act as repositories for the
long-term survival of DNA has proven to be particularly important
for the analysis of biological samples recovered from regions where
high temperatures and/or humidity increase the rate of molecular
degradation and result in low concentrations of damaged DNA
with reduced molecular complexity (e.g., Broushaki et al. 2016;
Lazaridis et al. 2016; Schuenemann et al. 2017; Skoglund et al.
2017; Fregel et al. 2018; Harney et al. 2018; van de Loosdrecht
et al. 2018).

Although use of the cochlea has contributed to the success of
ancient DNA research across a growing range of geographic and
temporal contexts, it is important to balance analytical goals
with the irreparable damage to human skeletal remains that results
from destructive analyses (Prendergast and Sawchuk 2018; Sirak
and Sedig 2019). Ancient DNA is one of several such analyses
that is now widely used in archaeology (others include radiocar-
bon dating and stable isotope analysis) (Hublin et al. 2008; Mays
et al. 2013; Makarewicz et al. 2017; Pinhasi et al. 2019). To mini-
mize damage to complete skulls fromancientDNA samplingwhile
still accessing the rich genetic data in the cochlea, we developed a
“cranial base drilling” method to limit damage to surrounding
bone areas when a skull is intact (Sirak et al. 2017). However,
even this method involves destructive sampling of the cochlea.
Recent work has highlighted the fact that the morphological anal-

ysis of the inner ear part of the petrous pyramid (which includes
the cochlea) can reveal population relationships and thus
this part of the skeleton harbors some information about popula-
tion history (e.g., Spoor et al. 2003; Ponce de León et al. 2018).
Although genetic comparisons of samples involve analysis of
tens of thousands of independentmarkers (single-nucleotide poly-
morphisms, or SNPs) that provide far higher statistical resolution
than can be obtained by studyof the smaller number of data points
that can be extracted frommorphological analysis, not all cochlear
bone yields sufficient amounts of ancient DNA. The fact that there
is morphological information in the petrous pyramid that will be
destroyed through sampling of ancient DNAhighlights the impor-
tance of being a careful steward of these elements.

As part of a search for alternative optimal sources for ancient
DNA that can be used in place of the cochlea, we noted that audi-
tory ossicles have similar developmental processes andhistological
properties as the osseous inner ear. We therefore tested whether
the ossicles—the smallest bones in the human body—might serve
as alternative optimal substrates for ancient DNA analysis.

Ossicle development and histology

The mechanism by which cochlear bone preserves endogenous
DNA better than other skeletal elements or other regions of the
same petrous pyramid is not well understood; however, it is likely
related to the fact that human petrous bones are unique in being
characterized by a near-absence of growth or remodeling following
the completion of ossification by ∼24 wk in utero (Sølvsten
Sørensen et al. 1992; Frisch et al. 1998; Hernandez et al. 2004).
The inhibition of bone remodeling leads to the presence of a larger
number ofmineralized osteocytes that reside in lacunaewithin the
bone tissue (Hernandez et al. 2004; Bell et al. 2008; Busse et al.
2010; Rask-Andersen et al. 2012). One hypothesis (Pinhasi et al.
2019) is that “microniches” created in the bone tissue by themain-
tenance of mineralized osteocytes, combined with the protected
location of the cochlea, may act as repositories that encourage
the long-term preservation of DNA (Bell et al. 2008; Kontopoulos
et al. 2019). Ossicles are similar to the cochlea in this respect (see
below), and we therefore hypothesized that they might also pre-
serve high amounts of endogenous DNA.

In humans, the middle ear (the region of the ear located me-
dial to the eardrum and lateral to the oval window of the inner ear)
is enclosed within the temporal bone and contains the three audi-
tory ossicles: themalleus, incus, and stapes (Fig. 1). The ossicles ef-
fectively allow humans to hear by transmitting sound-induced
mechanical vibrations from the outer to the inner ear. Although
the ossicles do not experience high-strain biomechanical loading,
they are subject to unique vibrational patterns that impact their
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development and characteristics over the course of an individual’s
lifespan (Rolvien et al. 2018). In contrast to the majority of the
human skeleton, but similar to the cochlea, the auditory ossicles
present with their final size and morphology at birth following
the onset of ossification of between 16 and 18 wk in utero and
the completion of ossification around the 24-wk gestational age
(Marotti et al. 1998; Yokoyama et al. 1999; Cunningham et al.
2000; Duboeuf et al. 2015; Richard et al. 2017). The ossicles and co-
chlea appear to follow the same developmental pattern of rapidly
increasing bone volume through cortical thickening and densifi-
cation, along with mineralization of the bony matrix (Richard
et al. 2017).

Like the cochlea, ossicular bone tissue is rapidly modeled
around the time of birth; although it may undergo further postna-
tal maturation, there are no signs of bone remodeling observed
above the age of 1 yr (Richard et al. 2017; Rolvien et al. 2018).
The inhibition of bone remodeling of the auditory ossicles is evi-
dent from features such as the presence of a dense meshwork of
collagenous fibers organized in an interlacing woven pattern, a
smooth fibrous appearance, and limited vascular channels and vi-
able osteocytes (Marotti et al. 1998; Chen et al. 2008). As in the
case of the cochlea and in contrast to other skeletal elements, min-
eralized osteocytes appear to accumulate in the ossicles through-
out an individual’s life without resulting in increased bone
absorption (Marotti et al. 1998; Kanzaki et al. 2006; Rolvien et al.
2018), likely conserving the overall architecture of the ossicles in
order to maintain optimal sound transmission (Kanzaki et al.
2006; Rolvien et al. 2018). Although the consequences of inhibited
bone remodeling and the accumulation of mineralized osteocytes
have only been previously studied from a clinical perspective, we
hypothesized that these featuresmight contribute to an optimized
DNA preservation similar to that in the cochlea by creating the
“microniches” that enable long-term DNA survival (Bell et al.
2008).

Use of ossicles in ancient DNA research

Because of their small size and tendency to become dislodged from
the skull, ossicles are only seldom recovered during excavation and
are easily lost in collections excavated decades ago. Although ossi-
cles are not recovered for every burial in every context, we have
found that these bones may remain lodged within the middle
ear of intact skulls or can be identified in the vicinity of a burial
during excavation (Qvist 2000). Given the value of the ossicles

as a substrate for ancient DNA analysis,
as is shown in this study, we hope that
more archaeologists, anthropologists,
and museum curators will focus on pre-
serving these elements.

It is important to recognize that
ossicles, just like the cochlea, are mor-
phologically informative. Indeed, there
is a growing body of literature examin-
ing the comparative morphology and
pathology of the ossicles (e.g., Rak and
Clarke 1979; Arensburg et al. 1981,
2005; Siori et al. 1995; Spoor et al. 2003;
Crevecoeur 2007; Quam and Rak 2008;
Quam et al. 2013a,b; Stoessel et al.
2016). Although differences in metric
and nonmetric features of the auditory
ossicles may be taxonomically informa-

tive for comparisons across the genus Homo (e.g., Heim 1982;
Spoor et al. 2003; Quam and Rak 2008; although see Arensburg
et al. 1981), it is unclear whether phylogenetic and population re-
lationship information can be retrieved from the auditory ossicles.
In cases in which ossiclemorphologymay be a subject of future re-
search, we encourage the anthropological study (including de-
scription and measurement) and surface or micro-CT scanning
of the ossicles to collectmetric andmorphological information be-
fore ancient DNA analysis. Any ossicles that show visible patholo-
gies should be avoided.

Although some anthropological attention has been given to
the ossicles, we are not aware of previous genetic analyses of these
bones. Only a single study has specifically attempted to analyze
DNA from the ossicles, collecting the ossicles during medical au-
topsies of recently deceased individuals and determining them
to be a reliable DNA source from bodies ranging from freshly de-
ceased to highly putrefied (Schwark et al. 2015).

Results
We performed pilot work (described in Supplemental Note S1) to
assess if the quality and quantity of ancient DNA data recovered
from the ossicles was approximately similar to that recovered
from the cochlea. The results of this pilot work (Supplemental
Table S1) suggested that ossicles perform comparably to the co-
chlea in metrics such as amount of endogenous human DNA re-
covered and frequency of damage at the terminal nucleotide of
the DNAmolecule (a commonly usedmeasure of ancient DNA au-
thenticity). Based on these results, we selected an additional 16 ar-
chaeological samples for further study from a wide range of
geographic locations with varying climates and dated to between
∼6500 and 1720 yr before present (yBP) and with both petrous
bone and ossicles present (Table 1; for detailed sample informa-
tion, see Supplemental Table S2). Skeletal samples for both pilot
work and themain study were excavated by professional archaeol-
ogists who held all appropriate permits and permissions from the
institutions managing archaeological research in each region or
country fromwhich the samples originate; these sampleswere pro-
vided to us by the archaeologists for the purpose of paleogenomic
analysis. No direct descendants or stakeholder communities were
identified for any sample included in this work. Processing of all
skeletal material was performed following suggested best practices
for ancient DNA research, such as those outlined by Prendergast
and Sawchuk (2018) and Sirak and Sedig (2019). To be included

Figure 1. The three auditory ossicles. From left to right, the stapes, malleus, and incus.

Auditory ossicles as a source of ancient DNA
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in this study, each specimen was required to have at least one ossi-
cle as well as the cochlea of the petrous bone available for compar-
ative analysis. Whenever possible, a petrous bone that had an
antimere was chosen (Prendergast and Sawchuk 2018).

A summary of sequencing results for the 16 individuals
reported in this paper is presented in Table 1 and Figure 2; for
more detailed information, see Supplemental Table S2 and
Supplemental Figure S1.

Out of 16 individuals included in this study, both the
cochlea and ossicles produced enough data to call mitochondrial
DNA (mtDNA) haplogroups, assess damage patterns at the termi-
nal nucleotide of the molecule, and make estimations comparing
contamination between the cochlea and the ossicles for 10 indi-
viduals. These individuals are henceforth referred to as the “work-
ing individuals.” Any individuals that did not meet these three
criteria were considered to be “not working,” as we were unable
to effectively carry out inter-element comparisons.

For four individuals, both the cochlea and ossicles were
considered to have “failed” our analysis: One individual from
Thailand produced marginal data for both skeletal elements with
a large error interval for the mtDNA contamination estimate—
calculated as one minus the rate of mitochondrial matches to
the consensus sequence (Fu et al. 2013)—that was only assessible
when the ossicles were used; two individuals, both from Yemen,
did not produce enough data to allow for the determination of
mtDNA haplogroup or contamination estimates; and a Copper
Age individual from Italy produced a very large interval for the
mtDNA contamination estimate and did not produce enough

data to allow for the determination of
mtDNA haplogroup. For two individuals
from Late Holocene Brazil, 3935 and
3937, mtDNA haplogroups could not be
determined, and contamination error in-
tervals were large for the ossicles only.

We performed Wilcoxon signed-
rank tests to compare the data generated
using the ossicles and cochlear samples
for the 10 working individuals (Supple-
mental Table S3). For completeness and
confirmation, we present these results
with and without including individuals
3935 and 3937 for the six absolute met-
rics analyzed (out of eight total metrics)
(see Supplemental Table S3), because
with the exception of contamination es-
timates, these individuals produced suffi-
cient data to carry out statistical analysis.

With the Wilcoxon test, we ob-
tained an average endogenous DNA yield
of 47.83% for the 10 working cochlea
samples and 50.01% for the correspond-
ing ossicles, a nonsignificant difference
(P=0.557) (Table 1; Fig. 2A; Supple-
mental Table S3). The average complexi-
ty for cochlea and ossicles was 89.36%
and 85.83%, respectively (Table 1; Fig.
2B); this difference is also nonsignifi-
cant (P=0.275) (Supplemental Table
S3). Complexity, defined here as the per-
centage of unique reads observed after
down-sampling to 500,000 sequences
that align to the approximately 1.24 mil-

lion targeted SNPs, is a potentially more informative metric for
comparing performance between the cochlea and ossicles because
it is directly related to the maximum amount of sequencing data
the library can possibly yield and is not biased by differences in se-
quencing depth across samples. Overall, these results suggest that
the quantity of data generated using ossicles is comparable to that
generated using the cochlea. Anyminor differences aremore likely
owing to chance than to a systematic difference in DNA preserva-
tion between the cochlea and ossicles.

The average mtDNA coverage was approximately 423×
(range, approximately 61×–1244×) for the 10 working cochlea
samples and 388× for the corresponding ossicles (range, approxi-
mately 31×–1286×) (Supplemental Table S2), this is also a nonsig-
nificant difference (P=0.275) (Supplemental Table S3). The
average coverage of the approximately 1.24 million targeted
SNPs from across the genome was 1.72× for the working cochlea
samples, and 1.58× for the ossicles (Table 1); on average, 711,916
SNPs were called when the cochlea was used and 696,454 were
called when the ossicles were used (without normalizing for total
number of sequences) (Table 1). Consistent with other results,
both of these differences were nonsignificant when assessed
with the Wilcoxon signed-rank test (P=1.000 and 0.770, respec-
tively) (Supplemental Table S3).

For the 10 working samples, the average deamination fre-
quency was slightly reduced from 12.31% to 11.5%when the ossi-
cles were used (Table 1; Fig. 2C; see Supplemental Fig. S1), a
decrease that, although small, was marginally statistically sig-
nificant (P=0.049) (Supplemental Table S3). We note that if we

BA

DC

Figure 2. Comparative results between cochlea (yellow) and ossicle (green) samples from the same
individuals; bold font indicates the samples that were used in Wilcoxon signed-rank test.
(A) Endogenous shotgun DNA ratios of the total reads. (B) Complexity as percentage of unique reads ex-
pected from 500,000 reads hitting targets. (C) Deamination frequencies on the terminal bases of se-
quences aligning to the human genome. (D) Contamination estimates calculated by subtracting the
rate of mitochondrial matches to the consensus sequence from one (smooth bars) and based on the het-
erozygosity of theXChromosomeofmale individuals (texturedbars). Error bars, 95%confidence interval.
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include individuals 3935 and 3937, considered to be “not work-
ing” by our previously described parameters but for which we
were able to generate data using the cochlea, this statistic loses sig-
nificance (P=0.0923) (Supplemental Table S3). This is the only
metric for which there is a change in significance when including
individuals 3935 and 3937.

Mitochondrial contamination estimates (inferred by identify-
ing mismatches to the mtDNA consensus sequence) (Fu et al.
2013) increased from an average of 0.80% when the cochlea was
used to 1.80% when the ossicles were used (Table 1; Fig. 2D);
this difference has a significant P-value of 0.014 (Supplemental
Table S3). Contamination estimates based on the heterozygosity
rate of the X Chromosome (a test only applicable to males)
(Korneliussen et al. 2014) averaged 0.58% for the cochlea and
1.70% for the ossicles, a nonsignificant change (P=0.688) (Table
1; Fig. 2; Supplemental Table S3). The overall low levels of contam-
ination are also supported by consistency in the estimation of
mtDNA haplogroups and molecular sex for all cochlea–ossicle
pairs (Table 1; Fig. 2; Supplemental Table S2).

Discussion

DNA recovery from the auditory ossicles

This study presents a direct comparison of DNA recovery from the
ossicles and corresponding cochlear bone using archaeological
specimens that originate from varying geographic and temporal
contexts, and offers several new insights. First, we show that the
ossicles perform comparably to the cochlea in terms of ancient
DNA recovery regardless of sample preservation. Focusing on 10
“working” individuals from whom we were able to generate
enough ancientDNAdata to callmtDNAhaplogroups, assess dam-
age pattern, and make contamination estimates for both the co-
chlea and ossicles, we find that the use of the cochlea or ossicles
from each individual produces similar amounts of endogenous
DNA, mtDNA coverage, nuclear SNP coverage, and number of
SNPs called. We show that there is no substantial reduction in
data quantity or complexity associated with the analysis of the os-
sicles instead of the cochlea, despite a smaller absolute quantity of
bone material used. Second, although we find that the ossicles
show amarginal reduction in the frequency of deamination (a sig-
nal of ancient DNA authenticity) compared with the correspond-
ing cochlea, the magnitude of difference is not large enough to
affect whether we consider the DNA to be authentically ancient,
and this change becomes nonsignificant when we use a larger
comparison pool of 12 individuals for which this metric was avail-
able. This finding, which may be an artifact of sample size or pos-
sibly related to an aspect of preservation that is currently
unknown, should continue to be investigated using additional
samples in future research.

We observe a modest but significant increase in the amount
of estimated contamination between the cochlea and ossicles us-
ing mtDNA (from 0.80% to 1.80%), and a nonsignificant increase
using heterozygosity on the X Chromosome (from 0.58% to
1.70%). These results suggest the possibility that ossicle extrac-
tions may be more susceptible to contamination than petrous
bones extractions, as might be expected by the greater difficulty
of cleaning the samples before ancient DNA analysis. However,
we emphasize that the average mtDNA contamination in the ossi-
cles in our analysis remainswell under the accepted levels typically
found in the ancient DNA literature (e.g., requiring a >95%match
to the consensus sequence) (Fu et al. 2013). Thus, our results sup-

port the conclusion that ossicles are a useful and effective alterna-
tive to petrous samples in ancient DNA research. Future cleaning
methods for ossicles may be able to reduce contamination rates
even further.

Although four of the six individuals classified as “not work-
ing” did not produce sufficient amounts of data for either the co-
chlea or ossicles, only the cochlea produced sufficient amounts
of authentic data for two first-degree relatives from the same site
in Brazil (3935 and 3937). Although it is possible that the nine-
and 31-fold decrease in complexity between the cochlea and ossi-
cles of each individual (respectively) results from use of the ossi-
cles, other variables such as burial- or sample-specific diagenesis
need to be considered as well. In fact, the ossicles and cochlea
from another individual (3938) from the same site produced com-
parable data for the two skeletal elements. The opposite scenario,
in which the ossicles outperform the cochlea, has also been noted
in the case of a previously published Pastoral Neolithic individual
from Tanzania (Prendergast et al. 2019), for which high-quality
data were recovered only from the ossicles (e.g., coverage of target-
ed SNPs increased from 0.233× using the cochlea to 1.58× using
the ossicles).

Our data support no consistent differences between the ossi-
cles and cochlea in terms of ancient DNA data recovered, suggest-
ing at most only minimal differences between data quality
associated with the analysis of the ossicles instead of the cochlea.
We therefore conclude that the auditory ossicles, when present,
are an alternative optimal skeletal element that can be used in an-
cient DNA research in place of the cochlea.

Although they are small, often isolated, and can be accessed
without significant impact to larger andmoremorphologically in-
formative parts of the skeleton, the use of ossicles for ancient DNA
analysis still requires the destruction of human skeletal material
that may be anthropologically valuable. Ossicles have previously
been used in studies of comparative morphology; most notably,
they have provided insight into morphological differences and
functional similarities in the middle ear of Neandertals and ana-
tomically modern humans, which has implications for under-
standing the auditory capacity of extinct hominins (e.g., Stoessel
et al. 2016). For this reason, we encourage all researchers contem-
plating ancient DNA analysis to balance their analytical goals with
the impact that sampling for ancient DNA analysis will have on fu-
ture availability of material.

In light of these findings, we suggest that archaeologists and
curators attempt to identify and preserve auditory ossicles when-
ever possible. Ideally, ossicles would be identified and collected
during archaeological recovery of human skeletal remains in a
way thatminimizes the introduction of contamination, particular-
ly given some evidence of this contamination to have downstream
effects during the analysis of the ossicles. Methods for proactively
reducing contamination include wearing disposable medical
gloves that are changed frequently when handling samples, avoid-
ing washing skeletal material with water, and storing samples in a
cold, dry place as soon as possible (Llamas et al. 2017).

The use of ossicles for ancient DNA analysis will contribute to
the successful analysis of skeletal material that does not have a pe-
trous bone present or of sets of remains that have a petrous bone
that cannot be processed in a destructive manner for ancient
DNA research (e.g., those that may be morphologically intact
and displayed in museum collections). On a broader level, the
identification of the ossicles as an alternative optimal skeletal ele-
ment for ancient DNA analysis contributes to the reduction in the
amount of damage inflicted to human skeletal samples for the
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purposes of ancient DNA analysis. It is another step toward the
preservation of DNA-rich and anthropologically valuable skeletal
material for future studies that may benefit from future methodo-
logical improvements.

Methods

Sample selection and preparation

The number of ossicles collected for each of the archaeological
samples varied (see Table 1), but the incus and malleus were iden-
tified and collectedmost frequently (n =10 and n=8, respectively),
whereas the stapes was identified and collected least frequently (n
=2), likely owing to its diminutive size and fragility. In most cases,
we recovered the ossicles while following the standard cochlea
sampling procedure (Pinhasi et al. 2019). In other cases, we inten-
tionally dislodged the ossicles from the skull for the purpose of this
study; in most of these instances, the ossicles were partially visible
within the external auditory meatus. To dislodge the ossicles, we
cleaned a small engraving burr (as described by Sirak et al. 2017)
by wiping it with a diluted bleach solution (∼10% concentration).
We placed the cleaned burr inside the external auditory meatus
and gently manipulated it within the inner ear canal. This caused
no apparent damage to the ossicles or to the cranium from which
they were retrieved. All ossicles were immediately placed into a
sterile 2.0-mL tube upon their removal from the ear canal.

The preparation of all skeletal material for ancient DNA anal-
ysis was performed in dedicated cleanrooms at University College
Dublin (UCD) or at the University of Vienna following standard
anticontamination protocols (e.g., Hofreiter et al. 2001; Poinar
2003; Llamas et al. 2017). All petrous bones were processed follow-
ing a standard protocol (Pinhasi et al. 2019). This protocol uses a
dental sandblaster to systematically locate, isolate, and clean the
cochlea, which is then milled to homogeneous bone powder.
Approximately 50 mg of bone powder from the cochlea (range,
47–56 mg) was aliquoted for DNA extraction. Complete auditory
ossicles were decontaminated through exposure to UV irradiation
for 10 min on each side. A DNA clean room was used for DNA ex-
traction and preparation of sequencing libraries.

DNA extraction

DNAwas extracted from the cochlear bone powder and the whole
auditory ossicles in ancient-DNA facilities at the University of
Vienna following a standard ancient DNA extraction protocol
(Dabney et al. 2013) with a modification (Korlević et al. 2015)
that uses the tube assemblies from a high pure viral nucleic acid
large-volume kit (Roche 05114403001). The intact ossicles were
placed in the extraction buffer and completely dissolved during
the incubation period inmost cases. Lysatesweremixedwith bind-
ing buffer and applied to the column assembly. DNAwas bound to
the silica matrix of the columns by centrifugation andwas washed
twice with 650 µL of PE buffer (Qiagen) and spun through the col-
umns at 6000 rpm for 1 min each time. After the column was put
in a fresh 1.5-mL collection tube, 25 µL of TET buffer was pipetted
on the dry spun columns’ silicamembrane. After a 10-min incuba-
tion at room temperature, the columns were spun at maximum
speed for 1 min. The elution step was repeated to give a final vol-
ume of 50 µL of DNA extract. A negative control that contained
no bone material was included with each extraction batch.

Library preparation

High-throughput sequencing libraries were prepared in ancient
DNA facilities at HarvardMedical School from all extracts and con-
trols included in the main study using a library preparation meth-

od optimized for ancient DNA (Rohland et al. 2015). This protocol
uses a partial-UDG treatment that causes characteristic C-to-T an-
cient DNA damage to be restricted to the terminalmolecules while
nearly eliminating it in the interior of the DNA molecules so that
the library can be used to test for ancient DNA authenticity. Ten
microliters of DNA extract was used as input during library prepa-
ration. Libraries were enriched for approximately 1.2 million nu-
clear sites across the genome (“1240K capture”) in addition to
sites on the human mitochondrial genome (Fu et al. 2013, 2015;
Haak et al. 2015;Mathieson et al. 2015). Enriched libraries were se-
quenced on an Illumina NextSeq 500 instrument, with 2×76 cy-
cles and an additional 2 ×7 cycles used for identification of
indices. In addition, a small proportion of reads was generated
from unenriched versions of each library. These unenriched
(“shotgun”) data were used to estimate the proportion of endoge-
nous molecules in each library.

Data processing

Following sequencing, we trimmed molecular adapters and
barcodes from sequenced reads before merging forward and re-
verse reads using publicly available software and pipelines
(Prendergast et al. 2019; https://github.com/DReichLab/ADNA-
Tools). We allowed up to three mismatches at positions of low
base quality (lower than 20) and up to one mismatch at higher
base quality (20 or greater); in cases of base matching, we kept
the highest base quality in the overlap region, whereas in cases
in which bases differed, we retained the higher quality base with
reduced base quality of the difference of the two base qualities.
We aligned reads to the mitochondrial RSRS genome (Behar
et al. 2012) and to the hg19 human reference sequence with the
samse command in BWA (v0.7.15) (Li and Durbin 2009). We use
the hg19 build of the human genome to avoid potential reference
bias possible when performing population genetics analysis with
other samples previously aligned to hg19, which is the historical
norm for ancient DNA studies. Other versions of the human refer-
ence are expected to have nearly identical numbers of SNPs in
aligned reads, but those SNPs may be biased relative to hg19.

We used the tool ContamMix (Fu et al. 2014) to determine
the rate of matching between the consensus RSRS sequence and
reads that aligned to the mitochondrial genome. We determined
the rate of C-to-T substitution at the terminal ends of each mole-
cule using PMDtools (Skoglund et al. 2014; https://github.com/
pontussk/PMDtools). We used the tool ANGSD (Korneliussen
et al. 2014) to determine the amount of contamination in the X
Chromosome of individuals identified as genetically male. The
complexity of the sample was assessed by quantifying the number
of unique reads expected from a predetermined number of reads
hitting target.
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ena) under accession number PRJEB32751.
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