
Isolating the human cochlea to generate bone
powder for ancient DNA analysis
Ron Pinhasi 1*, Daniel M. Fernandes1,2, Kendra Sirak1,3 and Olivia Cheronet 1

The cortical bone that forms the structure of the cochlea, part of the osseous labyrinth of the inner ear, is now one of the
most frequently used skeletal elements in analyses of human ancient DNA. However, there is currently no published,
standardized method for its sampling. This protocol describes the preparation of bone powder from the cochlea of
fragmented skulls in which the petrous pyramid of the temporal bone is accessible. Using a systematic process of bone
removal based on distinct anatomical landmarks and the identification of relevant morphological features, a petrous
pyramid is cleaned with a sandblaster, and the cochlea is located, isolated, and reduced to a homogeneous bone powder.
All steps are carried out in dedicated ancient DNA facilities, thus reducing the introduction of contamination. This
protocol requires an understanding of ancient DNA clean-room procedures and basic knowledge of petrous
pyramid anatomy. In 50–65 min, it results in bone powder with endogenous DNA yields that can exceed those from
teeth and other bones by up to two orders of magnitude. Compared with drilling methods, this method facilitates a more
precise targeting of the cochlea, allows the user to visually inspect the cochlea and remove any residual sediment before
the generation of bone powder, and confines the damage to the inner ear region and surface of the petrous portion of
fragmentary crania.

Introduction

Rationale and development of the protocol
Over the past 10 years, the ‘ancient DNA revolution’ has transformed scientists’ understanding of the
human past. While the first ancient genome was published only in 2010 (ref. 1), >1,000 ancient
genomes and partial genomes have been published within the past year alone, providing an unpre-
cedented amount of genomic data from a range of extant and archaic Homo populations2,3. As
technological and methodological advancements continue to drive the analysis of skeletal material
from increasingly ancient time periods and varied geographical contexts, the extent to which long-
term preservation of DNA varies both between and within skeletal elements is becoming increasingly
clear. Recognizing that successful paleogenomic research begins with the accrual of DNA-rich bone
powder, we developed a standardized and replicable sandblasting technique for obtaining such bone
powder from the cochlear part of the petrous pyramid4–8.

Progress has been made in understanding and computationally accounting for DNA degradation9–11;
however, there are currently no reliable ways to determine whether samples excavated from a
particular archeological context will yield endogenous DNA, except for full genetic analysis12.
Consequently, protocols have been developed to account for the expectation of low amounts of
damaged DNA in archeological samples. For example, the extraction protocol by Dabney et al.13 is
optimized to equivalently recover DNA fragments of varying lengths, and thus results in a substantial
increase of the fraction of ultrashort (<40 bp) DNA molecules recovered, while the single-stranded
library preparation protocol by Gansauge and Meyer14 is designed for building sequencing libraries
from extracts that contain damaged DNA molecules. The latter protocol avoids the loss of molecules
with single-strand breaks on both strands, which are entirely lost in double-stranded library pre-
paration. Furthermore, the use of additional contamination-reducing steps at various stages of the
DNA-preparation process has become a common way to increase endogenous DNA yields15–19.
While these optimized protocols improve the recovery of endogenous ancient DNA present in
the skeletal material, an equally essential step before their implementation is the use of the most
DNA-rich skeletal element as the starting material for analysis.
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Traditionally, ancient DNA studies relied on teeth (with little consideration for any internal
variation) or various dense bones (with a particular focus on cortical sections of long bones, meta-
tarsals, and metacarpals) for analysis, owing to the assumption that denser bone tissues consist of
more osteocytes per gram of bone—based on their relative density compared with that of spongy,
trabecular bone—and therefore better preserve endogenous DNA20–22. However, recent research has
demonstrated the benefits of specifically targeting the petrous pyramid23–25, the part of the temporal
bone located at the base of the skull between the sphenoid and occipital bones[26], for ancient
DNA analysis.

The effectiveness of using the petrous pyramid for ancient DNA analysis was first assessed in a
study of seven prehistoric archeological specimens from Hungary27. The results indicated that the
percentage of nonclonal human endogenous ancient DNA fragments sequenced from the petrous
pyramid samples exceeded those from teeth by 4- to 16-fold, and those from postcranial bones (ribs,
metatarsals, and a metacarpal) by up to 183-fold. Unfortunately, the teeth included in that com-
parison were not sampled specifically from the cementum-enriched surface28, recently shown to yield
high amounts of DNA, particularly when a predigestion step is applied15.

Advantages of using the cochlea for ancient DNA analysis
In addition to making up part of the skull’s base, the petrous pyramid also contains a structure known
as the osseous labyrinth, a series of interconnected cavities contained within a layer of compact bone.
The cavities of the osseous labyrinth include the vestibule, three semicircular canals, and the cochlea.
During life, these cavities are filled with perilymph fluid and house the delicate membranous
labyrinth, which contains the receptors for the senses of hearing and balance. While initial investi-
gations identified the petrous pyramid as a DNA-rich skeletal element, further research identified
variation among different regions of the petrous pyramid7.

Specifically, researchers compared genomic data generated from (i) the trabecular (spongy) bone
at the apex of the petrous pyramid; (ii) the cortical (dense) bone adjacent to the semicircular canals,
the vestibule, and the cochlea; and (iii) the thin cortical bone encircling the cochlea (often referred
to simply as ‘the cochlea’) in ten petrous pyramids from specimens from archeological contexts
spanning the Holocene from temperate, hot and humid, and hot and arid environments7. The
endogenous DNA fractions recovered from the cortical bone surrounding the cochlear part of the
osseous inner ear exceeded those obtained from other cortical bone from the same petrous by up to
65-fold, and those from the trabecular bone of the same petrous by up to 177-fold7. Though the
reasons for the optimal preservation of endogenous DNA in the cochlea compared with that in the
other regions of the petrous pyramid remain unclear, we hypothesize that the completion of ossifi-
cation of the cochlea by the sixth month in utero and the near absence of growth and remodeling of
the osseous labyrinth throughout life contribute to the high level of DNA preservation. In particular,
it is possible that inhibition of remodeling within the osseous labyrinth results in a prolonged
maintenance of woven bone that is yellow in color, has a relatively higher proportion of osteocytes,
and is typically found in immature and/or rapidly remodeling bones29,30.

A recent study compared ancient DNA preservation in tooth cementum and the cochlea from
34 archeological human skeletons from a range of different ages and preservation environments,
including 6 Bronze Age individuals from central Asia, 11 Viking Age individuals from England,
7 cremated Iron Age individuals from Denmark, and 10 Historical-period individuals from Den-
mark28. The results confirmed that the cochlea was an overall better substrate than the cementum
layer of teeth, with substantially higher endogenous DNA proportions for the cochlea (average of
40.0% endogenous DNA) than for the cementum (average of 16.4% endogenous DNA).

The cochlea has since become a targeted skeletal element in human ancient DNA
analyses5,6,8,23–25,31–33. While the majority of recent ancient DNA studies use the petrous pyramid to
provide the necessary bone powder for DNA extraction, they do not describe the specific process used
to isolate and obtain bone fractions for paleogenomic analyses, and thus leave the reader uncertain as
to whether the cochlea was in fact the part of the osseous inner ear used.

As ancient DNA studies grow in scale and as samples from more ancient time periods and
previously unexplored geographic regions become a greater focus, it is increasingly necessary for
researchers to effectively use transparent and standardized sampling techniques that balance the
destruction of irreplaceable human skeletal remains with the expected analytical results, which
hopefully will provide answers to important questions about human history that are best explored
with ancient DNA. Supported by research suggesting that the cochlea is one of the most DNA-rich
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skeletal elements from which to obtain bone material for ancient DNA analysis, we provide a detailed
protocol for generating bone powder from the cochlear portion of the petrous pyramid via a sand-
blasting method.

Experimental design
Balancing destructive sampling with analytical aims
While human remains are an irreplaceable and nonrenewable resource, the analysis of ancient DNA
requires bone powder as a raw starting material for analysis. Thus, there will always be some degree of
destruction inflicted on a skeletal element that is sampled for ancient DNA analysis. It is at the
discretion of the researcher and any involved stakeholders to balance their analytical goals with the
irreparable damage that they cause to a skeletal specimen. This should involve determining whether
ancient DNA from a specific sample can contribute to the resolution of particular research questions
that require genetic analysis, whether the destruction of some part of a skeletal sample would be
justified by the resulting genomic data, and what the best method for sampling would be.

While it is possible to obtain bone powder from any skeletal element, the chances of success are
greatly improved when an element known to be DNA-rich is used; so far, the cochlea has been shown
to be the element most likely to generate positive results7. At present, sampling of the cochlea, or
other parts of the petrous pyramid, is carried out by various teams, in varying ways, with little-
documented practices—a trend that must be promptly rectified34. We recognize that there are several
ways in which a researcher might choose to obtain bone powder from the cochlea for ancient DNA
analysis, each with unique positive and negative aspects. Here we present the protocol for a sand-
blasting method that we have found to be most effective for the generation of bone powder with low
contamination and high endogenous DNA content.

This sandblasting protocol reliably generates DNA-rich bone powder directly from the cochlea,
maximizing chances for successful ancient DNA analysis by reducing the inclusion of any nonco-
chlear bone material. However, it also compromises the external morphology of the petrous pyramid
more than other methods35. As a result, it might not be the preferred method for archeological
samples where the petrous bone morphology is of extremely high value; in such a case, another
method or another skeletal element should be used. For example, an alternative method for accessing
the cochlea when a petrous is disarticulated involves the use of a Dremel drill with engraver
attachments. With that method, it is possible to collect cochlear bone powder by drilling straight into
the internal auditory meatus, causing little to no alteration to the external morphology of the petrous.
Alternatively, a hole can be made in whichever part of the petrous pyramid is accessible to access the
cochlea as directly as possible, as, for example, illustrated in the cranial base drilling protocol35. While
such approaches preserve external petrous morphology, they may compromise data quality, as both
cochlear and surrounding bone may be sampled indiscriminately. Furthermore, all of these methods
destroy the internal morphology of the cochlea, resulting in a loss of phenotypic information
necessary for studies of the morphology of the inner ear system36.

Anthropological stewardship
While the choice of whether to use this method is up to the individual researchers and stakeholders
involved, we emphasize that the sandblasting protocol presented here provides guidelines for
obtaining bone powder from the cochlea for fragmented skulls only. In all cases where this protocol is
used, the endocranial part of the petrous pyramid should be accessible. Consequently, skulls where
the petrous pyramid is completely detached from the temporal bone (which can represent over 50%
of cases in some collections) are ideal. Nevertheless, in cases where the petrous pyramid is still
attached to the temporal bone, it can still be sampled in an ancient-DNA-dedicated clean room via
the procedure described in this protocol. All remaining material will be untouched and should be
returned to the museum or collection as soon as possible after the sampling process.

In cases where a skull is complete or reconstructed, use of the current protocol should be
avoided, as it would require the removal of the petrous pyramid, which would result in major
structural damage to the cranial vault and/or base35. Instead, a previously published cranial base
drilling method should be used to access the cochlear part of the osseous labyrinth from the cranial
base in a way that minimizes damage to the surrounding cranial features as much as possible35.
Nevertheless, this drilling method does not allow visualization of the cochlea during the process and
consequently reduces the precision of the procedure, leading to the inclusion of a greater amount of
noncochlear bone.
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It is essential that all necessary anatomical and morphological data be obtained before any
destructive sampling, as anthropological and anatomical analyses of the osseous labyrinth within the
petrous pyramid have yielded biologically meaningful information about the growth patterns of the
osseous labyrinth37,38, sexual dimorphism39, locomotion differences and the development of human
bipedalism40,41, and phylogenetic relationships36,41–43. We therefore suggest that researchers restrict
the application of this protocol to skeletons with both left and right well-preserved petrous pyramids,
and sample only one side whenever possible. In addition, we strongly recommend high-resolution
computerized tomography scanning of the petrous pyramid36,44 before sampling for ancient DNA
analysis, and encourage the deposition of the data in a public repository. Finally, we encourage the
sharing of extra bone powder and derived molecular products, including DNA extracts and
sequencing libraries, with other laboratories for replication purposes. The combination of these
practices will contirbute toward preserving the valuable resource that is the petrous pyramid for
future studies.

Downstream sample processing
The cochlear powder generated with this protocol can be processed via standard methods for ancient
DNA. After the generation of bone powder, DNA extraction and the construction of sequencing
libraries can be performed. We suggest following the extraction protocol in ref. 45, which is an
updated and optimized version of a widely used silica-based ancient-DNA extraction protocol13 that
provides column- and bead-based alternatives. Next, double- or single-stranded libraries can be
prepared, depending on sample preservation, objectives, and/or cost constraints. While single-
stranded library preparation protocols allow the recovery of greater amounts of endogenous DNA14,
double-stranded protocols are more cost- and time-effective, and thus potentially allow the proces-
sing of more samples46.

Materials

Reagents
● A disarticulated petrous pyramid ! CAUTION Ensure that permission to use destructive methods
for the purpose of ancient DNA analysis has been obtained from all relevant authorities and/or
stakeholders before beginning this protocol.

● ~2% (vol/vol) sodium hypochlorite solution (hereinafter referred to as ‘bleach’; Fisher Scientific,
cat. no. 11919012) ! CAUTION Sodium hypochlorite solution is alkaline and may cause skin and eye
irritation; wear protective clothes and gloves.

● Absolute ethanol (Fisher Scientific, cat. no. 10332562) ! CAUTION Absolute ethanol is flammable and
may cause eye irritation; keep away from heat sources and/or sparks.

● DNA-ExitusPlus IF (AppliChem, cat. no. A7089.0500)
● Aluminum oxide sand abrasive (50 μm; Skillbond, cat. no. SRE030)

Equipment
● Polyethylene clear plastic bags (Fisher Scientific, cat. no. 11388193)
● Microcentrifuge tubes (2 ml; Eppendorf, cat. no. 0030 108.116)
● Disposable weighing boats (VWR, cat. no. 611-0094)
● Shortwave UV cross-linker (Analytik Jena, cat. no. 849-30101)
● PCR workstation with integrated shortwave UV lights (VWR, cat. no. 732-2541)
● Sandblasting unit with two tanks and two handpieces (Renfert Basic Master, cat. no. 29482025; see
‘Equipment setup’ for alternative air-cleaning strategy for single handpiece units)

● Air extraction unit (Renfert, cat. no. 29210050)
● Air compression unit (Implotex, cat. no. NEW-325)
● Mixer mill (Retsch, cat. no. 20.745.0001) c CRITICAL A sufficient number of grinding jars and balls
are needed to prepare more than one sample per day. We recommend stainless steel jars (Retsch,
cat. no. 01.462.0213) and 12-mm balls (Retsch, cat. no. 05.368.0037). Grinding jars and balls must be
thoroughly cleaned between uses (‘Equipment setup’).

● Disposable overalls (VWR, cat. no. 113-7882)
● Disposable shoe covers (VWR, cat. no. 113-8159)
● Disposable face mask (VWR, cat. no. 113-6221)
● Disposable hair net (VWR, cat. no. 113-8247)
● Disposable nitrile gloves (VWR, cat. no. 112-4195E)
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Equipment setup
Laboratory requirements
A clean room dedicated to the processing of ancient samples is required. This clean room should be a
specialized, sterile environment that is spatially isolated from any post-PCR facilities containing
amplified DNA; many research groups prefer to set up the ancient DNA facility in a separate building
from that housing post-PCR laboratories47–50. In addition, no ancient DNA facility should have ever
been used as a post-PCR laboratory in the past50. Researchers should enter the clean room only after
dressing in disposable overalls, shoe covers, a facemask, a hair net, and gloves, and should never enter
an ancient DNA work facility after having been in a post-PCR laboratory unless they have showered
and undergone a complete change of clothes to remove any potential contaminant DNA43,46. In the
clean room, chemical cleaning (i.e., wiping with bleach or DNA-degrading detergent such as DNA-
ExitusPlus) must be implemented for all laboratory surfaces and equipment, as well as for anything
brought into the lab48,51,52.

Setup of the sandblasting unit
The sandblasting unit and associated air compression and extraction units should be thoroughly
cleaned chemically by thorough wiping with bleach before introduction to the clean room. When the
sandblasting unit is brought into the clean room, it should immediately be placed inside the PCR
workstation to allow its exposure to UV irradiation for anti-contamination purposes when
researchers are not present. We recommend the Renfert Basic Master sandblaster, which has two
tanks, one of which can be used for aluminium oxide sand and the other for air, as well as two
handpieces for the process of sandblasting.

Considerations about handling and reusable equipment
The bone samples that will be processed for ancient DNA analysis contain low amounts of
damaged DNA. To avoid cross-contamination, only one sample should be processed at a time, and
the production of bone powder from a sample should be completed before processing of the
next sample begins.

All multiple-use equipment, including the sandblasting chamber and its inner components, the PCR
workstation, and the grinding equipment (including the mixer mill and the grinding jars and balls),
must be thoroughly sterilized before each use and between uses to prevent cross-contamination. While
there are various methods for decontamination of equipment and working surfaces, decontamination
should begin with chemical cleaning. Care must be taken with equipment that may be damaged by the
use of sodium hypochlorite, such as metal equipment that can become corroded. Thorough chemical
cleaning of all surfaces and equipment should take place between samples.

Particular care must be taken with the sterilization of the sandblasting chamber. The chamber grid
should be removed and cleaned with bleach and a small wire brush to remove any residual sand or bone
material from the open spaces in the grid. It should then be air-dried and chemically cleaned by
thorough wiping with bleach before being placed back in the sandblaster. In addition, the area sur-
rounding the sandblaster should be chemically cleaned thoroughly between samples. Grinding jars and
balls should be extensively decontaminated by immersion in bleach solution for a minimum of 20 min
and then cleaned with DNA-ExitusPlus or similar, after which any metal components should be wiped
with ethanol to remove all traces of bleach to prevent corrosion and, finally, all components should be
exposed to UV radiation for at least 30 min before being stored in clean, individual plastic bags.

When no work is in progress, equipment and working surfaces should be UV-irradiated. If no
additional samples are to be worked on during a particular bone-processing session, the sandblaster
grid should be removed from the sandblasting chamber so that the chamber can be properly
decontaminated by UV irradiation. The sandblasting unit and the surrounding area should be
decontaminated by UV irradiation for at least 30 min. This allows deep decontamination of all the
equipment, and at a minimum should be done between every ten samples, or on a daily basis if fewer
samples are handled.

Procedure

Sample decontamination and cleanup ● Timing 15 min
1 Select isolated petrous pyramids from osteological assemblages while wearing clean nitrile or latex

gloves, and place them in sealed plastic bags for storage before processing. Before entering the clean
room, wipe the plastic bag containing the petrous pyramid with bleach. Inside the clean room, wipe
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it with bleach again, place it in a shortwave UV cross-linker, and irradiate it for a minimum of
5 min on each side; then remove the bone from the bag and place it into the chamber of the
sandblaster (Fig. 1a).
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2 Using the sandblaster, clean the superficial surface of the petrous pyramid. This includes the
removal of superficial dirt, any material that may have been put on the bone for conservation
purposes, and any surface that has been in direct human contact.

c CRITICAL STEP Adjust the sandblaster’s air pressure according to the preservation of each
sample and the experience of the handler, as a lower pressure will allow more delicate work and is
especially appropriate for friable or soft bone (the determination of friable or soft bone will be based
on the judgment of the researcher). Hold the pen farther from the sample (>5 cm) to avoid making
distinct holes in the bone at this stage (Fig. 1b).

Cochlea isolation ● Timing Variable; 5–20 min per sample
3 To identify the location of the cochlea within the petrous pyramid, locate the internal auditory

meatus and the semicircular canals on the petrous pyramid, the latter of which are located
underneath the arcuate eminence on the anterior surface of the petrous pyramid (Fig. 1c,d). The
cochlea will be located slightly anterolateral to the internal auditory meatus and medial to the
arcuate eminence and semicircular canals.
? TROUBLESHOOTING

4 Using the sandblaster and holding the pen close to the sample (<1 cm) for greater precision, begin
to remove surface bone in the area of the cochlea on the anterior surface of the petrous pyramid.
This approach exposes the dense bone surrounding the cochlea.
? TROUBLESHOOTING

5 Continue removing bone until the rounded shape of the superior part of the cochlea can be
distinguished. It is possible to identify this superior part of the cochlea from the presence of spongy
bone posterior to the cochlea, and the presence of a constriction anterior to the cochlea at the
junction with the semicircular canals (the vestibule).
? TROUBLESHOOTING

6 Extract the cochlea and the surrounding dense bone from the petrous pyramid by making incisions
all around it with the sandblaster, going as deep as possible (Fig. 1d). Start with a cut downward on
the anterior surface of the petrous pyramid, ~1 mm from the superior ridge of the pyramid and
parallel to the internal auditory meatus. Make another incision through the dense bone area
between the cochlea and the semicircular canals. Remove the bone around the carotid canal and the
jugular fossa. If possible, depending on the morphology and necessary preservation of your sample,
use the jugular fossa to make incisions parallel to the proximal part of the petrous pyramid, on the
inferior part of the pyramid.
? TROUBLESHOOTING

7 Once the cochlea and surrounding dense bone have been separated from the rest of the petrous
pyramid (Fig. 1e), remove the surrounding dense bone from the cochlear bone with the sandblaster.

c CRITICAL STEP You might need to reduce the sandblasting pressure during this step to avoid
unwanted destruction of cochlear bone. The two types of bone can most often be distinguished by a
change in color. The precise colors will depend on the preservation of the bone, but the cochlea will
often be noticeably darker (Fig. 1f). Furthermore, in poorly preserved, fragile specimens, the two
types of bone will form two clearly distinct layers.

c CRITICAL STEP For the best results, it is recommended to remove as much surrounding dense
bone as possible; however, a compromise in the ratio of cochlear to surrounding dense bone in the

Fig. 1 | Step-by-step walkthrough of the isolation and cleaning of the cochlea for a DNA analysis. Each panel
shows two left petrous parts of the temporal bone from two different individuals, one with good preservation (left)
and another with poorer preservation (right). a, Posterior view of the petrous pyramid when it is placed into the
sandblasting chamber. b, Posterior view of the petrous pyramid during cleaning of the superficial area around the
inner auditory meatus (top) and after the complete step (bottom). Arrowheads indicate the approximate locations of
the landmarks (defined below). c, Superior view of the petrous pyramid for identification of the landmarks.
d, Anterior view of the petrous pyramid with detail of the cochlear part of the inner ear; the location and anatomical
variation of the cochlear part of the inner ear at the end of the isolation steps are shown (end of Step 5) before
separation of the cochlea from the petrous pyramid. e, Detail of the cochlear part of the inner ear after separation, in
no particular orientation. f, Detail of the cochlea before (left) and after (right) the removal of the surrounding dense
bone, demonstrating the difference in color between the two. The following landmarks are highlighted in b–e: 1,
internal auditory meatus; 2, arcuate eminence; 3, subarcuate fossa; 4, vestibular aqueduct; 5, cochlear canaliculus;
6, mastoid process; 7, styloid process; 8, tympanic part/external acoustic meatus; 9, carotid canal; 10, jugular
fossa (approximate location); 11, semicircular canals. The scale bar in a applies to a–e, and the bar in f applies to
only that panel.
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final piece must be achieved on a sample-by-sample basis, depending on the required amount of
bone powder.

c CRITICAL STEP A typical cochlea yields 100–300 mg of powder, allowing at least one DNA
extraction and the storage of surplus bone powder (storage details are described in Step 8). In
poorly preserved specimens, the total weight of the cochlear bone alone might not be enough for the
user’s needs. If the isolated cochlea is not sufficient, some of the semicircular canals can supplement
the additional bone powder, and can be further isolated by sandblasting in the area of the arcuate
eminence.
? TROUBLESHOOTING

Cochlea cleanup ● Timing 2 min
8 Visually inspect the cochlear bone for any residual dirt or sediment. If present, remove these

contaminants from the inside of the cochlea by sandblasting the cochlea in short and controlled
bursts to loosen and remove the sediment without unwanted destruction of cochlear bone. Adapt
the pressure used depending on the necessary preservation of the sample. Use air from the
sandblaster to subsequently clean any residual sand off the bone (Fig. 1f).

j PAUSE POINT At this point, the cochlea can be put in a clean plastic bag and stored in a
refrigerated environment indefinitely for later powdering.

Decontamination and powdering ● Timing 25 min
9 Place the cochlea in a clean, disposable weigh boat placed in the cross-linker.
10 Place the grinding equipment in the cross-linker, which should be turned on for 10 min.
11 Flip the cochlea after 10 min, and then expose to UV for another 10 min.
12 Remove the cochlea and grinding equipment from the cross-linker.
13 If grinding with a mixer mill, place the cochlea in a grinding jar with a grinding ball and grind at a

maximum frequency for two 30-s sessions with a 10-s pause between to allow for the dissipation of
any heat built up during the grinding process. Alternatively, a mortar and pestle can be used to
grind the sample.

c CRITICAL Some harder, very well-preserved samples may require additional milling. With the
mixer mill, this is achieved by additional 30-s grinding cycles separated by pauses of at least 10 s,
continued until a homogeneous powder is obtained.

14 Transfer the powder to a clean microcentrifuge tube and store at 4 °C. You might need a spatula to
scrape off powder adhering to the inside of the jar.

j PAUSE POINT While no controlled experiments regarding sample storage have been performed,
it is widely believed that a sample can be stored for a few years under these conditions. If longer-
term storage is needed, a temperature of −20 °C is preferable.

Downstream processing ● Timing 48 h
15 Process the powder according to standard DNA-extraction (e.g., ref. 45) and library-preparation

(e.g., ref. 46) procedures. After sequencing, an automated processing pipeline such as EAGER53 can
be used to map, authenticate, and assess the quality of the raw data.

Troubleshooting

Troubleshooting advice can be found in Table 1.

Table 1 | Troubleshooting table

Step Problem Possible reason Solution

3–5 Described anatomical
landmarks cannot be
located

Osteological variation
Very poor sample
preservation

The internal auditory meatus should be easily identifiable. If no other
anatomical landmarks can be identified, consider the cochlea as located slightly
anterolateral to the internal auditory meatus and start gradually removing bone
around that area until the rounded shape of the cochlea becomes identifiable

Very poor sample
preservation

Occasionally, in very poorly preserved samples, landmarks are missing from the
sample. Nevertheless, if the cochlea is present, it can always be identified by
the internal auditory meatus

Table continued

NATURE PROTOCOLS PROTOCOL

NATURE PROTOCOLS | VOL 14 |APRIL 2019 | 1194–1205 |www.nature.com/nprot 1201

www.nature.com/nprot


Timing

Steps 1 and 2, sample decontamination and cleanup: 15 min
Steps 3–7, cochlea isolation: variable; 5–20 min per sample
Step 8, cochlea cleanup: 2 min
Steps 9–14, decontamination and powdering: 25 min
Step 15, downstream processing: DNA extraction (22 h), library preparation (5–9 h), and raw data
analysis (17 h)

Table 1 (continued)

Step Problem Possible reason Solution

6 Described anatomical
landmarks cannot be
located

Osteological variation At this stage, a general overview of the rounded shape of the cochlea should be
visible. The described landmarks should help you achieve a cleaner cochlear
extraction

7 No color or texture
differentiation is visible

Osteological variation As the sandblasting is done from the outside in, a minimum width of the
cochlear walls must be defined so that the user can decide when to stop the
sandblasting. Making a small circular incision through the final cochlear piece
can help you determine how thick the walls are. For situations where there are
no color or texture markers, ~0.5 mm of cochlear thickness is a sensible depth
at which to stop

3–7 Bone crumbles when it comes in
contact with sandblaster sand

Poor preservation Reduce the air pressure of the sandblaster and handle each piece gently

Table 2 | Sequencing and data alignment results

Site Burial number Age (BP) Region of petrous Total reads Aligned
human reads
(hg19)

Deamination
frequency9

(5′|3′)

Endogenous
DNA (%)

Fold change in
endogenous
DNA

Vat Komnou 40 2,150–1,750 Cochlea 448,753 1,210 0.29|0.23 0.27

Cochlea + surrounding
dense bone

1,033,795 1,629 0.15|0.12 0.16 1.69

Ain Ghazal AG93-CF 3883,
burial 37

10,000 Cochlea 499,025 4,864 0.29|0.22 0.97

Cochlea + surrounding
dense bone

1,062,751 5,472 0.15|0.11 0.51 1.90

Barcin L10E-106 8,400 Cochlea 524,574 237,569 0.25|0.22 45.24

Cochlea + surrounding
dense bone

856,318 257,365 0.24|0.18 30.02 1.51

Polgar Ferenci
hat

PF280-443 6,300–6,100 Cochlea 300,890 209,662 0.19|0.14 69.63

Cochlea + surrounding
dense bone

585,727 336,900 0.19|0.13 57.47 1.21

Polgar Ferenci
hat

PF145-253 6,300–6,100 Cochlea 274,912 136,372 0.18|0.13 49.58

Cochlea + surrounding
dense bone

591,326 157,107 0.20|0.14 26.55 1.87

Kulubnarti S KulS5 1,200 Cochlea 370,315 148 – 0.04

Cochlea + surrounding
dense bone

800,161 517 – 0.06 −1.33

Gomolava 21-10 6,600 Cochlea 601,924 340,212 0.19|0.15 56.47

Cochlea + surrounding
dense bone

1,209,609 641,064 0.18|0.14 52.94 1.07

Polgar Ferenci
hat

PF811/1144 6,300–6,100 Cochlea 590,117 208,758 0.18|0.09 35.36

Cochlea + surrounding
dense bone

1,170,125 211,911 0.18|0.09 18.10 1.95

Parkhai II Grave 162.
burial 61

5,000–4,500 Cochlea 280,627 100 – 0.04

Cochlea + surrounding
dense bone

610,581 281 – 0.05 −1.20

Man Bac M12 3,800–3,500 Cochlea 497,173 3,474 0.04|0.03 0.70

Cochlea + surrounding
dense bone

890,232 3,643 0.02|0.02 0.41 1.71

The last column indicates the difference between the percentage of endogenous reads obtained from this protocol performed on cochlea and the combined percentage of endogenous reads from
the cochlea and the surrounding dense bone DNA (cochlea + surrounding dense bone). These data were originally published and described in ref. 7.
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Anticipated results

In general, higher yields of endogenous DNA are expected when the cochlea is used for ancient DNA
analysis than when most other skeletal elements or teeth are used. In Table 2, we present reanalyzed low-
coverage shotgun sequencing results from ten individuals dating between 10,000 and 1200 BP (Before
Present), using samples obtained with the current protocol for bone powder produced directly from the
cochlea. In this experiment, the surrounding dense bone was not discarded and was also powdered for
DNA extraction. This allowed us to compare sequencing results from DNA isolated from the cochlear
bone powder alone to the results obtained with combined DNA from cochlea and nondiscarded
surrounding dense portions of the petrous pyramid7. After low-coverage shotgun sequencing of the two
regions and data processing as described in ref. 7, we analyzed the results for the cochlea versus the
merged data of the two regions, and determined that the former yielded higher endogenous DNA
content in eight out of ten cases, on the basis of the ratio of reads aligning to the human genome versus
the total number of reads. In these cases, the endogenous DNA yield from the cochlea was 1.07-fold to
1.95-fold higher than that of the combined cochlea and the surrounding dense bone (Fig. 2, Table 2).
Additionally, we investigated the damage signal, used as an indicator of authentic ancient DNA and
identified by determining the fraction of reads with deaminated bases at terminal positions9. When only
the cochlea was used, we identified a higher substitution frequency at the last base pair of each end of the
molecule in six out of eight cases where damage was quantifiable, suggesting the presence of authentic
ancient DNA. These results suggest that the current protocol is an effective way to consistently produce
the most DNA-rich bone powder possible, even when molecular preservation is expected to be poor.
Importantly, small increases in the amount of DNA retrieved from a sample will make a substantial
difference in the downstream generation of robust amounts of data for population genetic analysis.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
The raw sequencing data that support the findings of this study have been deposited in the Sequence
Read Archive under accession code SRP058345.
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Fig. 2 | Comparative yields of endogenous ancient DNA obtained from the cochlea alone and from the cochlea
plus the surrounding dense bone. The plotted data are from Table 2. Endogenous DNA was calculated as the
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