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Abstract

There are many reasons why museum collections may be used for destructive sampling,
from DNA and isotope analysis to radiocarbon dating. The process is invasive and destroys
a part, or all, of the specimen. This can result in reluctance by museum staff to allow
specimens to be used in particular types of scientific research. We will present some of the
motivations on both sides, but argue that the benefits of destructive sampling can
outweigh the risks. Many analytical methods have improved dramatically in the last 30
years, requiring smaller sample sizes. With a focus on destructive sampling for genetic
analysis, we will also present some examples from the literature where DNA from museum
and archaeological specimens has greatly aided the reconstruction of a species'
evolutionary history as well as enriching our understanding of the object sampled. In
addition, we highlight the need for museum staff to understand exactly what researchers
are asking for, and for researchers in turn to understand museum procedures. We include
an example of a Destructive Sampling Policy and a Destructive Sampling Request Form, for
institutions to adapt for their own use.
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Introduction

Museum natural science collections hold a wealth of
information. From recording and portraying the
incredible biodiversity of life on the planet to the
historical distribution of local species, there is an
enormous amount of knowledge to be gained. In
addition, collections comprise an invaluable resource

of hidden data that is often unexplored but that can
be used for research purposes. This includes not only
external data (such as morphometric information) but
also information from within the specimen: DNA,
proteins, radiocarbon, chemical isotopes, and mineral
chemistry. Much of this information can only be
unlocked by taking an invasive sample from the
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specimen. This is known as ‘destructive sampling’,
whereby a part or the whole of a specimen is
destroyed to provide information. Museum
professionals are keen for their collections to be used
for research, but a misunderstanding of the full
requirements of researchers and the impact on their
collections can result in missed opportunities.

For the museum professional, there may be several
concerns regarding destructive sampling. Much of
the readily available literature relating to destructive
sampling focuses on sampling for DNA extraction.
Within this literature, the discussion is dominated by
instructions on how to care for specimens to limit
degradation. For example, one chapter in the Care
and Conservation of Natural History Collections (Carter
and Walker, 1999) is dedicated to ‘Genetic Material’
(Brown, 1999), yet this focuses solely on the
preservation of DNA in a variety of specimens.
Spooner and Russ (2014) also provide a whole
chapter on ‘Curating DNA Specimens’, outlining
useful information for the museum professional
regarding the fragility of historic specimens and the
importance of destructive sampling today. Although
useful for collections care to enable future research,
neither of these examples provide clear guidance for
evaluating destructive sampling requests. Other
publications outline more detailed methodologies for
sampling specimens. For example, Junqueira et al.
(2002) describe the removal and destruction of the
wings of flies after washing museum specimens in
distilled water. de Moraes-Barros and Morgante
(2007) also describe destructive sampling of the skins
of three-toed sloths (Bradypus variegatus Schinz, 1825
and Bradypus tridactylus Linnaeus, 1758), successfully
extracting DNA from small, dried fragments (1.5cm x
0.3cm) (de Moraes-Barros and Morgante, 2007). It is
also possible, in some cases, to sample museum

osteological collections without externally damaging
the specimens: Wisely et al. (2004) extracted small
samples of bone (10-20mg) from inside the nasal
cavity of 72 specimens of black-footed ferret (Mustela
nigripes (Audobon & Bachman, 1851)). They achieved
a high success rate of DNA sampling, whilst
minimising visible damage to the specimens. These
few examples illustrate different methods used to
sample specimens, but also highlight that methods
vary based on the specimen, research question, and
researcher. Whilst it is helpful to know how specimens
are sampled, there is still a lack of practical guidance
that the museum professional may turn to when faced
with destructive sampling requests.

Along with a lack of accessible, clear, published
guidelines for museum professionals, there are other
reasons why there may be apprehension about
destructive sampling. A museum’s main role is to
preserve collections, not destroy them. It can
sometimes be difficult for the museum professional to
know how to assess requests for destructive sampling
as it may not be clear exactly what the researcher is
requesting or why. Often, research requests are
written using detailed, highly specialist language,
which can make them difficult for museum
professionals with expertise in different areas to
understand, let alone evaluate. Furthermore, for very
rare or precious specimens, curators may receive
requests from multiple research groups with similar
objectives. At this point, it can be exceedingly difficult
to select a proposal based on merit. Finally, requests
may be treated with caution, especially if the museum
holds specimens that have undergone previous
sampling that has resulted in damage that may
appear extreme by today’s standards (Figures 1 and
2).

Figure 1: Incomplete femur of a human, Homo sapiens Linnaeus, 1758, from Bob’s Cave, Kitley Estate (PCMAG:KBC162). Five large holes were
drilled into the specimen for accelerated mass spectrometry (AMS) in the 1990s. Analysis dated this bone to approximately 5,035 years before
present (Chamberlain, 1996). Image: Plymouth Museums, Galleries and Archives.
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From the perspective of a researcher, museum and
archival samples are an incredibly valuable resource
for the study of diverse biological processes.
Researchers often lack the opportunity to collect
fresh material and rarely have access to distant
species, both spatially and temporally. Museum
specimens provide an exception, and natural science
collections can often provide good insights into
ecological and evolutionary change over time (Tin et
al., 2014). Considering sampling for genetic
information, many objects in museum collections
retain DNA, primarily natural science specimens, but
also material in archaeological, ethnographic, and
even library collections (Fiddyment et al., 2015).
Exploiting this genetic information can provide
unusual insights into an object that would not be
possible without destructive sampling.

The sometimes-differing objectives of museum
professionals and researchers, coupled with the
speed of technological advances, highlights that a
framework for supporting meaningful dialogue
between both is necessary. Even where research is
actively part of a museum’s agenda, it may
sometimes be challenging for researchers to
effectively convey the implications and aims behind
their proposal to museum staff, highlighting a need
for better communication. Additionally, researchers
are often unaware of museum procedures or what

collections are available to them. Coupled with this,
the role of a museum is to preserve the long-term
value of their collections (Wisely et al., 2004). As
research improves, and in particularly the invasiveness
of destructive sampling procedures changes, a
legitimate concern for museum professionals is
whether to allow sampling with existing technologies
rather than to wait for the development of less
destructive approaches. As a result, even the most
active of collaborations can be challenged by the
need to address the requirements of researcher and
museum professional in parallel.

We suggest there is a strong need for (1) a better
understanding of how specimens are sampled and
the importance of museum collections in research, (2)
clearer communication between researchers and
museum professionals, and (3) good practice methods
for submitting and handling destructive sampling
requests.

The research process and aDNA

One way to support clear communication is through
an understanding of the research process. As an
example, it is important for all parties to acknowledge
that one of the risks of destructive sampling is that it
might cause damage to the specimen but produce no
informative results.

Figure 2: (A) A complete astragalus of an Aurochs, Bos primigenius (Bojanus, 1827) (PCMAG: KBC53) compared to (B) an Aurochs astragalus
(PCMAG:KBC54) sampled for radio-carbon dating, both from Bob’s Cave, Kitley Estate, Devon. Specimen B originally had cut marks on it showing
evidence of human butchery however destructive sampling severely damaged the specimen. It was radiocarbon dated to 12,000 years old (Bailey
et al., 1996). Image: Plymouth Museums, Galleries and Archives.
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This is particularly pertinent for genetic analyses. DNA
extracted from museum specimens is classified as
ancient DNA (aDNA). aDNA research refers to the
process of sampling, extracting, sequencing, and
analysing the DNA from a biological, post-mortem
sample, where the sample was not specifically
preserved for DNA analyses. It is important to note,
therefore, that the term ‘ancient’ does not specifically
refer to the age of the DNA; the specimen can have
died tens, hundreds, or hundreds of thousands of
years ago. If the specimen was not immediately
sampled or appropriately stored after death, the DNA
will begin to fragment and decompose. This damage
makes museum aDNA extremely difficult to work
with, and aDNA research requires a dedicated
laboratory, specialized protocols, and bioinformatics
workflow. The number of bases of aDNA sequenced,
for example, is typically extremely short and
fragmented across the genome, and this makes them
difficult to piece back together or align. In addition,
post-mortem damage can alter the base sequence
through deamination (the loss of an amino group), a
common substitution being a cytosine (C) base
erroneously read as thymine (T).

What is more, the dynamics of DNA degradation and
the relationship between DNA fragmentation, time,
and environment are not fully understood.
Martínková and Searle (2006) explored the impact of
the age of specimens and different storage
conditions on the amount of genetic information
obtained from museum specimens of stoats (Mustela
erminea Linnaeus, 1758). They considered the success
of DNA amplification through polymerase chain
reaction (PCR) in stoats sampled across 18 museums
in 11 countries. As a general rule, they found that
DNA amplification was more successful in more
recent specimens, and that specimens previously
frozen or kept in airtight containers yielded more
DNA than those kept in boxes or on shelves.
However, across the 267 specimens tested, there was
considerable variability. For example, some 100-year-
old specimens yielded more DNA than more recent
specimens did. They also noted differences in the
amount of DNA obtained from skin, hair, and other
tissues. A more recent study (Kistler et al., 2017)
applied a meta-analysis approach, combining 185
paleogenomic datasets to compare DNA survival with
sample age and environment. They found that
cytosine deamination (C to T damage) increased over
time, whilst the process of fragmentation increased
with precipitation and temperature, but was not
correlated to the age of the sample. They further
suggested that tissues or microenvironments that

create a closed system with reduced chemical
exchange, such as in dense bone, may additionally aid
the preservation of DNA in a post-mortem sample.

Another consideration is that DNA is essentially
everywhere, meaning that modern DNA that is
present in the environment or that has accumulated
on the object, can be preferentially sequenced, rather
than the very small amount of degraded aDNA
present in a sample. The amount of DNA that
genuinely comes from the object sampled is known as
the endogenous content. Of the total DNA extracted
from a sample, only a very small fraction is truly
endogenous, commonly less than 1% for bone and
teeth extracts (Carpenter et al., 2013). Most of this
‘other’ DNA will be environmental, including modern
bacterial and plant DNA, but also foreign mammalian
DNA including that from modern humans that have
handled the sample. However, in a ‘shotgun’
sequencing approach, where all DNA fragments from
an extract are sequenced, these contaminating
sequences can be computationally removed post-
sequencing.

Significantly, these aspects of aDNA research
highlight that just because a researcher asks a curator
to destructively sample a specimen for DNA
sequencing, it doesn’t mean that they will be
successful or even that they will be able to do
anything useful with it, with poor DNA preservation
being a major limiting factor. It is important that this
aspect of the research process is communicated well
to the museum professional to avoid frustration over
disappointing results following destructive sampling.

Minimal sampling for DNA

In the case of destructive sampling for aDNA, the
conflicting interests of researcher and museum
professional are lessening as sampling and
sequencing technologies improve. The amount of
material now required to extract and sequence DNA
can be greatly reduced, from hundreds down to tens
of milligrams of material. Where once whole
specimens, or large parts of specimens, had to be
destroyed, now most aDNA researchers can, if the
sample is well preserved, extract large amounts of
genetic information from material such as bone by
drilling small holes to release bone powder in a
process called micro-sampling. This process can use
drill bits that are as small as 2-3mm in diameter, so the
hole created in the sample is very small (Rowe et al.,
2011).
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Knowledge of the most appropriate sampling sites is
also improving. A recent study by Sirak et al. (2017)
reports on minimally-invasive sampling of the
petrous bone in the human inner ear for DNA
analyses. The petrous bone is a particularly
interesting case: it represents one of the densest
bones in the human body, and has recently been
identified as an exceptional site for endogenous DNA
preservation (Pinhasi et al., 2015). An understanding
of which bones offer the best DNA preservation
means researchers can now sample precious
specimens more efficiently, and a welcome
coincidence regarding the petrous bone is that it is
well hidden from view, meaning that the external
appearance of the skull remains almost entirely intact
and visually undisturbed.

Over the last 30 years, improvements in sampling,
laboratory methods, and DNA sequencing techniques
have resulted in smaller samples being required from
specimens. The average sample size needed for
genetic analyses was previously in the region of
500mg (Rohland and Hofreiter 2007), but current
methods mean that this can, in well-preserved
material, be reduced to 50mg or less (Gansauge and
Meyer 2013). The sequencing method that will be
employed is a further important consideration, as
methods have changed dramatically over recent
years (Knapp and Hofreiter 2010). The most recent
sequencing method to revolutionize the field is Next
Generation Sequencing (NGS), initially described in
2005 (Margulies et al., 2005). Prior to this, most DNA
sequencing would have applied polymerase chain
reaction (PCR) amplification with Sanger sequencing,
a targeted sequencing approach (Pääbo et al., 1989).
PCR requires specific DNA fragments to be present in
the sample, and for successful amplification and
sequencing, the total length of those fragments must
be at least 100 base pairs (bp) (Knapp and Hofreiter
2010). The NGS approach, in contrast, does not target
any particular DNA fragment, as it permits all DNA
fragments within the sample to be sequenced. This
and other points are discussed further by Burrell et al.
(2015), who specifically address the use of museum
specimens in the context of advances in DNA
sequencing technologies.

Micro-sampling of appropriate sites is an important
development for minimising destruction to objects
and maximising research output. An important point,
however, is that the amount of material required is
still absolute rather than proportional to the size of
the specimen. A 2-3mm micro-sampling site in a
mammoth tusk, for example, represents less overall

damage than the same size sample from a small
rodent limb bone. This has represented a problem for
entomological collections, where entire specimens
were often required for genetic analyses. However,
improved extraction methods and Next Generation
Sequencing (NGS) techniques no longer routinely
require whole specimens to be destroyed. Heintzman
et al. (2014), for example, successfully sequenced DNA
from 134 museum beetle (Coleoptera) remains using
only a single hind leg per beetle.

As well as improvements in sampling and sequencing
approaches, computational tools to account for
contamination and post-mortem damage in aDNA
sequences are also continuing to develop.
Additionally, meta-genomic approaches are
becoming increasingly popular and allow for larger
proportions of the raw sequence data to be evaluated.
This means that DNA extracted from an object can be
considered not only in terms of its endogenous
content but also through evaluation of the
accompanying bacterial, plant, and mammalian DNA.
It is also, in most cases, a requirement for publication
that researchers make DNA sequences publicly
available using repositories such as GenBank (Benson
et al., 2013). Some museums have also started their
own DNA repositories, including the Natural History
Museum of Oslo DNA Bank (Natural History Museum
of Oslo, n.d.). Public repositories allow publication of a
single sequence to potentially benefit a community of
researchers, and also avoid the need for recurrent
sampling of the same or similar specimens. For
museum professionals, allowing destructive sampling
of one or few specimens can thus contribute to a
great volume of research. This demonstrates that
what stands to be lost may be much less than what
can be gained.

The DNA extracted from museum specimens can, for
example, contribute significantly to our
understanding of past populations and species. DNA
can provide information on genetic diversity and
population structure at key points in time, for
example during colonisation events (Brace et al.,
2015), as well as providing a genetic characterisation
of species that are rare or extinct, such as the cave lion
(Panthera leo spelaea Goldfuss, 1810) (Barnett et al.,
2016). One of the most compelling examples is found
in the iconic woolly mammoth (Mammuthus
primigenius (Blumenbach, 1799)): a recent study
utilised a dataset of 143 mammoth mitochondrial
genomes to assess global population structure during
the Late Pleistocene (Chang et al., 2017). Ancient DNA
analyses have also allowed us to address our own
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evolutionary past, including gene flow between
anatomically modern humans and Neanderthals
(Homo neanderthanensis King, 1864) (Kuhlwilm et al.,
2016). However, it is not only DNA that can prove
useful in these contexts. A novel approach to
studying extinct species was taken by Welker et al.
(2015), where analyses of ancient proteins were
applied to resolve the evolutionary history of
Darwin's South American ungulates, using collagen
from museum specimens of Toxodon Owen, 1837 and
Macrauchenia Owen, 1838.

A key advantage to researchers of using museum
specimens is that they are often name- and date-
bearing, allowing easy integration of specimens into
known taxonomic frameworks. In addition, genetic
data from museum specimens can be used to
generate reference sequences from which further
species identifications can be made, and can help to
resolve taxonomic questions by placing species
within phylogenies (Welker et al., 2015). Taxonomic
inventories, for example, now commonly include
DNA barcoding as a mechanism for identifying and
characterising the diversity of a species. This
facilitates rapid identification of a species, as well as
allowing the opportunity for wide-scale screening of
species diversity (Miller et al., 2016). Many of these
inventories are also publicly accessible, a good
example being the Barcode of Life Data System
(http://www.boldsystems.org) (Ratnasingham and
Hebert 2007). Analysis of DNA and ancient proteins
can also be used to confirm when samples are closely
related and, in some instances, provide information
on the ancestry or geographic origins of a sample
(Schroeder et al., 2015). This can facilitate research,
and has the potential to add additional information
to museum object displays and to communicate the
research process to visitors.

As the ability to successfully sample museum
specimens for research becomes easier and more cost
effective, and as knowledge of specimens held in
natural science collections becomes better and more
openly documented, the value of natural science
collections to research will continue to increase.

A changing world

Improving technology isn’t just reducing the size of
the sampling sites, but is also widening the
possibilities with regards to which museum
specimens can be successfully sampled. One example
is formalin-fixed specimens, which were previously
widely regarded as intractable for DNA analysis.

However, in a recent study, researchers successfully
extracted mitochondrial DNA from 10 snakes
preserved in formalin and other fluids, using a
modified DNA extraction protocol (Ruane and Austin,
2017). The specimens were up to 100 years old. Not
only were the researchers able to extract sufficient
genetic information to position these samples in an
existing phylogeny, but this project also generated
the first genetic sequence from the rare Indian snake
Xylophis stenorhynchus (Günther, 1875).

Further examples of neglected study systems that are
now being recognised as tractable include material
from the tropics. Post-mortem DNA decay is highly
correlated with temperature, and warm, tropical
climates are known to result in increased DNA
degradation (Smith et al., 2003). Research into aDNA
has therefore typically focused on colder regions and
samples sourced from permafrost. However, several
studies in recent years have utilised tropical
specimens in museum collections to look at rare and
endangered Caribbean species such as the
endangered Hispaniolan hutia, Plagiodontia aedium F.
Cuvier, 1836, and the Hispaniolan solenodon,
Solenodon paradoxus Brandt, 1833 (Brace et al., 2012;
Turvey et al., 2016). Tropical specimens stored in
museum collections have also been utilised to study
extinct species such as the Bahamian giant tortoise
(Chelonoidis alburyorum Franz & Franz, 2009)
(Kehlmaier, 2017) and multiple species of extinct
Lesser Antillean rice rats, (Cricetidae: Sigmodontinae)
(Brace et al., 2015), while Schroeder et al. (2015) were
able to trace the genetic ancestry of three enslaved
Africans who died on the Caribbean island of Saint
Martin in the late 1600s.

Previous studies have also looked at the potential to
extract DNA without damaging the specimen, a
process that is termed non-destructive sampling.
Sampling specimens for DNA without destruction can
be pertinent for small specimens such as insects,
although Heintzman et al. (2014) have shown that
minimally sampling beetles is a viable option. A non-
destructive approach typically involves soaking all or
part of the specimen in extraction buffer (Gilbert et al.,
2007). This approach has been shown in PCR
experiments to yield amplifiable DNA (Thomsen et al.,
2009) from historic museum beetle specimens dating
to 1820, and did not appear to impact on the integrity
of the specimen. However, it is important to point out
that the extraction efficiency is lower in non-
destructive sampling, and only successful with more
recent historical material (Ibid.). Assessing how
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applicable this method could be with NGS techniques
represents an interesting avenue for future research.

Destructive sampling procedures for museum
professionals

The above examples of destructive sampling
demonstrate the importance of this approach for
modern research on collections. However, there is a
need for greater communication between museum
professionals and researchers in order to improve
access to specimens and increase the understanding
of the sampling required. To clarify what the
researcher is asking, and for researchers to
understand what the museum will allow, a
‘Destructive Sampling Agreement’ document and
‘Destructive Sampling Request Form’ should be
created. Template examples are shown in Appendix 1
and 2, which have been developed by looking at
examples from Leeds City Museum, Tully House
Museum and Art Gallery, The Manchester Museum,
the National Museum Wales, Cardiff, and the Natural
History Museum. These forms can be used and
adapted by readers.

The Destructive Sampling Agreement should outline
the procedures for researchers, and state what
information the researcher needs to submit to the
museum. The agreement should state what the
museum will do on receiving a request, and if the
request is granted. The agreement should be clear
that not all requests will be granted, and that the
museum will assess each request on its own merit
(see Appendix 2)

The Destructive Sampling Request Form is divided
into two sections: the first section is to be completed
by the researcher and sent to the museum, and the
second section is to be completed by the museum
professional. The first section requests details of the
researcher, project, analytical laboratory, expected
outcomes, and why the specimen is required. This
information enables the member of museum staff to
understand exactly what is being requested. If
information is not clear, or too jargon-heavy,
additional information can be requested. The second
section allows the museum professional to assess the
request in detail using a list of key questions. These
questions are essential in not only ensuring the
research proposal is understood fully, but also in
assessing the risks to the collection and identifying
the benefits of the research to the museum.
Ultimately, the museum has the final decision on
whether their specimens are used. A set of conditions
to be met by the researcher is laid out at the end of

Section 1 of the form. It is essential that, where a
specimen is used for research that is written up in a
publication, the specimen accession number and
museum must be cited in the publication: this is made
explicit in both the agreement and sampling form.
One important condition is that the museum be
acknowledged in any resultant publications, and that
co-authorship is considered, based on intellectual
involvement. This highlights to museum stakeholders
that collections are being used in new research
(Rouhan et al., 2017).

Destructive sampling best practice will involve using
these forms together with a clear dialogue with
researchers. Any samples taken from specimens
should be extracted under the advice of the museum
professional, be as minimally invasive as possible, and
- where possible - in a discrete area where it will not
affect any key diagnostic features of the specimen.
Any unused material should be returned following
sampling. It is essential to take photographs of the
specimen(s) before sampling, and to attach the
images to the database record. Any forms, associated
documentation, or correspondence should be
attached to the relevant database record and kept
with the object history files. In addition, all
publications resulting from research on an object
should be attached to the relevant database record(s).

Conclusion

Natural science collections represent an amazing
resource not only for museum staff and visitors, but
also researchers. Harnessing the research potential of
museum objects may require some form of
destructive sampling, and this creates the need for a
compromise between protecting the object and
learning from the material. One common reason for
requesting destructive sampling of bone and sub-
fossil material is for genetic analyses, examples of
which we present here. Notably, the amount of
material required for aDNA research has decreased,
and sequencing techniques are generating more data
from a single sample. With improving techniques and
a greater realisation of the importance of museum
collections, the need for a successful dialogue
between researchers and museum staff is becoming
more important. One method for facilitating this
dialogue is through the creation and implementation
of appropriate destructive sampling procedures.
These not only ensure that the museum can
understand the research request, but also allow
researchers to understand the correct museum
procedures required to treat collections with
appropriate care.



Freedman, van Dorp, and Brace, 2018. JoNSC 5, pp.21-34

28

Acknowledgements

JF and LvD would like to thank NatSCA for inviting us
to speak on this topic at their 2017 conference. Thank
you to Nigel Larkin for information about destructive
sampling. Thank you to the following for providing
examples of their destructive sampling policies and
forms: Clare Brown, Leeds City Museum; Simon
Jackson, Tully House Museum and Art Gallery; David
Gelsthorpe, The Manchester Museum; Kate Mortimer,
the National Museum Wales, Cardiff; and David
Notton, the Natural History Museum. Thanks also to
the two anonymous reviewers for providing useful
comments to strengthen this paper.

References

Bailey, J.F., Richard, M.B., Macauley, V.A., Colson, I.B.,
James, I.T., Bradley, D.G., Hedges, R.E., and Sykes,
B.C., 1996. Ancient DNA suggests a recent
expansion of European cattle from a diverse
Bovid progenitor species. Proceedings of the Royal
Society of London B, 236, pp.1467-1473.

Barnett, R., Mendoza, M.Z., Soares, A.R., Ho, S., Zazula,
G., Yamaguchi, N., Shapiro, B., Kirillova, I., Larson,
G., and Gilbert, M., 2016. Mitogenomics of the
extinct cave lion, Panthera spelaea (Goldfuss,
1810), resolve its position within the Panthera
cats. Open Quaternary, 2(4), pp.1-11.

Benson, D., Cavanaugh, M., Clark K., Karsch-Mizrachi,
I., Lipman, D.J., Ostell, J., Sayers, E.W., 2013.
GenBank. Nucleic Acids Research, 41, pp.36-42.

Brace, S., Barnes, I., Powell, A., Pearson, R., Woolaver,
L.G., Thomas, M.G. and Turvey, S.T., 2012.
Population history of the Hispaniolan hutia
Plagiodontia aedium (Rodentia: Capromyidae):
testing the model of ancient differentiation on a
geotectonically complex Caribbean island.
Molecular Ecology, 21(9), pp.2239-2253.

Brace, S., Turvey, S.T., Weksler, M., Hoogland, M.L. and
Barnes, I., 2015. Unexpected evolutionary
diversity in a recently extinct Caribbean mammal
radiation. Proceedings of the Royal Society B,
282(1807), pp.2014-2371.

Brown, T.A., 1999. Genetic Material. In Carter, D., and
Walker, A.K. (eds.), 1999. Care and preservation of
natural history collections. Oxford: Butterman
Heinemann. Chapter 6, pp.133-138.

Burrell, A.S., Disotell, T.R., and Bergey, C.M., 2015. The
use of museum specimens with high-throughput
DNA sequencers. Journal of Human Evolution, 79,
pp.35-44.

Carpenter, M.L., Buenrostro, J.D., Valdiosera, C.,
Schroeder, H., Allentoft, M.E., Sikora, M.,
Rasmussen, M., Gravel, S., Guillen, S., Nekhrizov,
G., Leshtakov, K., Dimitrova, D., Theodossiev, N.,
Pettener, D., Luiselli, D., Sandoval, K., Moreno-
Estrada, A., Li, Y., Wang, J., Gilbert, M.T., Willerslev,
E., Greenleaf, W.J., Bustamante, C.D., 2013. Pulling
out the 1%: whole-genome capture for the
targeted enrichment of ancient DNA sequencing
libraries. American Journal of Human Genetics, 93,
pp.852–864.

Carter, D., and Walker, A.K. (eds.), 1999. Care and
preservation of natural history collections. Oxford:
Butterman Heinemann.

Chang, D., Knapp, M., Enk, J. , Lippold, S., Kircher, M.,
Lister, A., MacPhee, R.D.E., Widga, C., Czechowski,
P., Sommer, R., Hodges, E., Stümpel, N., Barnes, I.,
Dalén, L., Derevianko, A., Germonpré, M.,
Hillebrand-Voiculescu, A., Constantin, S.,
Kuznetsova, T., Mol, D., Rathgeber, T., Rosendahl,
W., Tikhonov, A.N., Willerslev, E., Hannon, G.,
Lalueza-Fox, C., Joger, U., Poinar, H., Hofreiter, M.,
and Shapiro, B., 2017. The evolutionary and
phylogeographic history of woolly mammoths: a
comprehensive mitogenomic analysis. Scientific
Reports, 7, 44585.

Chamberlain, A.T., 1996. More dating evidence for
human remains in British Caves. Antiquity,
70(270), pp.950-953.

de Moraes-Barros, N., and Morgante, J.S., 2007. A
simple protocol for the extraction and sequence
of DNA from study skin of museum collections.
Genetics and Molecular Biology, 30(4), pp.1181-
1185.

Fiddyment, S., Holsinger, B., Ruzzier, C., Devine, A.,
Binois, A., Albarella, U., Fischer, R., Nichols, E.,
Curtis, A., Cheese, E., Teasdale, M.D., Checkley-
Scott, C., Milner, S. J., Rudy, K.M., Johnson, E.J.,
Vnoucek, J., Garrison, M., McGory, S., Bradley.,
D.G., and Collins, M.J., 2015. Animal origin of 13th-
century uterine vellum revealed using
noninvasive peptide fingerprinting. PNAS,
112(49), pp.15066-15071.

Gansauge, M.T. and Meyer, M., 2013. Single-stranded
DNA library preparation for the sequencing of
ancient or damaged DNA. Nature protocols, 8(4),
pp.737-748.

Gilbert, M.T.P., Moore, W., Melchior, L., and Worobey,
M., 2007. DNA extraction from dry museum
beetles without conferring external
morphological damage. PLoS ONE, 2, e272.



Freedman, van Dorp, and Brace, 2018. JoNSC 5, pp.21-34

29

Heintzman, P.D., Elias, S.A., Moore, K., Paszkiewicz, K.,
and Barnes, I., 2014. Characterizing DNA
preservation in degraded specimens of Amara
alpina (Carabidae: Coleoptera). Molecular Ecology
Resources, 14, pp.606–615.

Junqueira, A.C.M., Lessinger, A.C., and Azeredo-Espin,
A.M.L., 2002. Methods for the recovery of
mitochondrial DNA sequences from museum
specimens of myiasis-causing flies. Medical and
Veterinary Entomology, 16(1), pp.39-45.

Kehlmaier, C., Barlow, A., Hastings, A.K., Vamberger,
M., Paijmans, J.L., Steadman, D.W., Albury, N.A.,
Franz, R., Hofreiter, M. and Fritz, U., 2017. Tropical
ancient DNA reveals relationships of the extinct
Bahamian giant tortoise Chelonoidis alburyorum.
Proceedings of the Royal Society B, 284(1846),
pp.2016-2235.

Kistler, L., Ware, R., Smith, O., Collins, M., Allaby, R.G.,
2017 A new model for ancient DNA decay based
on paleogenomic meta-analysis. Nucleic Acids
Research, 45(11), pp.6310-6320.

Knapp, M. and Hofreiter, M., 2010. Next generation
sequencing of ancient DNA: requirements,
strategies and perspectives. Genes, 1(2), pp.227-
243.

Kuhlwilm, M., Gronau, I., Hubisz, M.J., de Filippo, C.,
Prado-Martinez, J., Kircher, M., Fu, Q., Burbano,
H.A., Lalueza-Fox, C., de La Rasilla, M., Rosas, A.,
Rudan, P., Brajkovic, D., Kuzan, Ž., Gušic, I.,
Marquez-Bonet, T., Andrés, A.M., Viola, B., Pääbo,
S., Meyer, M., Siepel, A., Castellano, S., 2016.
Ancient gene flow from early modern humans
into Eastern Neanderthals. Nature, 530(7591),
pp.429-433.

Martínková, N. and Searle, J.B., 2006. Amplification
success rate of DNA from museum skin
collections: a case study of stoats from 18
museums. Molecular Ecology Notes, 6, pp.1014–
1017.

Margulies, M., Egholm, M., Altman, W.E., Attiya, S.,
Bader, J.S., Bemben, L.A., Berka, J., Braverman,
M.S., Chen, Y.J., Chen, Z., and Dewell, S.B., 2005.
Genome sequencing in microfabricated high-
density picolitre reactors. Nature, 437(7057),
pp.376-380.

Miller, S.E., Hausmann, A., Hallwachs, W., Janzen, D.H.,
2016. Advancing taxonomy and bioinventories
with DNA barcodes. Philosophical Transactions of
the Royal Society B: Biological Sciences, 371(1702),
20150339.

Natural History Museum of Oslo, n.d. NHMO DNA bank.
[online] Available at: <
http://www.nhm.uio.no/english/research/infrastr
ucture/dna-bank/>.

Pääbo, S., Higuchi, R.G., and Wilson, A.C., 1989. Ancient
DNA and the polymerase chain reaction: the
emerging field of molecular archaeology
(Minireview). The Journal of biological chemistry,
264(17), pp.9709-9712.

Pinhasi, R., Fernandes, D., Sirak, K., Novak, M.,
Connell, S., Alpaslan-Roodenberg, S., Gerritsen, F.,
Moiseyev, V., Gromov, A., Raczky, P., Anders, A.,
Pietrusewsky, M., Rollefson, G., Jovanovic, M.,
Trinhhoang, H., Bar-Oz, G., Oxenham, M.,
Matsumura, H., and Hofreiter, M., 2015. Optimal
Ancient DNA Yields from the Inner Ear Part of the
Human Petrous Bone. PLoS ONE, 10(6), e0129102.

Ratnasingham, S. and Hebert, P., 2007. BOLD: The
Barcode of Life Data System. Molecular Ecology
Notes, 7, pp.355-364.

Rohland, N. and Hofreiter, M., 2007. Ancient DNA
extraction from bones and teeth. Nature protocols,
2(7), pp.1756-1762.

Rouhan, G., Dorr, L.J., Gautier, L., Clerc, P., Muller, S.,
and Gaudeul, M., 2017. The time has come for
Natural History Collections to claim co-authorship
of research articles. Taxon, 66(5), pp.1014-1016.

Rowe, K.C., Singhal, S., Macmanes, M.D., Ayroles, J.F.,
Morelli, T.L., Rubidge, E.M., Bi, K.E., and Moritz,
C.C., 2011. Museum genomics: low-cost and high-
accuracy genetic data from historical specimens.
Molecular Ecology Resources, 11(6), pp.1082-1092.

Ruane, S. and Austin, C.C., 2017. Phylogenomics using
formalin-fixed and 100+ year-old intractable
natural history specimens. Molecular Ecology
Resources, 17(5), pp.1003-1008.

Schroeder, H., Ávila-Arcos, M.C., Malaspinas, A.S.,
Poznik, G.D., Sandoval-Velasco, M., Carpenter,
M.L., Moreno-Mayar, J.V., Sikora, M., Johnson, P.L.,
Allentoft, M.E., and Samaniego, J.A., 2015.
Genome-wide ancestry of 17th-century enslaved
Africans from the Caribbean. Proceedings of the
National Academy of Sciences, 112(12), pp.3669-
3673.

Sirak, K.A., Fernandes, D.M., Cheronet, O., Novak, M.,
Gamarra, B., Petkes, G.S., Szeniczey, T., Hajdu, T.,
and Pinhasi, R., 2017. A minimally-invasive
method for sampling human petrous bones from
the cranial base for ancient DNA analysis.
BioTechniques, 62, pp.283-289.



Freedman, van Dorp, and Brace, 2018. JoNSC 5, pp.21-34

30

Smith, C.I., Chamberlain, A.T., Riley, M.S., Stringer, C.,
and Collins, M.J., 2003. The thermal history of
human fossils and the likelihood of successful
DNA amplification. Journal of Human Evolution,
45(3), pp.203-217.

Spooner, D. M. and Russ, H., 2014. Curating DNA
specimens. In Salick, J., Konchar, K., and Nesbitt,
M. (eds.), 2017. Curating Biocultural Collections: A
Handbook. Chapter 7. pp.97-106.

Thomsen, P.F., Elias, S., Gilbert, M.T.P., Haile, J., Munch,
K., Kuzmina, S., Froese, D.G., Sher, A., Holdaway,
R.N., Willerslev, E., 2009. Non-Destructive
Sampling of Ancient Insect DNA. PLoS ONE, 4(4),
e5048.

Tin, M.M-Y., Economo, E.P., and Mikheyev, A.S., 2014.
Sequencing degraded DNA from non-
destructively sampled museum specimens for
RAD-Tagging and low-coverage shotgun
phylogenetics. PLoS ONE, 9(5), e96793.

Turvey, S.T., Peters, S., Brace, S., Young, R.P.,
Crumpton, N., Hansford, J., Nuñez-Miño, J.M.,
King, G., Tsalikidis, K., Ottenwalder, J.A., and
Timpson, A., 2016. Independent evolutionary
histories in allopatric populations of a threatened
Caribbean land mammal. Diversity and
Distributions, 22(5), pp.589-602.

Welker, F., Collins, M.J., Thomas, J.A., Wadsley, M.,
Brace, S., Cappellini, E., Turvey, S.T., Reguero, M.,
Gelfo, J.N., Kramarz, A., Burger, J., Thomas-Oates,
J., Ashford, D.A., Ashton, P.D., Rowsell, K., Porter,
D.M., Kessler, B., Fischer, R., Baessmann, C.,
Kaspar, S., Olsen, J.V., Kiley, P., Elliott, J.A.,
Kelstrup, C.D., Mullin, V., Hofreiter, M., Willerslev,
E., Hublin, J.J., Orlando, L., Barnes, I., and
MacPhee, R.D., 2015. Ancient proteins resolve the
evolutionary history of Darwin's South American
ungulates. Nature, 522(7554), pp.81-84.

Wisely, S.M., Maldonado, J.E., and Fleischer, R.C., 2004.
A technique for sampling ancient DNA that
minimizes damage to museum specimens.
Conservation Genetics, 5, pp.105-107.



Freedman, van Dorp, and Brace, 2018. JoNSC 5, pp.21-34

31

Appendix I

An example of a Destructive Sampling Agreement, adapted looking at the policies from the Natural History
Museum, London, National Museum Wales, The Manchester Museum, Tully House Museum and Gallery, and
Leeds City Museum.

[MUSEUM NAME] Destructive Sampling Policy

One of [MUSEUM NAME]’s key missions is to enable collections to be used to enhance research. We encourage
opportunities to use our collections, including destructive sampling.

Destructive sampling involves irreversible damage to an object, and, as such, decisions on sampling are taken
with serious consideration.

To ensure that collections are used to their full potential, with minimal damage, the following guidelines have
been laid out for researchers:

Researchers will complete the Destructive Sampling Request Form in full and send it to the curator in charge of
that collection. This will include full details of the research proposal and why the specimens from [MUSEUM
NAME] are required.

Researchers are encouraged to speak directly to the curator to find out more about the specimens needed for
the research, i.e. suitable specimens, the best areas to sample a specimen, fragility of specimens, etc. The
smallest possible sample from the least intrusive appropriate area will be taken.

Once the Destructive Sampling Request Form has been sent to the museum, the curator may ask questions to
clarify information about the research project.

Where possible, and where this does not compromise the research effort, sampling should be undertaken on
site under supervision and guidance of the curator and/or conservator.

If sampling is permitted, the applicant agrees to the following (which is also outlined on the Destructive
Sampling Request Form):

● To provide full details of analysis techniques to the museum.

● To return all borrowed specimens and unused samples to [MUSEUM NAME] within 6 months after
sampling has taken place.

● To make available all relevant results of the analysis to [MUSEUM NAME], which will be held in confidence
until publication, or until a period of two years has elapsed (whichever is sooner).

● To provide a copy of all relevant publications relating to the samples listed on this form.

● To cite all specimens used in the publication with their unique museum number as supplied by the curator.

● To acknowledge [MUSEUM NAME] in any publications resulting from the sampling of the listed specimens.

● Where appropriate, to consider including the curator as a co-author on publications, if a significant
intellectual contribution to a publication has been made.

● If DNA samples have been taken, to submit sequences extracted to a public repository and provide
[MUSEUM NAME] with the reference numbers along with copies of sequenced data if the museum
requests this. The museum will not share this data until after they have been published. Sampling muse be
done in accordance with individual museum policy and in line with legal requirements and professional
ethical guidelines.
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Appendix 2

An example layout of a Destructive Sampling Request Form.

[MUSEUM NAME] DESTRUCTIVE SAMPLING REQUEST FORM

Thank you for your interest in using our collections for your research.

Please complete the form below with all the details of the proposed sampling and research outcomes.

The curator in charge of the collection will assess the proposal and respond to you within X days. If
clarification is required on any points, the curator will contact you directly.

Section 1: To be completed by the researcher

Name: Position:

Telephone: Email:

Address: Date of request:

Details of the project:

Research outcomes (highlighting significance of destructive sampling requested):
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Analytical details:

Type of sample
required:

Amount of material
required:

Name of analyst: Address of analytical
lab:

Sampling methods (please state the sampling methods and analysis):

Details of specimens to be sampled (please add more rows if required):

Accession number: Specimen name:

Accession number: Specimen name:

Accession number: Specimen name:

If this proposal is accepted, I will:

● Return all borrowed specimens and unused samples to [MUSEUM NAME] within 6 months after sampling
has taken place.

● Make available all relevant results of the analysis to [MUSEUM NAME], which will be held in confidence
until publication.

● Provide a copy of all relevant publications relating to the samples listed on this form.

● Cite all specimens used in publications with their unique museum number as specified by the curator.

● Acknowledge [MUSEUM NAME] in any publications resulting from the sampling of the listed specimens.

● Where appropriate, consider including the curator as a co-author on publications, if a significant
intellectual contribution to a publication has been made.

● If DNA samples have been taken, submit sequences extracted to a public repository and provide
[MUSEUM NAME] with the reference numbers, along with sequenced data if requested. The museum will
not share this data until after they have been published.

● Provide full details of analysis techniques to the museum.

Signed: Date:
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Section 2: To be completed by museum curator

Please assess the research proposal with the following considerations:

About the project: YES NO

Is there a clear hypothesis being tested?

Can this research be carried out without using destructive sampling on specimens?

Could the research be done with freshly collected material?

About the researcher:

Does the researcher/research group have demonstrable experience of using this
technique?
Does the researcher/research group have a good record of meeting the conditions of
sampling?

About the specimen(s):

Does the museum have full legal title to the specimen(s) requested?

Could the method of preservation or storage of the specimen reduce the success of
analysis (i.e. stored in formalin, stored in warm humid environment)?

Has identification of the specimen(s) been independently verified?

Is the specimen fully documented to allow any correspondence, results, etc. to be
attached to records?
Is the specimen subject to legislation that may restrict its use for the proposed work
(Nagoya Protocol, CITES, etc.)?

Proposal APPROVED / NOT APPROVED (delete as appropriate)

Name:

Position:

Date:

Specimen photographed before
and after sampling (YES/NO)?

Database record updated (YES/NO)?

Note to curator: Once completed, this form must be attached to the relevant database record and
stored with the collection history files.


