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With  the  introduction  of next  generation  high  throughput  sequencing  in 2005  and  the  resulting  revo-
lution  in  genetics,  ancient  DNA  research  has  rapidly  developed  from  an  interesting  but  marginal  field
within  evolutionary  biology  into  one  that  can contribute  significantly  to  our  understanding  of  evolution
in general  and the  development  of  our own  species  in particular.  While  the  amount  of sequence  data
available  from  ancient  human,  other  animal  and  plant  remains  has  increased  dramatically  over the  past
five years,  some  key  limitations  of ancient  DNA research  remain.  Most  notably,  reduction  of contami-
nation  and  the  authentication  of  results  are  of utmost  importance.  A  number  of studies  have addressed
different  aspects  of sampling,  DNA  extraction  and  DNA  manipulation  in order  to establish  protocols  that
ontamination most efficiently  generate  reproducible  and  authentic  results.  As  increasing  numbers  of  researchers  from
different  backgrounds  become  interested  in using  ancient  DNA  technology  to  address  key questions,
the  need  for  practical  guidelines  on how  to construct  and  use  an  ancient  DNA facility  arises.  The  aim of
this  article  is therefore  to  provide  practical  tips  for  building  a state-of-the-art  ancient  DNA  facility.  It  is
intended  to  help  researchers  new  to  the  field  of  ancient  DNA  research  generally,  and  those  considering
the  application  of next  generation  sequencing,  in  their  planning  process.
. Introduction

The development of next generation sequencing (NGS) has rev-
lutionized ancient DNA (aDNA) research like almost no other field
f genetics. Within a few months of the introduction of NGS in
005 (Margulies et al., 2005), Poinar et al. (2006) published 13
illion bp from the nuclear genome of the extinct woolly mam-
oth. When compared with the 27,000 bp of cave bear sequence

Noonan et al., 2005) that represented the largest nuclear data set
vailable from an extinct species in the pre-NGS era, the data set
btained by Poinar et al. (2006) represented a 480-fold increase.
GS development has so far resulted in the publication of low cov-
rage draft nuclear genomes of the woolly mammoth (0.8-fold,
iller et al., 2008), the Neanderthal (1-fold, Green et al., 2010) a

ew hominin dubbed Denisovans (1.9-fold, Reich et al., 2010) and
 high-quality 20-fold coverage nuclear genome of a 4000-year-old
alaeo-Eskimo (Rasmussen et al., 2010). To date, very few stud-
es investigating functional genetics from ancient samples have

een conducted and all of these have used conventional cloning
nd Sanger sequencing (Campbell et al., 2010; Krause et al., 2007;
alueza-Fox et al., 2007; Römpler et al., 2006). The capability to
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sequence entire genomes from ancient samples now makes it fea-
sible to obtain a large amount of functionally informative nuclear
data from subfossil remains and, as a result, opens up huge potential
for future ancient DNA studies.

As is now widely known, ancient DNA extracts are usually char-
acterised by a low endogenous molecule number as well as short
and chemically altered molecules (Pääbo et al., 2004). As a result
of these characteristics, issues of contamination from numerous
sources have always been present. In past cases where particu-
larly astonishing findings were reported, such as the recovery of
DNA from dinosaur remains (for example Woodward et al., 1994),
it has generally been determined that contamination, rather than
endogenous DNA sequences, explained the results (Pääbo et al.,
2004). The “dinosaur” DNA sequenced by Woodward et al. (1994)
for example was  later suggested to be of human origin, representing
a mitochondrial insertion in the nuclear human genome (Hedges
and Schweitzer, 1995; Allard et al., 1995; Henikoff, 1995; Zischler
et al., 1995). As a result of these contamination issues, a number
of authenticity criteria for ancient DNA sequence data (including
Sanger and NGS data) have been suggested, including the use of a
dedicated ancient DNA clean room facility for all pre-amplification
work with ancient DNA (Cooper and Poinar, 2000; Green et al.,
2009; Pääbo et al., 2004). The importance of using such a clean

room was demonstrated in 2006, when two studies focusing on
nuclear DNA from the same Neanderthal sample produced incon-
sistent results (Green et al., 2006; Noonan et al., 2006; Wall and Kim,
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007). Later studies showed that the two extracts, which were pro-
uced under stringent ancient DNA protocols in a state-of-the-art
lean room facility, left the facility with very low levels of mod-
rn human contamination. However, at least one of those extracts
Green et al., 2006) was contaminated with modern human DNA in
he subsequent library preparation for NGS, which was  conducted
n a different, non-clean room, laboratory (Green et al., 2009).

The development of NGS has provided a new set of tools to
dentify and even avoid modern contamination in ancient DNA
xperiments. It allows sequencing of the very short molecules
hich are characteristic of ancient DNA and which are gener-

lly too short to be amplified by the polymerase chain reaction
PCR). NGS thereby increases the number of endogenous ancient

olecules accessible for sequencing and reduces the risk of favor-
ng long molecules originating from modern contaminants (Krause
t al., 2010). Because many individual molecules covering a site
f interest can be sequenced, NGS also allows easier identification
f contaminating molecules. However, NGS also introduces new
ypes of contamination that pose significant additional challenges
or ancient DNA studies. For example, using traditional PCR and
anger sequencing, a target region is amplified and either cloned
r directly sequenced. These amplified PCR products could, theo-
etically, get back into the dedicated ancient DNA facility and be
ncorporated in later reactions which can cause erroneous results,
ut at least there is some knowledge of and control over what has
een amplified; it is generally known what species or loci have been
tudied in a laboratory. This is not the case for NGS. An ancient DNA
xtract can contain a large amount of exogenous DNA from numer-
us environmental sources, including bacteria and fungi, many of
hich are unknown to science. Noonan et al. (2005),  for example,

nalysed metagenomic libraries constructed with unamplified DNA
xtracted from skeletal remains of two 40,000-year-old extinct
ave bears and found that up to 66% of the sequences obtained did
ot produce any matches when compared to all entries on GenBank.

n one library, only 1% could be identified as being of carnivore ori-
in. Similarly low levels of endogenous DNA were obtained from
eanderthal samples (Green et al., 2010). The ancient extract can
lso contain significant amounts of contaminating human DNA,
specially if the sample was collected and handled without DNA
tudies in mind, as is common for most museum specimens. Miller
t al. (2009) for example found that up to 8.9% of the total reads
roduced from 454 high throughput sequencing of a museum pre-
erved, 104-year-old, dry skin sample of a Tasmanian tiger were
f human origin. When producing a sequencing library for NGS,

 large number of exogenous DNA molecules in the ancient DNA
xtract will be ligated to universal NGS adaptors. The library is
hen amplified in the post-PCR laboratory, producing millions of
daptor-ligated copies of all of the extracted DNA, including that of
ll of the unknown organisms and potentially a significant amount
f exogenous human DNA. As PCR products are suitable for air-
orne distribution, these adaptor-ligated copies could easily be
istributed throughout the post-PCR laboratory, adding to all of
he other amplified PCR products being generated in other (NGS)
xperiments. If any one of those molecules makes its way back to
he ancient DNA facility, the laboratory will be contaminated with
eady-to-sequence human, bacterial, or other DNA that may  be of
nterest in future aDNA studies. This will be unidentifiable contam-
nation representing organisms that may  never have been worked
n previously in the respective laboratory. This is particularly crit-
cal when using NGS for determining the composition of ancient or
ven modern environmental samples, for example. Thus all of the
ssues of between-laboratory contamination control precautions,

s well as the pre-laboratory contamination precautions, are even
ore important than they were in pre-NGS days.
As more and more researchers become interested in ancient

NA studies there is an increased need for suitable facilities in
atomy 194 (2012) 3– 6

which to conduct these studies. Authenticity requirements for
ancient DNA data have been proposed previously (Cooper and
Poinar, 2000; Pääbo et al., 2004; Green et al., 2009) and guide-
lines for work with ancient DNA always include the requirement of
a dedicated, isolated laboratory environment (Cooper and Poinar,
2000). But what does this actually mean? Over time, a set of guide-
lines has evolved that define a suitable ancient DNA work space,
however many of these guidelines have been established as a
result of personal and often unpublished experiences of various
researchers. In this review we focus on the logistical and spatial
requirements for setting up an ancient DNA facility, with the aim
of providing a guideline for research groups that want to commit
to a serious ancient DNA program and have the opportunity and
support to construct such a facility.

2. Technical requirements for an ancient DNA facility

Contaminating DNA can be introduced to an experiment in mul-
tiple ways, including through contaminated reagents or samples
and through carry-over of DNA and PCR amplification products
from previous experiments (Champlot et al., 2010). Carry-over of
PCR products in particular is one of the main sources of contamina-
tion of ancient DNA extracts (Cooper and Poinar, 2000; Pääbo et al.,
2004). PCR products can exist in millions of copies in each post-PCR
laboratory and can be distributed through the air or attached to
clothing or shoes (Champlot et al., 2010). These products are likely
to include copies of specific target regions that are to be ampli-
fied from ancient DNA extracts. Studies have shown that from a
few microliters of wash water used to clean a post-PCR laboratory,
numerous genomic regions from a number of species worked on in
the laboratory could be amplified (Hummel, 2003 and references
therein). Thus one of the main challenges in the design of an ancient
DNA facility is to keep contaminating DNA, and particularly previ-
ously amplified PCR products, out. Standard precautions to achieve
this include:

2.1. Location of facility

Spatial isolation of the ancient DNA facility from the post-PCR
laboratory is essential. Many established ancient DNA research
groups go as far as to have the ancient DNA facility in a separate
building from any post-PCR laboratories. No dedicated ancient DNA
facility should ever have been used as a post-PCR laboratory at any
time in the past.

Separate access to the ancient DNA facility is ideal. It is estab-
lished practice to only access the aDNA facility first thing in the
day – before one has entered any post-PCR laboratory. Movement
should always be unidirectional – from the ancient lab to the post-
PCR rooms. Entry into the aDNA facility after having been in the
post-PCR laboratory on the same day increases the risk of carry-
ing PCR products from the latter to the former laboratory and for
this reason access to the aDNA facility should never be through the
post-PCR laboratory.

2.2. Design

The concept of spatial separation of working steps is not only
useful between the ancient DNA laboratory and post-PCR lab, it
also helps to reduce cross contamination between experiments in
the ancient DNA facility itself. Ideally, different steps can be con-
ducted in different rooms and/or in dedicated hoods. While the

setup may  vary between different ancient DNA facilities depending
on the space available, we  recommend a minimum of three sepa-
rate rooms. This allows for the separation of three major working
areas allowing for specific activities:
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Box 1: Example setup of a three-room ancient DNA
facility.
The complete facility has a positive pressure system accompa-
nied by a HEPA air filter system and is air conditioned. Every
room is fitted with UVC light sources that can be switched on
and off from outside the respective room. The facility consists
of three consecutive rooms, i.e. room 2 can only be reached
through room 1 and room 3 can only be reached through room
2.
Room 1:
The room has an entry area for changing into suitable clean
room clothing (see main text). It has storage facilities for con-
sumables and samples, and can also be equipped with a
fridge and freezer for temporary storage of inwards goods.
It has bench space for UV irradiation of samples and con-
sumables, and also for all pre-extraction handling of samples,
such as photographing, measuring and cataloguing. It has a
UV-proof cupboard for computer and other UV-sensitive equip-
ment needed in this room. All surfaces are UVC and bleach
resistant.
Room 2:
This room is fitted with a fume hood that can be fully closed
and has internal UVC light and power sockets. The room is fit-
ted with UVC light and has bench space for handling samples.
Further important equipment includes a fine scale for weigh-
ing of samples and a dentist drill or similar tools for cutting
and drilling samples as well as mortars and pestles or other
equipment for grinding samples. As sawdust can occur when
cutting samples, the room should be fitted with a water source
for cleaning purposes.
Room 3:
This is the core of the ancient DNA facility. The room is fit-
ted with at least two individual enclosed workstations or PCR
hoods: one for DNA extraction and manipulation, and one
entirely DNA-free for PCR setup. The hoods should have inter-
nal UVC sources and can be Class II biosafety cabinets. The
DNA extraction hood should contain a small table centrifuge.
Essential equipment in this room includes most standard
molecular biology laboratory gear such as centrifuges (with
rotors for plates as well as 1.5 mL  reaction tubes, and, depend-
ing on the volume of the extractions performed, potentially
also for up to 50 mL  tubes), heating block, incubator, vortex,
rocker, scales, fridge and freezer. If NGS is being undertaken,
perhaps surprisingly for an ancient lab, the room needs to be
equipped with a thermal cycler for library preparation because
the adaptor ligation process includes a number of enzymatic
reactions with a range of different temperature requirements.
For obvious reasons it is essential that this machine has never
been previously used for PCR and is never used for PCR while in
the clean room. Other useful equipment includes a dishwasher
run with ultrapure water (for glassware used in the clean room),

1
f

and a microwave.

Room 1: Changing into dedicated clean room clothing (such as cov-
eralls, hairnet, facemask, laboratory shoes, double gloves), storage
of consumables, pre-extraction processing of potentially contam-
inated museum samples, ultraviolet (UV) C irradiation of samples
and consumables.
Room 2: Ideally fitted with a fume hood (with internal UVC fitted)
for cutting bone samples. As this can be a dusty process, separating
it from the subsequent DNA extraction and manipulation steps
reduces the risk of cross contamination between samples.
Room 3: DNA extraction and manipulation and PCR setup, ideally
in separate hoods fitted with internal UVC.
Spatial limitations may  require alternative arrangements. In Box
 we describe an example setup for a three-room ancient DNA
acility.
atomy 194 (2012) 3– 6 5

2.3. Access

To reduce the risk of introducing contamination, aDNA research
groups often practice a limited access policy. Access to the ancient
DNA facility should be limited to trained personnel and mainte-
nance staff who understand the protocols for reducing potential
contamination. For this reason some aDNA facilities are fitted with
windows to allow guests to view work being undertaken in the lab-
oratory. Such windows also can be an additional safety feature for
staff working alone in the laboratory. It is also important to consider
access of support staff such as cleaning crews and repair workers
who, with their equipment, may  have been working in, or passing
through, post-PCR laboratories.

2.4. Consumables and equipment

As PCR products are ubiquitous in post-PCR laboratories it is
important to make sure that no consumables or equipment for the
ancient DNA facility have been sourced from post-PCR laborato-
ries. In addition to standard molecular laboratory equipment, a few
more items are advantageous in the aDNA facility. To keep levels
of environmental DNA low, the aDNA facility can be UV irradiated
when it is not in use. For this purpose UVC light (� = 254 nm) is often
used and overhead UV lighting of the lab is ideal. A further strategy
to reduce the levels of environmental DNA  is regular bleaching of
all surfaces (see for example Champlot et al., 2010). It should be
noted that both bleach and UVC can be damaging to some surfaces,
a factor that should be taken into account when building the aDNA
facility; use bleach- and UVC- resistant materials wherever pos-
sible. Further useful features are a positive pressure systems and
HEPA-filtered air conditioning. Dedicated laminar flow hoods and
fume hoods for DNA extraction and manipulation further reduce
the risk of contaminating the experiment.

2.5. Laboratory protocol

Laboratory protocols vary and depend on the organisms on
which research is being undertaken. For example if all precau-
tions to prevent PCR product carry-over are taken, a researcher
is less likely to introduce relevant contamination when extracting
DNA from a mammoth bone than when DNA from subfossil human
remains is extracted. This is not only valid when human DNA is
targeted but in particular also when human associated bacterial
DNA is investigated. However, for NGS studies even non-target DNA
can become a nuisance as it will get sequenced along with the tar-
get DNA and reduce the sequence reads on target. It is therefore
recommended to reduce the amount of DNA in the ancient DNA
facility as much as possible. Dedicated clean room clothing such
as full body coveralls (as are routinely used in forensic work) can
help achieve this goal. Wearing face masks, face shields and hair-
nets further reduces the amount of DNA shed by the researcher.
Dedicated clean room shoes are useful to reduce carry-over con-
tamination, and as ancient DNA work requires regular changing of
gloves, wearing two pairs of gloves will prevent the exposure of
skin when changing gloves.

3. Conclusion

The development of NGS technology has created tremendous
new opportunities for ancient DNA research. As a result, an increas-
ing number of researchers are establishing ancient DNA facilities.
This provides us with an opportunity as a research community

to step back and rethink current practices, both to ensure that
requirements are satisfactory for existing techniques and, per-
haps more importantly, also for developing technologies such
as NGS. Setting up an ancient DNA facility is no small feat; it
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equires time, money and institutional support. Our aim is for this
eview to provide guidelines and considerations that will assist new
esearchers in the field or those wanting to upgrade their facilities.

e also suggest that modern DNA labs using NGS for environmen-
al sequencing might want to consider some of the issues raised
ere as contamination is a problem not limited to ancient DNA
lone.
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