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Preface

Forensic DNA analysis has evolved almost beyond recognition in the last 30 years.
Following its inception in 1985, the first ten years saw rapid changes in technology with
short tandem repeats (STRs) replacing variable number tandem repeats (VNTRs) as the
DNA marker of choice. From the mid-1990s to the present day, the changes in technology
have been less dramatic and STRs remain the main tool utilized by forensic laboratories
around the world, albeit with incremental improvements in reagents, equipment and prac-
tice. These changes have made DNA profiling more powerful, sensitive, and resistant to
PCR inhibitors.

While STRs remain the mainstay of forensic analysis, several tools have been developed
that can be used in addition to or as an enhancement to established techniques. The analysis
of body fluids using RNA as a target, which complements classical presumptive and confir-
matory tests, has yielded promising results. The RNA-based approach enhances the possi-
bility of classifying biological material found at crime scenes more precisely than as “blood,
saliva, or semen”; for example using RNA-based approach, it is possible to differentiate
between menstrual and circulatory blood, which can be critical in sexual assault cases.

Advances in our understanding of the human genome have made a range of markers,
in particular single nucleotide polymorphisms (SNPs) and insertion-deletion polymor-
phisms (INDEL:s), easier to identify. Both these categories of markers have an advantage
over STRs when analyzing poor-quality DNA as they can be amplified on shorter ampli-
cons, thereby increasing the chance of successful analysis, especially from degraded
DNA. While their use is not currently widespread in the forensic community, both SNPs
and INDELs can be used as a supplementary tool along with STRs when the power of
discrimination needs to be increased; panels of markers have been selected and validated to
address this need.

Alternative panels of SNPs and INDELs have also been selected that can provide an
estimation of ancestry, rather than for identification, and have the critical feature that their
frequencies of occurrence differ between different major population groups, allowing
probabilistic estimations of the geographical origin or biological material, or genetic ances-
try, to be made. The information gained from this type of analysis is not nearly as powerful
as from direct matching to a reference profile but can provide investigators with a lead,
allowing them to focus their investigations on fewer people. A difterent approach to pro-
viding investigators with some information on an unknown sample is to try and build up a
phenotypic portrait of the individual that the biological material came from. SNDPs have
been identified that contribute to externally visible traits, such as eye and hair color, and can
potentially be applied to casework, but only in certain populations, where eye and hair
color vary significantly.

At the time of writing, only one commercial kit is available for the analysis of autosomal
INDELSs and none for SNPs (using capillary electrophoresis). This presents a barrier to the
widespread adoption of these markers. Next Generation Sequencing (NGS) technology
could provide a platform that facilitates the use of alternative markers in more laboratories.
NGS has been used for genome analysis for several years but has not been particularly suited
to forensic analysis as it has been expensive and requires relatively high amounts of good-
quality DNA. However, with the development of cheaper and more robust platforms, it
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vi Preface

offers the potential to type multiple SNPs, INDELs, and STRs in a single reaction,
providing a vast amount of information for every sample typed. The first commercial kits
designed specifically for forensic investigations have been released by Illumina and Life
Technologies for use on their NGS platforms and are being evaluated in several laboratories
around the world.

Developments in Y chromosome STR analysis and mitochondrial analysis (mtDNA)
continue to be made, for example, the identification of rapidly mutating Y STRs that allow
for better discrimination between males from the same paternal lineage. NGS-based analy-
sis offers a route for sequencing more, or all, of the mitochondrial genome, which also
increases it potential for discrimination.

This book presents a series of protocols. It is envisaged that some of these will be
already routine in some laboratories, but may be of use to other laboratories that have not
yet implemented or possibly considered the method. Even when the method is already
tamiliar, comparison with practice in another laboratory is valuable. Others methods are
not as widely used and as such the methodology presented, and in particular the notes that
add extra detail to that given in published papers, can hopefully assist with the execution of
the different techniques.

The book is arranged into a series of related chapters. The start point is the collection
and storage of biological material: as DNA profiling gets more sensitive the collection,
storage, and processing need to reduce the possibility of inadvertently contaminating the
sample or contributing to its deterioration. Following on from this Chapters 2—3 examine
two different aspects of RNA analysis for body fluid identification. Methods for the storage
of biological material and DNA extraction are covered in Chapters 4-7, the focus of
Chapters 6 and 7 is the extraction of DNA from hard tissues. Chapters 8—10 present meth-
ods for monitoring the quality of DNA extracts and also further steps to aid with the
purification of DNA, making it amenable to downstream analysis. Chapters 11-16 detail
methods for the typing on nonstandard markers, including INDELs, Y chromosome
STRs, and mitochondrial DNA. Chapters 17-19 deal with phenotype and ancestry, includ-
ing detailed procedures for data analysis and evaluation. Finally, Chapter 20 looks at the
application of DNA typing to the identification of non-human material to species level.
Detailed NGS protocols have not been included in this book as it was felt that the proto-
cols were not sufficiently standardized, with many laboratories assessing different param-
eters involved in the generation of data. However, many of the protocols presented can
feed into an NGS workflow.

I am indebted to all of the authors that have shared their experience and provided the
manuscripts that make up this book. I would like to thank Professor John Walker, the series
editor, for providing prompt guidance and advice throughout the process of compiling
this work.

Preston, Lancashire, UK William Goodwin
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Chapter 1

Collection of Samples for DNA Analysis

Roland A.H. van Oorschot, Timothy J. Verdon, and Kaye N. Ballantyne

Abstract

Effective sampling of biological material is critical to the ability to acquire DNA profiles of probative value.
The main methods of collection are swabbing, tapelifting, or direct excision. This chapter describes the key
aspects to consider when applying these methods, in addition to suggested procedures for swabbing and
tapelifting. Important issues to be considered, such as exhibit triaging, pre-examination preparation,
contamination risk reduction, sample localization, sample identification, and sample prioritization as well
as aspects of record keeping, packaging, and storage, are also raised.

Key words DNA collection, Sample targeting, Contamination risk, Swabbing, Tapelifting, Forensic

1

Introduction

The collection of biological material for DNA analysis is more than
just about dabbing a swab at an obvious stain, putting it in a tube,
and submitting it for DNA analysis. Identifying what needs to be
collected and the most effective method of collection are crucial
aspects of the DNA analysis process. Incorrect or incomplete
targeting and collection of relevant material will limit the probabil-
ity of acquiring a useful DNA profile, the quality and probative
value of the profile generated, and ultimately its contribution to
assisting the justice system.

The issues surrounding collection of DNA evidence are far
greater than just methods for the identification and sampling of
biological material. Analysts must be cognizant of the timing of
DNA examinations relative to other forensic disciplines’ examina-
tions in terms of impacts on each other, the risk of contamination
prior to or during examination or sampling, the need for pre-
sumptive and confirmatory tests prior to sampling, as well as record
keeping, packaging, and storage.

This chapter will focus on the main collection methods of
biological material for DNA analysis including whole or partial
substrate collection, swabbing, and tapelifting (sec Note 1).

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_1, © Springer Science+Business Media New York 2016
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2 Roland A.H. van Oorschot et al.

However, information regarding the additional considerations in
forensic evidence identification and recovery is also provided, to
allow readers a full comprehension of the complex nature of the
collection task. It is important to note that comparatively little
empirical research has been performed in the collection area, and
as such many common practices are based on assumptions, anec-
dotal evidence, or practitioner’s experience, rather than on con-
firmed, controlled, and tested data. Wherever possible within this
chapter, the reader will be directed to relevant references for such
data.

2 Exhibit Triaging, Pre-examination Preparation, and Sample Targeting

2.1 Multidisciplinary
Evidence Recovery

2.2 Contamination
Risk Reduction

For many scenes or exhibits, DNA is not the only evidence avail-
able or desired for forensic investigation. However, the examina-
tion and collection of biological material may impact on the
recovery of other evidence. It may remove other forms of trace
evidence such as fibers, glass, or plant material; obliterate indenta-
tions or writing prior to document analysis; damage electronic
equipment; remove or obscure fingerprints and toolmarks, and
complicate damage and blood pattern analysis. Therefore, appro-
priate communication with the informant and other relevant foren-
sic discipline specialists should be performed prior to any
examination. The relative order of evidence collection may be
highly case specific based on the desired analyses. In general,
adopting a trace evidence first strategy is considered beneficial to
prevent contamination or loss of minute or easily transferred evi-
dence such as trace DNA, gunshot residue, or fibers through exces-
sive handling or manipulation.

Whilst considering the relative order of examinations, thought
must be given not only to the impact of DNA collection on other
examinations but also to the impact of other examinations on
potential DNA evidence. For example, the use of fingerprinting
brushes and powder to visualize a fingerprint may reduce the
opportunity to obtain a DNA profile from a print (regardless of
any print providing probative value or not) due to removal of sam-
ple [1] or potential contamination of the target area [1, 2]. Some
fingerprinting methods may even inhibit the DNA profiling pro-
cess [3—7]. The use of electrostatic detection apparatus (ESDA) for
indentations or stubs for gunshot residue collection may remove
significant amounts of DNA present on the item.

Minimizing contamination risk during examination and collection
is vital for preserving the integrity of DNA evidence. Next genera-
tion profiling kits such as PowerPlex ESI/X and GlobalFiler pro-
vide such exceptional sensitivity that even minute background traces
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or contaminants can be detected. Therefore, strict procedures must
be in place to prevent the loss or obfuscation of evidence.

The same level of contamination risk reduction procedures
should be adopted when undertaking other pre-DNA collection
examinations of an exhibit. One could argue that they should also
be adopted when undertaking any post-DNA examinations of an
exhibit to preserve the integrity of the exhibit in case of any desired
further/re-examinations.

If undertaking the sample collection in the field, secure the
area around the exhibit and restrict access as soon as possible. If
within a laboratory environment, areas for sample examination
should be isolated or semi-isolated with limited traffic flow within
the vicinity, and have near neutral air flow in the area of the exami-
nation bench.

Prior to entering the examination area, whether at a scene or
within a laboratory, full protective equipment should be put on by
any personnel approaching the scene or bench. These include a lab
coat/gown, mask covering nose and mouth, hairnet, and gloves.
These clothing items protect the exhibit from biological material
(e.g., saliva from talking/coughing, loose hairs, shed skin cells on
clothing, and oils/loose DNA on skin) being transferred to an
exhibit. The gloves, which are the protective equipment most likely
to come into contact with an exhibit, must be DNA free. Care
should be taken when removing the gloves from their packaging to
prevent contact with bare hands/skin (especially the finger and
palm areas of the new glove being removed) or potentially con-
taminated surfaces such as the exterior of the glove box. The prac-
tice of double gloving where a second glove is worn over the first
can further assist with minimizing this contamination risk.

Attention should also be paid to the order in which protective
clothing is applied—the hairnet and face mask should be put on
first (to prevent hair/saliva etc. falling onto the lab gown), then
the gown itself, then gloves, ensuring that the gloves cover the
wrist and forearm, overlapping the sleeve of the gown.

Within the laboratory, the examination area should be sup-
plied with only the tools and equipment required for the specific
task to ensure an uncluttered environment with minimized risk of
contamination. All equipment and surfaces should be thoroughly
cleaned before and after each use. The classification of items as
high, medium, or low risk can aid in raising awareness of contami-
nation probabilities, and ensure the appropriate level of care is
taken for each item. High risk items are those that may come into
direct contact with an exhibit (e.g., forceps, scissors, gloves);
medium risk may function as a one-step vector between a non-
exhibit surface and an exhibit (e.g., glove box, pen, magnifying
lamp, water dropper) [8, 9]. Lower contamination risk surfaces
require multiple transfer steps for DNA to be transferred to an
exhibit, commonly involving a medium or high risk vector. Whilst
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2.3 Sample
Targeting and Ordering

all surfaces should be cleaned regularly, focus should be on high
and medium risk items with cleaning before and after each use.
Cleaning agents should be of sufficient strength to ensure eradica-
tion of surface DNA, but able to be removed entirely from the
item to prevent transfer and destruction of target DNA [10].
Commonly used agents include sodium hypochlorite (0.5-
10 % v/v solutions [11, 12]), UV [13], and ethylene oxide [14],
although numerous other commercial solutions are available. The
use of disposable, certified DNA-free items such as scissors, for-
ceps, and racks is recommended—no cleaning method is 100 %
effective, and so care should be exercised. Separate areas should be
designated for the exhibit and cleaned tools, away from potentially
contaminated items such as exhibit packaging, paperwork, and
biohazard waste/rubbish. The positioning of such items should
also be such that there will not be any traffic over an exhibit when
they are to be utilized during an examination.

Gloves should be changed regularly throughout the examina-
tion, particularly after contact with exhibit (to prevent transferring
DNA from the exhibit to laboratory surfaces), and after contact
with potentially unclean medium or low risk items such as labora-
tory furniture, paperwork, and packaging. Likewise, if possible
separate tools should be used on separate stains—using forceps or
scissors on a trace sample immediately after a blood stain may cre-
ate an artificial mixture of both stains [8, 15].

When handling an exhibit do so as little as possible and try to
avoid areas likely to be targeted for sampling.

To assist in determining the possible source of contamination,
in situations where this is deemed necessary, it is imperative to (a)
record which benches, tools, and equipment were used, by who
and when, per case/exhibit; and (b) have a current and compre-
hensive staft elimination database of DNA profiles, of all typing
systems in use within a laboratory, of all relevant individuals.

The area to be sampled needs to be clearly defined. This will be
dependent on the question(s) being asked from the investigative
perspective. Awareness of the hypotheses to be tested in light of the
context of the case can assist in identifying relevant (or irrelevant)
stains and traces. Visualization or enhancement techniques such as
alternative light sources [ 16-18] and /or near infrared cameras [19]
can assist in locating possible biological material. Prior to sampling
for DNA analysis presumptive or confirmatory tests can be used to
screen non-relevant stains and prioritize sampling areas. When pos-
sible, a test or method that does not come into contact with a
potential area to be sampled should be employed, to minimize loss
of sample and risk of contaminating the sample (se¢ Note 2).

The ordering of sample collection should be based on (a) sam-
ples most likely to provide relevant information (taking into
account biological sample type, quantity of sample, age of sample,
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sample location), (b) the nature of the sample—trace samples
should be collected first as these are most prone to/affected by
contamination, (c¢) the likely yield of DNA from specific volumes
or sizes of stains of biological materials, and the relevant collection
or extraction efficiency for the substrate and collection method
employed (see Note 3).

It may be necessary to section the stain or exhibit and collect
separate samples to prevent sample mixing or spreading. An exam-
ple of incorrect sample mixing would be swabbing the handle and
blade of a knife together—in many instances in doing so victim and
perpetrator DNA may be mixed, confusing the correct attribution
of the location of each individual on the item. Spreading of a trace
sample beyond the target area may also reduce recovery yield and
thus ability to acquire a profile of sufficient probative value.

Additionally, consideration must be given to jurisdiction or
laboratory specific requirements for number of samples allowed
per exhibit or case type, the need for additional testing by indepen-
dent laboratories, or the potential need for re-examination subse-
quent to further investigation.

3 Sampling

3.1 Choice
of Sampling Method

The choice of sampling method or collection device is highly depen-
dent on the type and size of exhibit, the surface which needs to be
sampled, and the location of the target deposit. Choices include:

1. Excision of portion of exhibit or use of whole exhibit for
direct extraction, for fabrics or small items such as cartridge
casings [20].

2. Swabbing: mainly used to collect biological material from non-
porous surfaces, e.g., knife blades and handles, bottles, mugs,
watches, ceramic tiles. See Subheading 3.2.

3. Tapelifting: mainly used to collect biological material from
porous surfaces (mainly fabric substrates), e.g., clothing, bed-
ding. See Subheading 3.3.

As some collection devices are more amenable to specific extrac-
tion methods than others due to substrate type or size limitations, an
understanding and consideration of the subsequent DNA extraction
methods available and preferred within the laboratory is important.

The invasiveness of the sampling method and the preservation
of the exhibit or item should be considered relative to the likely
quantity and quality of DNA that will be retrieved. If, for example,
swabbing a blood stain on clothing will provide sufficient DNA to
obtain a full profile, excising a section of the stain could be consid-
ered unnecessary damage to the exhibit for the owner, and could
complicate further examination at a later date.
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3.2 Swabbing

Table 1

There are numerous choices for swabs available for the collection
of biological material. The use of different swabs for different
materials and substrates can be beneficial in different circumstances
[21], although data are still scarce for many situations or combina-
tions. See Table 1 for suggestions of swab selection for sampling
different forms of biological evidence from different substrate
types. Many laboratories use a single type of swab, most commonly
cotton [22], for all purposes. To collect the maximum amount of
material via swabbing, the following procedure is recommended:

1.

Thoroughly dampen the swab with nuclease-free water (see
Note 4), but do not oversaturate to the point of dripping. The
vessel of water or dropper used should not contact the swab to
prevent contamination.

. Hold the swab stick such that you can apply some pressure of

the swab onto the substrate. Your fingers should however not
be placed too close to the swab (i.e., avoid contact with the
swab bud) and the swab stick must be held in such a way that
ensures that the fingers, palm, and /or wrist do not touch the
substrate from which you are collecting the DNA.

. Traverse the total target area multiple times applying a medium

level of pressure. Whilst doing this keep the swab at an angle
relative to the substrate, such that a large area of the swab is
contacting the substrate, and continually rotate the swab.

4. Ensure all the moisture is absorbed by the swab.

. Empirical evidence has shown that a single swab is insufficient

to collect all available DNA on a substrate [23-26]. Steps 1-3
should thus be repeated with a second swab ensuring that no
moisture is left on the substrate. The second swab should be
co-extracted with the first (in the same tube where possible) to

Suggested swab types which have been shown to effectively sample a variety of forms of biological
evidence from different substrates [21]

Evidence Touch

Biological fluid stain

Porosity  Porous

Nonporous Porous Nonporous

Texture Rough

Swab type Cotton
wound

Smooth Rough Smooth  Rough Smooth Rough Smooth

Foam

Cotton Polyester Rayon Foam Polyester Cotton

sleeve wound wound wound sleeve wound wound

Porosity and texture relate to the ability of the substrate to allow liquid to seep through and the degree of roughness of
a substrate, respectively. Wound swabs comprise long fibers (generally cotton, polyester, or rayon) tightly wrapped
around the swab stick; sleeve swabs consist of a sleeve of foam or woven fibers affixed over the end of the swab stick. For
relative performances of different swab types on different substrates see Ref. [21]
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retrieve as much of the collected DNA as possible. Whilst some
laboratories recommend the second swab to always be left dry
rather than dampened, it is unlikely to collect much additional
material from a dry substrate. So the only occasions where this
could be admissible is if for some reason the substrate is still
very moist after completing the first swabbing (see Note 5).

. If the surface area to be swabbed is very large, to the point

where a swab appears to become dry well before the whole
area has been traversed, additional swabs should be used. This
should continue until the whole target area has been swabbed
in an equal manner. All swabs should be extracted together or
it this is not practical or inefficient in separate aliquots and the
extracted DNA subsequently pooled.

. Choose a tape which is either DNA-free or at least able to be

cleaned before use. It has been suggested that a stickier tape
will collect more DNA of a higher quality than a less adhesive
tape [21, 27]. Also ensure that DNA can be extracted and ana-
lyzed effectively from the tape you have chosen with the meth-
ods used in your laboratory.

. If using pre-cut, commercially available tapelifters, proceed to

Step 4. If using a roll of tape, choose a length which is appro-
priate to the sampling area but not too much to make extrac-
tion difficult. A length of approximately 5 cm (2”) is a suggested
maximum length. Cut a length of tape longer than the chosen
size by 5-10 cm (2—4").

. Using the additional length, fold both sticky ends of the tape

back to create two non-adhesive handles (each approximately a
quarter of the additional length cut) on either side of the sec-
tion of the tape to be used for sampling. The tapelifter should
now have an adhesive surface in the middle, bordered by two
non-adhesive handles on either side.

. Apply the adhesive portion of the tape to the substrate, press-

ing firmly along the back of the tape. Lift the tape off and apply
to an adjacent region of the area to be sampled. Continue to
apply to adjacent areas within the target area.

. Once the whole target area has been sampled, repeat sampling

until the entire target area has been sampled several times. It
has been observed that sampling an area twice the size of the
tapelifter approximately eight times provides a relatively good
rate of recovery [27] (see Note 6).

. If at any stage prior to completing the collection the tape

appears to no longer adhere to the substrate, continue with a
fresh tapelifter.

. Remove the handles using a DNA-free scalpel or scissors, and

extract DNA directly from the adhesive portion of the tape
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which contains the biological material. If more than one tape-
lift is collected, they should be extracted together or if this is
not practical or inefficient in separate aliquots and the extracted
DNA subsequently pooled.

4 Record Keeping, Packaging, and Storage

4.1 Record Keeping

4.2 Packaging
and Storage

Information must be recorded regarding what was collected (the
assumed biological material), from which exhibit, from which
location on the exhibit, using what type of collection device, when,
and by whom. This information can be collected by different
means including combinations of handwritten or electronically
typed notes and drawings, photos, video, and /or voice recordings.
Many jurisdictions have specific document controlled forms and
associated procedures available to assist recording of relevant infor-
mation. Apart from its value within the particular case investiga-
tion for which the sample was collected, collating collected
information of this type for all samples collected within a labora-
tory or jurisdiction can assist in regular benchmarking assessments
that can help identify and drive improvements in success rates of
samples collected (acquisition of data of probative value), quality
of the samples, efficiencies and training, as well as identify research
directions [28].

Post-examination and sampling, the collection device and/or
the packaging it is to be stored in needs to be labeled with the
appropriate identification details (exhibit/sample number or bar-
code) that can be cross-referenced to the relevant details recorded.

Any samples which are still moist after collection should be dried as
soon as possible to prevent fungal and bacterial growth that will
harm the future analyses of the collected target DNA. Alternatively
they should be frozen immediately.

In respect to swabs, some manufactures provide pre-perforated
containers, or containers with desiccant, to assist drying. However,
many do not, so it is essential that the containers are modified to
allow air drying of the swab. This could be done by cutting a hole
in the container in the vicinity of the swab head. A DNA-free
implement (scissors, scalpel) should be used for this task to prevent
contamination. Any modifications to the container should still
ensure that the swab head is not able to contact any surface other
than the internal surface of the container. To prevent swabs in
semi-open containers becoming contaminated they should be
placed in individual paper envelopes/bags. They should not be
placed in plastic bags as they may prevent drying. Swabbings of the
same target area of an exhibit can be placed within the same enve-
lope but those of other target areas must be placed in separate
envelopes. All envelopes are to be appropriately identified.
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In most laboratories envelopes with swabs can be stored at
room temperature; however, in areas of high humidity it is advised
that storage rooms with lower humidity are used. Any labels to be
used must not be able to come loose, and the ink used must not
smudge or fade if it becomes wet or exposed to freezing
conditions.

5 Notes

1. Other less utilized collection methods exist that can be useful
in specific situations such as vacuuming which may be a method
of choice when wanting to collect trace samples from large
fabric surfaces such as car seats or bedding [29] and laser
microdissection which may be used to isolate a small number
of relevant target cells away from the bulk of other cells whose
DNA would swamp that of the target cells if co-extracted
[30-32].

2. Most jurisdictions currently still perform pre-sampling pre-
sumptive tests such as Hemastix (Siemens Healthcare
Diagnostics), seminal acid phosphatase test, and Phadebas
(Magle Life Sciences) for blood, semen, and saliva respectively,
but many laboratories in addition utilize post-sampling confir-
matory tests such as ABAcard® Hematrace® (Abacus
Diagnostics) for blood, RSID™-Saliva (Independent Forensics)
for saliva, and/or ABAcard® p30 (Abacus Diagnostics) or
RSID™-Semen (Independent Forensics) for semen. Some of
the presumptive and confirmatory tests require the use of valu-
able sample and separate tests for different biological materials.
Some laboratories are starting to consider alternative methods
using mRNA for post-sampling biological sample identifica-
tion. Such methods are able to not only deduce the type of
biological material for specific types of biological fluids and
tissues for which routine immunological /enzymatic /chemical
presumptive or confirmatory tests are available but also several
other relevant biological fluid and tissues for which routine
tests are not available, such as for menstrual blood and skin
[33-35]. Extraction of mRNA from the biological sample can
be done simultaneously with DNA extraction and the extracted
mRNA typed prior to DNA profiling, or if needed after DNA
profiling [36, 37].

3. The amount of DNA retrievable from a given volume, or size
of stain, varies depending on the biological source. Per volume
of fluid or associated stain one can expect to obtain most from
semen (~150-300 pg/ml), followed by blood (~20—40 pg/
ml, 250-500 ng/cm?), then saliva (~1-10 pg/ml) with the
amount of DNA left by touch on a hand-sized area usually
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providing far less (<0.1-169 ng) than all of the above [ 38—40].
Whilst touch DNA is often relatively low it should not by defi-
nition be considered a trace sample. “Trace sample” or “trace
DNA? refers to any sample which may fall below the recom-
mended threshold at any stage of the process—detection, col-
lection, extraction, amplification, and interpretation [41].

4. Alternative wetting agents may be used in place of water, and
may provide enhanced recovery in some circumstances [42,
43]. Further research may reveal alternative wetting agents
that provide the sought-after enhanced recovery. Any such
alternative should be implemented into standard operating
procedures.

5. Depending on the type of swab and the stick it is attached to,
it is usually preferable for the swab to be removed from the
stick prior to placing it in the extraction tube. Also, depending
on the type of swab, especially those made of tightly wound
material such as the commonly used cotton swabs and when
the swab has been allowed to dry prior to commencement of
the DNA extraction process, teasing loose the swab head prior
to placement in the extraction tube may assist retrieval of DNA
during the extraction process.

6. The most effective number of times to sample a substrate will
depend on the substrate type, size, and the dimensions of the
tapelifter. Applying tape too many times has been shown to
diminish the quantity of DNA in the extract [27], and tapelift-
ing will generally be less successful from fabrics with a large
number of detachable fibers, such as flannelette. Taping “until
no longer sticky,” often quoted as an endpoint for tapelifting,
may lead to under- or over-tapelifting and should be
discouraged.

Disclaimer
The views presented in this chapter are solely those of the authors
and do not necessarily represent views or policies of their respective
organizations.
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Chapter 2

Body Fluid Identification Using mRNA Profiling

Amy D. Roeder and Cordula Haas

Abstract

RNA analysis is a valuable tool for the identification of the forensically relevant body fluids, saliva, blood,
menstrual blood, cervicovaginal fluid, and semen. Multiple human mRNA and bacterial RNA markers
have been identified for each of these body fluids. RNA and DNA can be coextracted from the same
portion of a sample and RNA markers for different body fluids can be multiplexed in a single PCR, thereby
maximizing the number of analyses that can be performed with limited sample material.

Key words Forensic, Body fluid identification, mRNA profiling

1 Introduction

In some instances, the composition of a biological sample is critical
for the interpretation of forensic evidence. Although DNA analysis
is widely used to determine who may have left biological evidence,
at present DNA-based methodology cannot be used to identify all
of the forensically relevant body fluids. Currently, immunological
or enzymatic assays are widely used to identify saliva, blood, and
semen. There are also commercially available assays for the identi-
fication of urine and menstrual blood (MB) and published histo-
logical methods for the identification of vaginal cells. However, to
varying degrees, all of these tests are known to yield false positive
results. Furthermore, the assay(s) for each body fluid are per-
formed separately, so additional sample material is consumed with
each test performed.

Messenger RNA (mRNA) profiling relies on the differential
expression of mRNAs in different tissues to identify the presence of
a body fluid /tissue. For forensic purposes, mRNA markers have
been described for semen, blood, MB, cervicovaginal fluid (CVF),
saliva, and skin [1-11]. Unlike the enzymatic or immunologic
assays, mRNA markers for multiple body fluids/tissues can be mul-
tiplexed together in a single PCR-based assay. RNA and DNA can
be coextracted from the same portion of the sample. mRNA

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_2, © Springer Science+Business Media New York 2016
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profiling does not decrease the amount of sample material available
for DNA profiling because during coextraction, the RNA is iso-
lated from a portion of the DNA extract that is generally discarded
when DNA is the only target of the extraction process.

Several RNA and RNA/DNA coextraction kits are commer-
cially available and suitable for the analysis of forensic stains [7,
12-14]. In the following, we describe the use of two RNA and one
RNA/DNA coextraction kits, one of which is designed for the
isolation of total RNA from minimal amounts of biological mate-
rial. DNase treatment (on-column or post-RNA purification) is
recommended to avoid primer and nucleotide titration by con-
taminating DNA.

Several reverse transcription PCR (RT-PCR) kits are available
and their suitability for use with forensic biological samples has
been demonstrated [7, 12-14]. One method is described in detail
in the Materials and Methods section. An RT minus control (no
reverse transcriptase added) can be used to detect possible DNA
contamination.

Quantitation of the RNA derived from sample types likely to
be found in forensic casework has proven to be problematic. To
date, there are no published methods for human specific RNA
quantitation that give an accurate prediction of the success of a
subsequent mRNA profile from a forensic type sample; therefore,
no RNA quantification methodology will be discussed in this
chapter.

Designing mRNA profiling PCR multiplexes is more challeng-
ing than assays where genomic DNA is the target due to the mark-
ers for a single body fluid /tissue having different susceptibilities to
degradation and copy numbers within a cell, mRNA markers show-
ing variable expression between samples of the same type and
mRNA expression not being absolutely restricted to the target
body fluid /tissue. In an assay where multiple markers are included
for a single target body fluid /tissue, the peak heights for these
markers in an mRNA profile generated from a single source body
fluid are generally not balanced and in fact can vary widely (Fig. 1).
It is advisable to use multiple markers per target body fluid /tissue
to decrease the possibility of a false positive result due to unex-
pected amplification of a marker in a nontarget body fluid /tissue.
A list of suitable RNA markers for the identification of body fluids
is given in Table 1.

Guidelines for interpretation of mRNA profiles must be devel-
oped for each assay in order to avoid false positives due to occa-
sional nontarget amplification of markers. A large number of
control samples of each target body fluid should be used to deter-
mine the behavior of each marker in both the target body fluid/
tissue and in nontarget samples under the conditions used for each
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Fig. 1 An RNA profile generated from a vaginal swab. This multiplex consists only of saliva (STATH, HTN3,
SMR3B, Muc7, PRB4), CVF (Ljen, Lcris2, Lcris, Lgas, HBD1, Muc4), and housekeeping (UCE, TEF) markers [1].
The saliva score for this sample, as discussed in the introduction, is 0 because none of the saliva markers have
amplified. The CVF score for this sample would be the sum of the predetermined values for Ljen, Leris2, Leris,
and MUCA4. The scores for HBD1 and Lgas are 0. If the CVF score is > the predetermined minimum score for
CVF, the sample is determined to be positive for this body fluid

assay. These results can then be used to devise an appropriate inter-
pretation system. There are a number of published methods for
interpretation of these profiles [1, 15, 16]. Our approach for assays
utilizing multiple markers per body fluid is to use the results from
a panel of control samples of each target body fluid to generate
positive predictive values [PPV=true positives/(true posi-
tives +false positives)] for each marker [1]. Using this system,
markers that are rarely observed in nontarget samples receive scores
close to 1 and markers that show less biased expression in their
respective target body fluids receive lower scores. If a marker is
observed in a profile, that marker receives its preallotted score. If
that marker is not amplified, it is given a score of 0. The values for
markers targeting the same body fluid are added. This is done for
each body fluid in the assay. Using the results from the control
samples, minimum scores that must be achieved in order for a posi-
tive result are set for each body fluid /tissue.
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2 Equipment and Materials

2.1 General Supplies
and Equipment

2.2 RNA Extraction
with the RNeasy®

Plus Mini Kit (QIAGEN
GmbH) and RNA/DNA
Goextraction

with the AllPrep® DNA/
RNA Mini Kit

(QIAGEN GmbH)

2.3 RBNA Extraction
with Arcturus®
PicoPure® RNA
Isolation Kit (Life
Technologies)

All protocols listed for use with kits are based on the instructions
supplied by the manufacturers.

O 0 NN N U o W DN

10.

. Forceps.

. Vortex mixer.

. Ultrasonic bath (e.g., Ultrawave U300H).

. Fume hood.

. Thermomixer/heat block.

. Microcentrifuge.

. Thermocycler.

. 3130 or 3500 Genetic Analyzer (Life Technologies).

. RNaseZap® wipes and spray (Ambion®) (see Note 1).

. Microcentrifuge tubes (e.g., DNA LoBind® (Eppendorf)) (see

Note 2).
Spin baskets.

. RNeasy® Plus Mini kit (QIAGEN GmbH) or AllPrep® DNA/

RNA Mini kit (QIAGEN GmbH). The required buffers are
supplied with both kits. 96-100 % ethanol must be added as
per the manufacturer’s instructions to the AW1, AW2, and
RPE bufters prior to use.

. 14.3 M B-mercaptoethanol (BME) is required for addition to

RLT Plus buffer. A working solution of this buffer contains
10 pl BME per 1 ml of RLT Plus buffer. Add BME to an ali-
quot of the RLT Plus buffer rather than the entire bottle as the
RLT Plus bufter/BME mixture is only stable at room tempera-
ture for 1 month.

. 70 % ethanol (dilute ethanol in RNase-free H,O).

. Either on-column or post-RNA extraction DNAase treatment

is recommended (se¢e Note 3). The RNase-free DNase set
(QIAGEN GmbH) can be used for on-column DNA diges-
tion. Make DNase solution according to the manufacturer’s
instructions. Alternatively, the TURBO DNA-free™ Kit (Life
Technologies) can be used following RNA extraction (see
Subheading 2.4).

. All necessary reagents are supplied with the kit.



2.4 DNase Treatment
with the TURBO
DNA-Free Kit™ (Life
Technologies)

2.5 Reverse
Transcription

2.6 PCR of cDNA

2.7 Post-PCR
Purification

2.8 mRNA Profiling:
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1. All necessary reagents are supplied with the kit.

1. SuperScript® III Reverse Transcriptase (Life Technologies).
The reverse transcriptase is supplied with 5x first-strand bufter
and 0.1 M DTT.

. RNaseOUT™ (40 U /pl) (Lite Technologies).

. Random primers (50 ng/pul) (Life Technologies).
. RNase-free H,0.

. 10 mM dNTP mix (QIAGEN GmbH).

. Freezer or ice.

[©) NS 2 T SNV I S}

1. QIAGEN Multiplex PCR kit (QIAGEN GmbH). The kit is
supplied with 2x QIAGEN Multiplex PCR Master Mix, 5x
Q-solution, and RNase-free H,O.

2. Primer pairs for RNA markers amplification (Table 1). One
primer in each pair should be 5’ fluorescently labeled for detec-
tion during capillary electrophoresis (se¢ Note 4).

1. MinElute® PCR purification kit (QIAGEN GmbH). This kit
contains MinElute spin columns and buffers PB, PE, and EB.
Ethanol (96-100 %) must be added to PE bufter before use.

1. GeneScan® 500 Liz™ size standard or GeneScan® 400HD

Capillary ROX™ size standard (Life Technologies) (see Note 4).
Electrophoresis 2. Hi-Di™ formamide (Life Technologies).

3. POP-4™ polymer (Life Technologies).

4. GeneMapper® software (Life Technologies).
3 Methods

Great care must be taken to avoid introducing RNases to the sam-
ples. Wipe bench area, equipment (including pipettes and forceps),
and reagent bottles with RNaseZap® prior to use (see Note 1).
Change gloves frequently and wipe/spray gloves with RNaseZap®
during RNA extraction and reverse transcription setup. Use RNase-
free pipette tips and microcentrifuge tubes.

Due to its toxicity, a fume hood should be used when working
with BME.
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3.1 RNA/DNA
Goextraction

with the AllPrep® RNA/
DNA Mini Kit

(QIAGEN GmbH)

This kit can be used to purify RNA and DNA from a single sample.
If DNA extraction is not required, the RNeasy® Plus Mini kit
(QIAGEN GmbH; Subheading 3.2) or, in the case of very low
template samples, the Arcturus® PicoPure® RNA Isolation Kit (Life
Technologies; Subheading 3.3) may be more suitable.

1.

Before starting the extraction preheat the required amount of
EB buffer (50 pl/sample) to 70 °C.

. For each sample, add 400 pl RLT Plus/BME mixture to a

1.5 ml microcentrifuge tube.

. Transfer the sample (swab head or sample cutting) in the

microcentrifuge tube.

4. Vortex the sample.

10.

11.

12.

13.

14.

. Incubate for 10 min at room temperature. During the incuba-

tion, vortex the sample for approximately 2 min, then sonicate
tfor 5 min followed by vortexing for 1-2 min. If the stain has
not solubilized after 10 min, additional sonication and vortex-
ing steps can be performed.

Alternatively, vortex the sample for 1-2 min and incubate for
3 hat56 °C.

. Briefly centrifuge the sample.

. Transfer swab head/sample cutting to a spin basket, place in

microcentrifuge tube and then centrifuge at maximum speed
for 5 min.

. Remove the spin basket/sample (see Note 5). Transfer the elu-

ate to an AllPrep® DNA spin column. Care should be taken
during pipetting to avoid air bubbles as the solution will foam.
If the full volume of eluate cannot be added to the spin column
due to foaming, gently tapping the side of the tube will cause
the air bubbles to dissipate.

. Centrifuge for 30 s at 11,000 x4. No fluid should remain on

the spin column membrane. If there is fluid, recentrifuge the
sample.

Keep the collection tube containing the eluate for the RNA
extraction (steps 12-34).

Place the AllPrep® DNA spin column in a new 2 ml collection
tube. This spin column will be used for DNA purification
(steps 35-45).

RNA extraction

To the eluate generated in step 9 above, add 400 pl of 70 %
ethanol. Mix with a pipette.

Avoiding air bubbles, transfer the eluate /ethanol to a RNeasy®
MinElute spin column.

Carefully close the tube and centrifuge for 15 s at 11,000 x 4.



15.

16.

17.

18.
19.

20.
21.
22.
23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
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Discard the flow-through and place the spin column back in
the collection tube.

For on-column DNase digestion follow steps 18-22. If the
samples are not to undergo on-column DNase digestion, add
700 pl of buffer RW1 and go to step 23.

Add 350 pl RW1 buffer to the spin column.
Centrifuge for 15 s at 11,000 x g.

Add 80 pl of DNase solution (10 pl DNase I stock solution
(stored at 4 °C) and 70 pl RDD buffer) directly to the mem-
brane. Mix gently by tapping the tube. Do not vortex or mix
with a pipette (see Note 6).

Incubate for 15 min at RT (20-30 °C).

Add 350 pl of RW1 butffer to the spin column.

Centrifuge for 15 s at 11,000 x g.

Discard the flow-through and place spin column back in the
collection tube.

Add 500 pl of RPE bufter to the spin column. Make sure that
ethanol has been added to the RPE bufter.

Centrifuge for 15 s at 11,000 x g.

Discard the flow-through and place spin column back in the
collection tube.

Add 500 pl of RPE buffer to the spin column and centrifuge
for 2 min at 11,000 x g.

Place spin column in a new 2 ml collection tube. Discard the
flow-through and collection tube.

Centrifuge the spin column for 1 min at maximum speed. It is
important that the ethanol does not carry over into the
RT-PCR reaction (see Note 7).

Place the spin column in a 1.5 ml collection tube.

Without touching the spin column membrane with the pipette
tip, pipette 30 pl of RNase-free H,O directly to the membrane.
Incubate 1-5 min at room temperature and centrifuge for
1 min at 11,000 x4 to elute the RNA.

Optional: for increased yield, place the eluate onto the spin
column membrane and repeat step 33.

The eluate contains the purified RNA. The RNA can now be
used for cDNA synthesis (Subheading 3.5) or DNase treated if
thishasnotbeen done during RNA purification (Subheading 3.4).

DNA extraction

Add 500 pl of AW1 bufter to the DNA spin column from step
12. Make sure that ethanol has been added to the buffer.
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3.2 RNA Extraction
with the RNeasy®
Plus Mini Kit
(QIAGEN GmbH)

36.

37.

38.
39.

40.
41.

42.
43.
44.

45.

Centrifuge for 15 s at 11,000xg and discard the
flow-through.

Add 500 pl of AW2 buffer to the spin column. Make sure that
ethanol has been added to the buffer.

Centrifuge for 2 min at maximum speed.

Discard the flow-through and centrifuge the spin column for
1 min at 13,000 rpm.

Place the DNA spin column into a 1.5 ml collection tube.

To elute the DNA from the spin column, add 50 pl EB bufter
(preheated to 70 °C) directly to the membrane.

Incubate for 1 min at room temperature.
Centrifuge for 1 min at 11,000 x 4.

Optional: for increased DNA yield, place the eluate onto the
spin column membrane and repeat steps 43-44.

Discard the spin column. The eluate contains the purified
DNA.

This kit can be used when coextraction of DNA is not required.
For samples thought to contain very low quantities of biological
material, the Arcturus® PicoPure® RNA Isolation Kit (Life
Technologies; Subheading 3.3) may be more suitable.

1.

O 0 N O

For each sample, add 400 pl RLT Plus/BME mixture to a
1.5 ml microcentrifuge tube.

. Transfer the sample (swab head or sample cutting) into the

microcentrifuge tube.

. Vortex the sample.
. Incubate for 10 min at room temperature.

. During the incubation, vortex the sample for approximately

2 min, then sonicate for 5 min followed by vortexing for
1-2 min. If stain has not solubilized after 10 min, additional
sonication and vortexing steps can be performed.
Alternatively, vortex the sample for 1-2 min and incubate for
3 hat56°C.

. Briefly centrifuge the sample.
. Transfer swab head /cutting to a spin basket.
. Centrifuge at maximum speed for 5 min.

. Remove the spin basket (see Note 5). Transfer the eluate to a

genomic DNA (gDNA) eliminator spin column. Care should
be taken during pipetting to avoid air bubbles as the solution
will foam. If the full volume of eluate cannot be added to the
spin column due to foaming, gently tapping the side of the
tube will cause the air bubbles to dissipate.



10.

11.

12.

13.
14.

15.

16.

17.

18.
19.
20.
21.

22.

23.

24.
25.
26.

27.

28.
29.

30.
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Centrifuge for 30 s at 11,000x 4. No fluid should remain on
the spin column membrane. If there is fluid, recentrifuge the
sample.

Discard the spin column and add 400 pl of 70 % ethanol to the
eluate. Mix with a pipette.

Avoiding air bubbles, transfer the eluate/ethanol to a RNeasy®
spin column.

Carefully close the tube and centrifuge for 15 s at 11,000 x 4.
Discard the flow-through and place the spin column back in
the collection tube.

For on-column DNase digestion, follow steps 16-19. If the
samples are not to undergo on-column DNase digestion, add
700 pl of buffer RW1 and go to step 20.

Add 350 pl RW1 buffer to the spin column and centrifuge for
15 s at 11,000x4.

Add 80 pl of DNase solution (10 pl DNase I stock solution
(stored at 4 °C) and 70 pl RDD butffer) directly to the mem-
brane. Mix gently by tapping the tube. Do not vortex or mix
with a pipette (se¢ Note 6).

Incubate for 15 min at RT (20-30 °C).
Add 350 pl of RW1 butffer to the spin column.
Centrifuge for 15 s at 11,000 x 4.

Discard the flow-through and place the spin column back in
the collection tube.

Add 500 pl of RPE buffer to the spin column. Make sure that
ethanol has been added to the RPE bufter.

Centrifuge for 15 s at 11,000x g, discard the flow-through,
and place the spin column back in the collection tube.

Add 500 pl of RPE bufter to the spin column.

Centrifuge for 2 min at 11,000 x 4.

Place spin column in a new 2 ml collection tube. Discard the
flow-through and used collection tube.

Centrifuge the spin column for 1 min at maximum speed. It is
important that the ethanol does not carry over into the
RT-PCR reaction (see Note 7).

Place column in a new 1.5 ml collection tube.

Without touching the spin column membrane with the pipette
tip, pipette 30 pl of RNase-free H,O directly to the
membrane.

Incubate 1-5 min at room temperature and centrifuge for
1 min at 11,000 x 4 to elute the RNA.
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3.3 RNA Extraction
with the Arcturus®
PicoPure® RNA
Isolation Kit (Life
Technologies)

31. Optional: for increased RNA yield, place the eluate onto the
membrane and repeat step 30.

32. The eluate contains the purified RNA. The RNA can now be
used for cDNA synthesis (Subheading 3.5) or DNase treated if
this has not been done during RNA purification

(Subheading 3.4).

This kit can be used to isolate total RNA from samples thought to
contain minimal amounts of biological material. The kit is designed
to isolate total RNA from samples containing a single cell.

1. Precondition the purification column by pipetting 250 pl of
Conditioning Buffer (CB) onto the purification column filter
membrane and incubate for 5 min at room temperature.

2. Centrifuge at 13,000 rpm for 1 min.

3. Place the sample (swab head or sample cutting) in a 1.5 ml
microcentrifuge tube.

4. Add 100 pl Extraction Buffer (XB) directly to the swab head/
sample cutting.

5. Incubate at 42 °C for 30 min.

6. Using clean/RNase-free forceps, take the XB soaked swab/
sample cutting out of the extraction solution and place it into
a spin basket. Place the basket in the extraction tube and cen-
trifuge at 13,000 rpm for 5 min. Discard the spin basket and
the dry swab (see Note 5).

7. Pipette 100 pl of 70 % ethanol into the cell extract and mix well
by pipetting up and down.
8. Dipette the cell extract and ethanol mixture into the precondi-
tioned purification column.
9. Centrifuge for 2 min at 1000 rpm, immediately followed by
centrifugation at 13,000 rpm for 30 s.
10. Pipette 100 pl of wash buffer 1 (W1) into the purification col-
umn and centrifuge for 1 min at 9000 rpm.
11. Pipette 100 pl wash buffer 2 (W2) into the purification column
and centrifuge for 1 min at 9000 rpm.

12. Pipette 100 pl wash buftfer 2 (W2) into the purification column
and centrifuge for 2 min at 13,000 rpm. If wash buffer remains,
recentrifuge for 1 min at 13,000 rpm.

13. Transfer the purification column to a new 0.5 ml microcentri-
fuge tube.

14. Pipette 12 pl of Elution buffer (EB) or DNase /RNase-free
H,O directly onto the membrane of the purification column.

15. Centrifuge for 1 min at 3500 x g followed by a 1 min centrifu-
gation at 13,000 rpm.



3.4 Post-RNA
Purification DNase
Treatment

with the TURBO
DNA-Free Kit™ (Life
Technologies)

3.5 cDNA Synthesis
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16. Discard the purification column. The RNA is ready for DNase
treatment (Subheading 3.4) or reverse transcription

(Subheading 3.5).

This DNase treatment method allows for more thorough removal
of contaminating DNA than on-column DNase treatment (see
Note 3). This post-purification treatment is particularly important
in samples that are thought to contain large amounts of biological
material.

1. Place 30 pl of RNA into a 0.5 ml microcentrifuge tube.

2. Add 3 pl 10x TURBO DNase buffer and 1 pl TURBO DNase
to the sample.

3. Incubate 20-30 min at 37 °C.
4. Add 3.4 pl resuspended Inactivation Reagent and mix well.

5. Incubate 5 min at room temperature, mixing occasionally to
redisperse the Inactivation Reagent.

6. Centrifuge for 1.5 min at 10,000 x g.

7. Without transferring the pelleted DNase Inactivation Reagent,
pipette the supernatant (about 30-32 pl) into a new 0.5 ml
tube (see Note 8). It may not be possible to recover all of the
RNA.

During reverse transcription, RNA is used as a template for the
synthesis of complementary DNA (cDNA) strands. The resulting
cDNA can then be used as template in PCR.

For each RNA sample, set up a reverse transcriptase positive
(RT+) and RT- (no enzyme) reaction. The RT- reaction is a con-
trol for the presence of gDNA in the sample.

The enzymes RNaseOUT™ and Superscript™ III reverse tran-
scriptase should be kept on ice or in the freezer until immediately
before use and then returned to the freezer immediately after use.

1. Set a heat block to 65 °C and a thermomixer to 50 °C. If the
mixer is programmable to multiple temperatures, set it to
50 °C for 45 min followed by 70 °C for 15 min (alternatively,
a thermocycler can be used).

2. Thaw the random primers (50 ng/pl), 10 mM dNTPs, 0.1 M
DTT, and 5x first-strand buffer.

3. (a) If the sample has not been DNase treated or has undergone
on-column DNase treatment during RNA purification,
transfer 25 pl of RNA into a 1.5 ml microcentrifuge tube.

(b) If the RNA has been treated with the TURBO DNA-free
Kit™, transfer up to 16.8 pl of RNA into a 1.5 ml micro-
centrifuge tube and add RNase-free H,O to make a final
volume of 25 pl (see Note 9).
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3.6 cDNA PCR

4. Add 2 pl of random primers and 2 pl of dNTPs to the sample.
5. Incubate for 5 min at 65 °C to denature the RNA.

6. During the incubation, prepare the reverse transcription mix.

8.4 ul 5 x first-strand buffer.
2 pl 0.1 M DTT.
2 pl RNaseOUT™ (40 U /pl).

7. After incubation, place the sample either on ice or in the freezer
for 1-2 min. Do not allow the sample to freeze.

8. Briefly centrifuge the sample.

9. Add the reverse transcription mix to the sample and mix with
a pipette.

10. To a new 0.5 ml microcentrifuge tube or 0.2 ml PCR tube
(depending on the thermomixer/thermocycler to be used),
add 1 pl of Superscript™ 111 reverse transcriptase (200 U /pul).
This will be the RT+ reaction.

11. To a second 0.5 ml microcentrifuge tube or 0.2 ml PCR tube
(depending on the thermomixer/thermocycler to be used),
add 1 pl of RNase-free H,O. This will be the RT- reaction.

12. Pipette 20 pl of reverse transcription mix per sample into the
corresponding RT+ and RT- tubes.

13. Gently mix the sample and then briefly centrifuge.
14. Incubate at room temperature for 5 min.

15. Incubate at 50 °C for 45 min followed by enzyme inactivation
at 70 °C for 15 min.

16. Briefly centrifuge the sample.

17. Leave the sample at room temperature it the PCR is going to
be set up immediately; otherwise store samples at —20 °C.

This process will amplify specific, body fluid markers that are pres-
ent in the sample.

Multiplexes should be designed so that the PCR amplicons do
not overlap in size regardless of whether they are labeled with dif-
ferent fluorescent dyes (see Note 10).

Due to the possibility of marker amplification in nontarget
body fluids and variability of marker expression in target body flu-
ids, multiple markers should target each body fluid in the assay(s).
Houscekeeping markers can be included in each assay as positive
controls (see Note 11).

When multiple markers are used for each body fluid, it may be
necessary to design more than one multiplex. In this circumstance,
all samples should be run with all multiplexes so that the results can
be interpreted in context.

Preliminary work should be done to determine the optimal
primer concentration for each marker in the assay. Generally, a



3.7 Post-PCR
Purification

with the MinElute®
PCR Purification Kit
(QIAGEN)
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concentration of 0.2 pM per primer in the PCR is a good starting
point for making this determination.

PCR should be done on both the RT+ and RT- reaction for

each sample.

1

. If frozen, thaw ¢cDNA (RT+) and RT- control, mix and

centrifuge.

. Thaw the QIAGEN multiplex mix, primer multiplex mix(es),

and H,O. Vortex the thawed multiplex and primer mixes
before use.

. The amount/volume of cDNA added can be varied and should

be optimized for each PCR. Add equal volumes of cDNA and
RT- to their respective PCRs.

. The following is an example of'a 10 pl PCR:

* 5 p2x QIAGEN multiplex mix.

e 3 ulcDNA.
e 1 pl primer mastermix.
A 1 Hl Hzo

. Amplification conditions should be optimized for each primer

multiplex and thermocycler. The following is an example:

95 °C for 15 min

30-35 cycles of: 94 °C for 15 s
58 °C for 90 s
72 °C for 1 min

72 °C for 20 min

15 °C hold

. Once thermocycling is completed, the PCR products can be

stored at 4 °C (short term) or at -20 °C.

. Add 125 pl buffer PB to 25 pl PCR reaction mix.

. Transfer the sample to a MinElute® column and centrifuge for

1 min at 13,000 rpm. Discard the flow-through.

. Add 750 pl Buffer PE to the MinElute® column and centrifuge

for 1 min at 13,000 rpm. Discard the flow-through.

. Centrifuge the column for an additional 1 min at 13,000 rpm.

Place the MinElute® column in a clean 1.5 ml microcentrifuge
tube.

. Add 10-30 pl Buffer EB or H,O to the center of the mem-

brane. Let the column stand for 1 min at room temperature
and then centrifuge for 1 min at 13,000 rpm to elute the
DNA. Discard the column.
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3.8 mRNA Profiling:
Gapillary
Electrophoresis

1. For capillary electrophoresis of the PCR product, add 1 pl of

PCR product to 8.5 pl of Hi-Di™ formamide (Life
Technologies) and 0.5 pl of either GeneScan® 500 Liz™ size
standard or GeneScan® 400HD ROX™ size standard (Life
Technologies) (see Note 4).

. For electrophoresis on a 3130xl Genetic Analyzer (Life

Technologies) the settings are:

* 10 s injection time.

e 3 kV injection voltage.

e 15 KkV run voltage.

e 60°C.

e 23.5 min run time (adjust time depending on the length
of the amplicons in assay).

. Following electrophoresis the raw data are analyzed using

GeneMapper® software (Life Technologies). Marker scoring
thresholds should be determined for each multiplex.

An example of an mRNA profile generated from a vaginal swab

is shown in Fig. 1. The described scoring system (Subheading 1)
was applied to this stain for profile interpretation.

4 Notes

. RNaseZap® solution can corrode metals. Avoid extended peri-

ods of contact with metal surfaces and rinse all items thor-
oughly with H,O after use to remove RNaseZap®.

. DNA LoBind® tubes are designed to decrease the absorption

of nucleic acids to the tube during sample processing and
storage.

. Based on our experience, the RNase-free DNase Set for on-

column DNase digestion does not completely remove contam-
inating DNA in samples that contain relatively large amounts
of cellular material. The TURBO DNA-free Kit™ efficiently
digests any DNA carried through the RNA extraction
process.

. The fluorescent dyes are 5-FAM™, JOE™ NED™, and ROX™

(Dye Set F) or 6-FAM™_ VIC®, NED™, PET®, and LIZ® (Dye
Set G5). The size standard, GeneScan® 500 Liz™ or GeneScan®
400HD ROX™, is chosen based on which dyes are used to
label the PCR primers.

. The spin basket and swab head/sample cutting can either be

discarded or, if required, stored frozen.

. The DNase I enzyme is susceptible to physical denaturation.

. The presence of ethanol can inhibit the reverse transcription

reaction.
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. The presence of DNase Inactivation Reagent affects subsequent

enzymatic reactions due to its ability to sequester divalent cations.

. The manufacturer recommends that the TURBO DNA-free™

treated RNA comprises <40 % of the final reverse transcription
volume because carry-over of reagents from the DNase diges-
tion could interfere with the reaction.

The level of amplification of each marker can vary widely
among samples comprised of the same body fluid. For this rea-
son, overamplified peaks and the resulting pull-up in other dye
channels are not uncommon in these profiles.

To date, no housekeeping marker has been described that
amplifies equally well in semen, blood, MB, saliva, and CVF
samples. Detection of these markers is particularly poor in
saliva and semen. In these sample types, the housekeeping
markers may not be amplified while all of their respective body

fluid markers are detected.
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Chapter 3

mRNA Profiling for Vaginal Fluid and Menstrual Blood
Identification

Joanna Jakubowska, Agnieszka Maciejewska, and Ryszard Pawtowski

Abstract

Recently mRNA profiling has been widely proposed as a universal tool for biological fluids identification.
Here, we describe a test for vaginal fluid identification that combines detection of five markers: vaginal
mRNAs and Lactobacilli in end-point PCR reaction. The test detects the following transcripts: HBDI
(Human beta-defensin 1), MUC4 (Mucin 4), MMP11 (Matrix metalloproteinase 11), housekeeping gene
GO6PDH (glucose 6-phosphate dehydrogenase), and the 165-23S rRNA intergenic spacer regions of L.
crispatus and L. gasseri/L. johnsonii. Simultaneous analysis of five vaginal markers and a housekeeping gene
ensures high specificity and reliability in the detection of vaginal material, which could not be obtained
using detection of a single marker.

Key words Vaginal fluid, Menstrual blood, mRNA profiling, Lactobacillus sp., Multiplex PCR,
Forensic genetics

1 Introduction

Vaginal fluid and menstrual blood identification are highly impor-
tant in forensic biology, especially in the case of sexual crimes.
Unfortunately, there are no confirmatory tests for detection of
vaginal secretions among classical methods [1]. Recently mRNA
profiling has been widely proposed as a universal tool for biological
fluid detection. Every tissue and body fluid posses its own and spe-
cific mRNA profile, so it is possible to identity biological material
using specific mRNA markers. Application of the PCR technique
increases the sensitivity of the test in comparison to classical confir-
matory methods. RNA analysis consists of the following steps:
RNA isolation, quantification, reverse trancription, amplification
of particular transcripts, and detection of amplicons.

mRNA profiling gave opportunity to use transcripts of HBD1
(human beta-defensin 1), MUC4 (Mucin 4), ESRI (estrogen
receptor 1), MMP7, MMP10, MMPI1I (matrix metalloproteinase
7,10, 11) [2-8], and 16S5-23S rRNA intergenic spacer regions of

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_3, © Springer Science+Business Media New York 2016
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L. crispatus and L. gasseri/L. jobnsonii as markers of vaginal fluid
and menstrual blood [9-12]. None of the proposed individual
markers proved to be fully specific to vaginal secretions nor present
in all women. Therefore it was appropriate to combine the detec-
tion of bacterial and human tissue-specific transcripts in order to
identify the vaginal fluid with higher reliability and specificity. On
the basis of this assumption and previous reports [2, 3, 12, 13], we
have developed a hexaplex PCR that is able to detect the following
mRNAs: HBD1, MUC4, menstrual blood marker MMPI1, house-
keeping gene G6PDH (glucose 6-phosphate dehydrogenase), and
the 165-23S rRNA intergenic spacer regions (ISR) of L. crispatus
and L. gasseri/L. jobnsonii (Fig. 1).

The high variability of HBDI1, MUC4, and MMP11 expression,
the changes in bacterial flora, and the controversy over the specific-
ity of these markers do not allow for their sole use as a determinant
of the presence of vaginal secretions. However, the simultaneous
co-amplification of HBDI, MUC4, MMPI11, 165-23S rRNA of L.
crispatus and L. gasseri/L. johnsonii and an endogenous control
increases the credibility of the test.

e Nasma Panel 0
T e = - ] -
a 170 180 210 230 0 - . N
2400 .
2100
1800 G6PDH MUCA
1500
L.crispatus
1200-
800
i HBD1 L.gasseri/
ﬂ L.johnsoni
300
0 AN : :
|irag 004 D04 fsa WE_41 i
b 17 190 210 30 20 m " B
2400
2100
1800
1500 GBPDH HBD1
MMP11
1200
% L.gasseri/ L.crispatus
= L.johnsonii
= MUC4 f\
A A

Fig. 1 Example of hexaplex assays for vaginal fluid and menstrual blood biomarkers detection (MMP11, HBD1,
MUC4, L. gasseri/L. johnsonii, L. crispatus, and G6PDH). Panel A: A vaginal swab free of menstrual blood (22nd
day of menstrual cycle). Panel B: A menstrual blood swab (2nd day of menstrual cycle)
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2 Materials

2.1 General Supplies
and Equipment

2.2 RNA Isolation

2.3 Reverse
Transcription

24 PCR

2.5 Electrophoresis

. Vortex mixer.

. Fume hood.

. Microcentrifuge.

. Thermocycler.

. 310, 3100, 3130, or 3500 Genetic Analyzer (Life

Technologies).

. RNaseZap® wipes and spray (Ambion®).
. Microcentrifuge tubes.
. Spin baskets.

. Forceps.

. RNeasy Mini kit (Qiagen) (see Note 1). The required buffers

are supplied with kit.

a) 96-100 % ethanol must be added as per the manufacturer’s
instructions to the RPE bufter prior to use.

b) 14.3 M B-mercaptoethanol (BME) is required for addition
to RLT Plus buffer. A working solution of this buffer contains
10 pl BME per 1 ml of RLT Plus buffer. Add PME to an ali-
quot of the RLT Plus buffer rather than the entire bottle as the
RLT Plus buffer/BME mixture is only stable at room tempera-
ture for 1 month.

¢) 70 % ethanol (dilute ethanol in RNase-free H,O).

d) RNase-Free DNase Set (Qiagen). If using RNase-Free
DNase set for the first time, prepare DNase stock solution:
using an RNase-free needle and syringe inject 550 pl RNase-
free water into the DNase I vial (1500 Kunitz units) and mix
gently. Do not vortex.

. SuperScript VILO c¢cDNA Synthesis kit (Life Technologies)

(see Note 1). All reagents are provided with the kit.

. Fluorescently labeled primers (Table 1).
. Multiplex PCR kit (Qiagen) (se¢e Note 1).

. Capillary electrophoresis platform, e.g., ABI PRISM 310,

3100, 3130, or 3500 Genetic Analyzers.

2. Hi-Di formamide (Life Technologies).

. GeneScan 500 LIZ Size Standard (Life Technologies).

. Performance-optimized polymer 4 (Life Technologies).
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Table 1

Primers used in the hexaplex PCR reaction

Primers
sequences

Concentration Expected Observed

of primers in amplicon

PCR reaction

amplicon

length (bp) length (bp)

Reference

MMPI11
Matrix
metalloproteinase 11

HBDI1
Human beta-defensin 1

MUC4
Mucin 4

L. gasseri/L. johnsonii
165-23S rRNA ISR

L. crispatus
165-23S rRNA ISR

G6PDH
Glucose 6-phosphate
dehydrogenase

E: 5’-PET-CAA
GAC TCA
CCG AGA
AGG GG

R: 5'-TAG CGA
AAG GTG
TAG AAG
GCG

F: 5'-6-FAM-
CCC AGT
TCC TGA AAT
CCT GA

R: 5’-CAG GTG
CCT TGA ATT
TTG GT

F: 5’-6-FAM-
GGA CCA CAT
TTT ATC AGG
AA

R: 5’-TAG AGA
AAC AGG
GCA TAG GA

E:5'-PET-GAG
AAA GCC AAG
CGG AAGC

R:5’-TTG CTT
ACT TAC TGC
TCC CCG

E:5'-PET-CAG
AGC AAG
CGG AAG
CACA

R:5’-CAT CTC
TGC ATT
GGG TTC CC

F: 5'-VIC-ATC
ATC GTG
GAG AAG
CCCTTC

R: 5’-GTT CCA
GAT GGG
GCC GA

0.2 pM

0.3 pM

0.02 pM

0.1 pM

0.05 pM

0.1 tM

17 4

215

235

260-267

299

180

175
(red)

213
(blue)

233
(blue)

259-268
(see Note 2)
(red)

299
(red)

179
(green)

[13]

(2]

[12]

[12]

[13]
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3 Methods

3.1 RNA Isolation
from Biological Stains

A significant problem in the course of RNA isolation is its low sta-
bility resulting from the presence of ribonucleases (RNases) that
are difficult to inactivate. For this reason only RNase-free equip-
ment and buffers can be used. Commercially available kits include
RNase-free buffers and tubes, which greatly facilitate work.
Otherwise buffers and vessels that come into contact with isolation
must be subjected to diethylpyrocarbonate (DEPC), which inacti-
vates the enzymes.

Although other methods can be used, we propose RNeasy®
Mini kit with RNase-Free DNase Set for RNA isolation and
SuperScript VILO kit for reverse transcription. If using RNeasy
Mini Kit and RNase-Free DNase Set, follow the manufacturer’s
protocol (see Note 3).

1. Beforestarting, prepare DNase solution,add f-mercaptoethanol
to RLT buffer and 70 % ethanol to RPE buffer as described in
Subheading 2.1.

2. Cut a 1x1 cm piece of stain (on textile or swab) with sterile
scissors and tweezers and transfer to a 2 ml microcentrifuge,
RNase-free tube.

3. Add 400 pl RLT buftfer (with BME) directly to the stain.

4. Vortex thoroughly for 10 min, add 400 pl ethanol, and transfer
as much liquid as possible to RNase column.

5. Follow the RNeasy kit protocol with DNAse I digestion:

e Centrifuge for 15 s at 10,000xyg, discard the
flow-through.

e Add 350 pl RW1 buffer to the column, centrifuge
15 5,/10,000 x g, discard the flow-through.

e Prepare DNase I solution (add 10 pl DNase I stock
solution to 70 pl RDD butffer and mix gently).

e Add 80 pl of DNase I solution (70 pl RDD plus 10 pl
DNase I stock solution) to the column.

e Add 350 pl RW1 buffer to the column, centrifuge
155,/10,000 x 4, and discard the flow-through.

e Add 500 pl RPE buffer to the column, centrifuge
15 5,/10,000 x 4, and discard the flow-through.

e Add 500 pl RPE buffer to the column, centrifuge
2 min/10,000 x g, and discard the flow-through.

e DPlace RNeasy column in a new 1.5 ml tube. Add 30 pl
RNase-free water and incubate at room temperature
for 5 min.

e Centrifuge for 1 min at 10,000 x g.
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6.

Measure RNA concentration using NanoDrop-1000 or other
technique (se¢ Note 4) and dilute it to 2 ng/pl. Immediately
perform reverse transcription or store RNA extracts at -20 °C.

Perform all procedure on ice and work quickly to avoid RNA

degradation.
3.2 Reverse 1. Prepare reaction mix using SuperScript VILO ¢cDNA Synthesis
Transcription Kit according to Table 2. Include a negative control (water), a

3.3 Multiplex PCR

3.4 CGapillary
Electrophoresis

Table 2

positive control (vaginal RNA with a known, previously deter-
mined profile), and a reverse transcription control.

. Add 18 pl reaction mix to 0.5 ml RNase-free microcentrifuge

tubes and then add RNA.

. Vortex gently and spin the samples.
. Incubate the samples at 25 °C for 10 min, then at 42 °C for

60 min, finally inactivate at 85 °C for 5 min.

. Store cDNA at -20 °C.

. Prepare primer mix according to Table 1 (see Note 6).

. Prepare reaction mix according to Table 3. Include a negative

control.

. Add 18.5 pl of reaction mix into 0.2 ml microcentrifuge tubes.
. Add 6.5 pl of cDNA and products of control reactions.

. Perform PCR in the following conditions: initial denaturation

at 95 °C for 15 min; 30 cycles of 94 °C/30 s, 55 °C/90 s,
72 °C/60 s; final elongation at 60 °C for 30 min.

. Add 1 pl of PCR product to 12 pl of Hi-Di formamide and

0.5 pl GeneScan 500 LIZ Size Standard.

Reverse transcription reaction components (see Note 5)

Amount per sample

Sample/positive control/negative Reverse transcription
control control

5x VILO reaction mix 4l 4 pl

10x superscript enzyme mix 2 pl =

RNA (2 ng/pl) or water 5 pl 5 pl

Nuclease-free water 9 ul 11 pl

Total reaction volume

20 pl 20 pl




3.5 Interpretation
of the Results
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Table 3
PCR reaction mix (see Note 5)

Reagent Amount per sample
2x Qiagen multiplex PCR master mix 12.5 ul

Primers mix (Table 1) 6 pl

c¢DNA or nuclease-free water 6.5 pl

Total reaction volume 25 pl

2. Samples can be processed using ABI PRISM 310, 3100, 3130
and newer genetic analyzers. If using ABI PRISM 3130
machine the example conditions are: a default run module,
Fragment Analysis36_POP4, and G5 dye set (POP-4 polymer,
5 s injection, 3.0 kV injection voltage, 60 °C, runtime 1000 s,
filter set: G5). Analyze samples using GeneMapper or
Genotyper software (Life Technologies).

Establish the analytical threshold for your test (se¢ Note 7). Peaks
below this value should not be considered as a positive result for
particular markers. Check if the DNA size marker was called
properly.

Table 1 shows product lengths for each pair of primers (see
Note 8). Presence of the housekeeping gene G6PDH peak con-
firms human origin of biological material and proper amplification.
It G6PDH product is not present, the test is invalid. The presence
of peaks of at least three of the five markers and G6PDH leads to
conclusion that the presence of vaginal fluid or/and menstrual
blood (if MMP11 is one of the positive markers) is very likely (see
Note 9). MMP11 is the marker of menstrual blood, which is pres-
ent in vaginal secretion at the beginning of menstrual cycle. Due to
the nature of the vaginal material, all the markers are considered to
indicate the presence of vaginal fluid and menstrual blood. While a
positive result for MMP11 is a strong determinant of menstrual
blood, a negative result should be treated as inconclusive when
other markers are present (see Note 10).

4 Notes

1. In forensic genetics sensitivity of methods is of great impor-
tance because of the availability of only small amounts of bio-
logical material. Other methods than proposed can be used,
provided they have similar or better sensitivity.

2. When using proposed primers, values from 259 to 268 bp
should be considered as correct lengths of the L. gasseri/L.
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3.

Jobmsonii amplicon. However, due to possible differences in
the bacterial strains present in different parts of the world,
these amplicons length range should be treated carefully. The
length of the L. gasseri/L. johnsonii amplicons can vary, even in
the same woman during one menstrual cycle. Different strains
with different amplicon lengths may coexist (Fig. 2) [14].

DNase treatment step is important and necessary although it
may result in a decrease of RNA integrity. If DNA is not effi-
ciently removed from RNA extract, artifacts and additional
products on electropherograms could be observed. In proper
protocol performance, when DNA is removed from RNA
extract, MMPI11, HBDI1, MUC4, and G6PDH primers amplity
only cDNA in the PCR reaction. In case of residual DNA in
the RNA extract, MMP1I and G6PDH primers will produce
additional, longer amplicons of 317 and 357 bp respectively.
HBDIand MUC4primersare specificonly tocDNA. Remember
that MMPI11, HBDI1, and MUC4 genes are present in every
nucleated human cell, and only PCR product unambiguously
originating from cDNA amplification can be a true marker of
vaginal material.

I8
Ie
Is

Panel
003 GoA fsa 201032012002 None [] []
L.gasseri/
MMP11
00 GBPDH HED1 MUC4 L johnsonii
i j\ R A L.crispatus
Lo Y A
Trog_ 001_ADE fea 5 500m8 None ] ]
8th day
b 160 180 200 20 240 260 280 300
4800
g | L
B A
frag 001 AO7 fsa [1L71H14 None [ ] [ ]
1‘“1 day 180 180 00 20 240 260 80 300
Cc
2400
1200
_l"\ *
[frag_003_Co7 fsa JEXENFH None [ ] [ ]
22nd day
d 160 180 00 20 240 260 280 300
2400
"°°|7 jk }L
A 2 A

Fig. 2 The variable expression of vaginal fluid markers and bacterial flora during one menstrual cycle (2nd, 8th,
14th, and 22nd day of the cycle) of an exemplary woman. Variations in the length of the L. gasseri/L. johnso-
nii amplicon and changes in the expression of the markers, including different heights of the peaks are observed.
Notice no HBD1 product on the 14th day of the cycle and no MMP11 product in the second half of the cycle
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4. We have used NanoDrop-1000 to measure RNA concentra-
tion as it consumes only 1.7 pl of RNA sample. Although it is
not the most accurate of available methods, in our experience
it has given satistactory results. Other technology may be used
to obtain more reliable results. RNA integrity is not assessed.

5. Reaction was successtully performed at half volume.

6. Newly prepared primers mix should be stored at =20 °C in
small volumes to avoid multiple freezing-thawing cycles.

7. In our case RFU of 50 units is used.

8. Be aware of artifacts like pull-ups or noisy base line that may
appear and little differences between products length that may
show up using different sequencers. Always check your primers
after purchase.

9. We found large variations in the expression of the genes and
bacterial flora among different women and during the men-
strual cycle. Among the 41 vaginal swabs collected from dif-
ferent women in different stages of the menstrual cycle,
MMPI11, HBDI1, MUCA4, L. gasseri/L. jobmsonii, and L. crispa-
tus were detected in 36.6 %, 85.4 %, 95.1 %, 73.2 %, and
68.3 % of the samples, respectively. The endogenous control
GO6PDH was amplified in all cases. The analysis of swabs col-
lected from five women (25-45 years old) on the 2nd, 8th,
14th, and 22nd day of the menstrual cycle did not show a
clear correlation between the menstrual cycle and mRNA pro-
file, except for the expression of MMPI1, which only occurs
up to the 8th day. As illustrated in Fig. 2, on the 2nd day of
the cycle, all markers were present, while on the 14th day,
there was no amplification of the HBDI transcript. The expres-
sion level of particular genes and the level of bacterial flora
were changing, which is demonstrated by the variations in
peak heights and the variability of lengths of L. gasser: /L.
Jobmsoniz amplicons [14].

10. The analysis of 18 menstrual blood swabs taken from four
women on the first through fifth day of the menstrual cycle
showed the presence of MMPII in 16 cases (89 %). In two
cases, MMPI1 was not detected, although most or all of the
other markers were amplified. In such a case, the presence of
menstrual blood cannot be excluded, especially if a biochemi-
cal blood test is also positive [14].
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Chapter 4

Preservation of and DNA Extraction from Muscle Tissue

Dennis McNevin

Abstract

As well as protecting DNA for subsequent analysis, tissue preservation methods ideally should be safe,
readily available, and easy to transport at relatively low cost. Formalin (formaldehyde solution), used
extensively to preserve medical and museum specimens, irreparably damages DNA. We have found four
tissue preservatives (solid salt, salt-saturated dimethyl sulfoxide (DMSO)-EDTA solution, ethanol solu-
tion, and ethanol-EDTA solution) that preserved muscle tissue at 35 °C for up to 1 month: full short
tandem repeat (STR) profiles were obtained after preservation. In addition, salt-saturated DMSO-EDTA
solution yielded full STR profiles from aliquots of the liquid preservative surrounding muscle tissue.

Key words Tissue preservation, DNA extraction, DNA profiling, Salt, Ethanol, Dimethyl sulfoxide,
DMSO, EDTA

1 Introduction

Tissue preservation for forensic purposes is most often associated
with disaster victim identification with the intention of identifying
and repatriating all victims and body parts. Forensic DNA analysis
is one of the three primary methods of identification recommended
by the International Criminal Police Organisation (INTERPOL),
together with fingerprint and dental analysis [1], and can therefore
play a crucial role for identifying victims. Mass disasters that occur
in remote locations pose special problems [2—4] and those in tropi-
cal climates require samples to be processed quickly as degradation
of bodies is accelerated.

Analysis should be as easy and efficient as possible and repeat
analyzes due to problems like low template DNA and PCR inhibi-
tion should be avoided. Preservation methods should be able to
generate a profile using commercial multiplex PCR chemistries.
Skeletal muscle tissue is typically sampled for DNA analysis [1, 5]
and requires preservation, from the time of collection to the point
at which it can be transported to a laboratory refrigerator /freezer.
INTERPOL guidelines state that formalin or formaldehyde

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_4, © Springer Science+Business Media New York 2016
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solution should not be used as a preservative because it degrades
DNA [1]. The International Society for Forensic Genetics also
advises against the use of formalin [5].

The constituents of DNA preservatives should play a role in
arresting DNA degradation (for a review, see [6]). NaCl is a com-
mon preservative that has been used for centuries. In solid form, it
desiccates the sample that inactivates nucleases and slows microbial
growth [7]. Other desiccants such as silica beads have a similar
effect [7, 8]. When in an aqueous solution the NaCl also denatures
proteins, including nucleases [7]. Chelating agents like EDTA
bind to metal ions such as those required by nucleases for normal
function (e.g., Mg?* and Ca?*) and therefore will slow or stop the
nuclease activity on DNA [9, 10]. Detergents such as Tween 20
are also thought to lyse cells and inactivate nucleases, although the
precise mechanism has not been described [11]. Ethanol removes
water from the sample and denatures proteins and nucleases [9,
12]. Ethanol is also an antimicrobial agent and will protect against
bacterial degradation [9]. Dimethyl sulfoxide (DMSO) is known
to promote the dermal absorption of chemicals with which it is
mixed [13, 14] so, while it does not directly preserve DNA, it
enhances the absorption of other preservatives across biological
membranes and into the cell [15]. Finally, buffering the pH stabi-
lizes DNA by decreasing the rate of acid-catalyzed depurination
[16, 17].

We were able to obtain full short tandem repeat (STR) profiles
after preservation of muscle tissue at 35 °C for up to 1 month in
four preservatives (solid salt, salt-saturated DMSO-EDTA solution,
70% ethanol solution, and 70% ethanol-EDTA solution) (Fig. 1
and see Note 1). In addition, DMSO solution yielded full STR pro-
files from aliquots of the liquid preservative surrounding muscle
tissue (Fig. 2 and see Note 2). Full STR profiles (tissue and liquid
preservative aliquots) were also obtained from two proprietary tis-
sue preservatives: DNA Genotek Tissue Stabilising Kit (DNA
Genotek, [18], see Note 3) and DNAgard (Biomatrica, [19]).

There are obvious advantages when able to extract DNA
directly from a liquid preservative. The preserved tissue does not
have to be handled, saving processing time and minimizing the
opportunities for cross-contamination of samples. A micropipette
can be used to withdraw an aliquot of preservative directly instead
of withdrawing the tissue from the preservative and excising a por-
tion for DNA extraction. A tissue sample brings with it associated
cellular debris which can confound DNA extraction processes with
“dirty” samples.

In support of our study, Michaud and Foran [20] found 70%
ethanol and DMSO to be effective preservatives with greater than
90 % amplification of a 257 bp target in porcine tissue. DMSO was
significantly better at recovering longer DNA fragments (>90%
amplification of a 642 bp target compared with <90 % for ethanol).
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Fig. 1 Mean DNA masses extracted (fop) and mean number of consensus alleles (maximum of 32, relative to
tissue donors’ buccal swabs) observed in genotypes (bottom) from excised tissue in different preservatives.
Error bars represent one standard deviation. Reproduced from Allen-Hall and McNevin [24] with permission

from Elsevier

While DMSO itself has a low toxicity [21], it readily penetrates the
skin and facilitates the absorption of associated substances. Large
quantities of preservative with this constituent present handling
dangers although aqueous DMSO solution is nonflammable [21].
Ethanol is definitely flammable. Both these compounds may have
restrictions placed on them when transporting to the scene of a
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tissue slices. Error bars represent one standard deviation. Reproduced from Allen-Hall and McNevin [24] with
permission from Elsevier

disaster. Common salt, on the other hand, is widely available and
poses no safety concerns with very little chance of spillage or evap-
oration over time.

We employed a standard phenol-chloroform /ethanol precipi-
tation method to extract DNA from preserved tissues. In our
hands, these extracts were considerably cloudier when derived
from tissue samples than when derived from liquid preservative.
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Other DNA extraction methods including most magnetic bead
and silica column technologies are also appropriate. Most of these
have their own lysis buffers with proteinase K and dithiothreitol
(DTT) (see Note 4).

We have recently found that aliquots of preservative solution
can be added directly to PCR, without the need for DNA extrac-
tion [22]. The DNA in the preservative is quantified using real-
time PCR and then diluted appropriately for STR genotyping.

2 Materials

2.1 Preservatives

Solutions are prepared using purified water with a resistivity of at
least 18 MQ-cm at 25 °C. All reagents and chemicals used should
be at least A.R. (Analytical Reagent) grade and of molecular biol-
ogy grade wherever possible (the latter to reduce the risk of intro-
ducing nucleases which degrade DNA).

Reagents and microcentrifuge tubes should be autoclaved in
advance, where appropriate, and handled in a laminar flow cabinet
to minimize contamination with DNA from the operator. All sur-
faces should be cleaned with 0.4 % sodium hypochlorite (bleach)
and 70% ethanol and laminar flow cabinets should be irradiated
with UV light for 30 min prior to use (se¢ Note 5).

Percentage concentrations are volume percentages (v/V).

1. Salt: Laboratory grade NaCl (MW=58.44 g/mol) (see
Note 06).

2. DMSO solution: 20% DMSO, 0.25 M EDTA, saturated with
NaCl, pH 8.0. Add 93 g disodium ethylenediaminetetraacetic
acid dihydrate (Na,-EDTA-2H,0, MW=372.24 g/mol) to
500 ml water and dissolve by heating and mixing (se¢ Notes 7
and 8). Allow the EDTA solution to return to room tempera-
ture. Mix and adjust the pH to 8.0 using NaOH (see Note 9).
Slowly add 200 ml dimethyl sulfoxide (DMSO, (CH;),SO,
MW=78.13 g/mol) and 150 g salt (NaCl, MW =58.44 g/
mol) while mixing (see Note 10). Readjust the pH to 8.0 (see
Note 11). Make up to 1 1 with water (se¢ Note 12). Gradually
add NaCl while mixing until no more dissolves, while simulta-
neously adjusting the pH to 8.0 (see Note 13). Sterilize by
autoclaving and store at room temperature. Allow any excess
salt to settle before use.

3. Ethanol solution: 70% ethanol. Add 700 ml ethanol
(CH;CH,OH, MW =46.07 g/mol) to 300 ml water (se¢ Note
12). Store at room temperature.

4. Ethanol-EDTA solution: 70% ethanol, 0.1 mM EDTA. Add
0.037 g of disodium ethylenediaminetetraacetic acid dihydrate
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(Na,-EDTA-2H,0, MW =372.24 g/mol) to 300 ml water and
stir until EDTA dissolves (see Note 7). Add 700 ml ethanol
(CH3;CH,OH, MW =46.07 g/mol) (se¢e Note 12). Store at
room temperature.

1. TENT buffer: 10 mM Tris-HCI, 10 mM EDTA, 100 mM
NaCl, 2% Tween 20, pH 8.0. Add 1.21 g of Tris base
(MW=121.14), 3.72 g disodium ethylenediaminetetraacetic
acid dihydrate (Na,-EDTA-2H,0, MW=372.24 g/mol),
5.84 g salt (NaCl, MW =58.44 g/mol), and 20 ml Tween 20
to approximately 900 ml water (see Note 7). Mix and adjust
the pH to 8.0 with NaOH (see Note 9). Make up to 1 | with
water (see Note 12). Sterilize by autoclaving and store at room
temperature.

2. TE buffer: 10 mM Tris—-HCI, 0.1 mM EDTA, pH 8.0. Add
1.21 g of Tris base (MW =121.14) and 0.037 g disodium eth-
ylenediaminetetraacetic acid dihydrate (Na,-EDTA-2H,0,
MW=372.24 g/mol) to approximately 900 ml water (see
Note 7). Mix and adjust the pH to 8.0 with HCI (se¢e Note
14). Make up to 1 I with water (see Note 12). Sterilize by
autoclaving and store at room temperature.

3. Sodium acetate: 3 M sodium acetate, pH 5.2. Add 24.61 g
CH;COONa (MW=82.03 g/mol) to approximately 90 ml
water. Mix and adjust pH to 5.2 with glacial acetic acid in a
fume hood. Make up to 100 ml with water (see Note 12).
Sterilize by autoclaving and store at room temperature (see
Note 15).

4. Ethanol solution: 70% ethanol. Add 70 ml ethanol
(CH3;CH,OH, MW =46.07 g/mol) to 30 ml water (se¢ Note
12). Store at -20 °C.

3 Methods

3.1 Reference
Samples

Reagents and microcentrifuge tubes are autoclaved in advance,
where appropriate, and handled in a laminar flow cabinet to mini-
mize contamination with DNA from the operator. All surfaces are
cleaned with 0.4 % sodium hypochlorite (bleach) and 70 % ethanol
and laminar flow cabinets are irradiated with UV light for 30 min
prior to use (see Note 5). Phenol/chloroform/isoamyl alcohol is
handled in a fume hood to prevent exposure to toxic vapors.

Reference samples should be collected where possible if they are
required for identification and if they exist (see Note 16). These
may be in the form of buccal (inside cheek epithelial cell) swabs,
blood samples (preserved in heparin or EDTA), FTA cards [23], or
other belongings likely to have accumulated DNA (e.g.,
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toothbrushes). If these reference samples are not available from
deceased victims, then they may be obtained from close genetic
relatives.

3.2 Preservation 1.

of Tissue in the Field

3.3 Preparation 1.

of Reference Samples
and Controls

Excise a sample of each tissue using sterile instruments. Ideally,
deep muscle tissue, not exposed to the environment, is
preferable.

. Place approximately 300 mg of each tissue into sterile 10 ml

screw top test tubes in either 4 g salt or 2 ml of liquid preserva-
tive (see Note 17). Ensure that the tissue is covered with salt or
submerged in preservative (see Note 18). These tubes may
then be stored and/or transported at ambient temperatures.

Employ negative controls consisting of empty microcentrifuge
tubes and positive controls (e.g., 5 pl human female genomic
DNA: Promega, G1521).

. Remove reference buccal swab gauzes from their stems and

place in individual, sterile 1.5 ml microcentrifuge tubes.

. Punch a disk out of the sample area on FTA cards and place in

individual, sterile 1.5 ml microcentrifuge tubes. FTA card
punches can also be used directly in PCRs (see manufacturer
protocol [23]).

. Alternatively, place other reference items (e.g., tooth brush

bristles) in individual, sterile 1.5 ml microcentrifuge tubes.

3.4 Preparation In a sterile environment, excise a tissue slice from each preserved
of Tissue Samples tissue sample and place in individual, sterile 1.5 ml microcentrifuge
tubes (see Note 19).

3.5 Preparation Pipette 50 pl of the salt-saturated DMSO-EDTA preservative
of Salt-Saturated solution (surrounding each tissue sample) into individual, sterile
DMSO0-EDTA Solution 1.5 ml microcentrifuge tubes.

3.6 Extraction 1.

of DNA (See Note 20)

Lysis buffer is prepared immediately prior to use. Add 30 pl of
20 mg/ml proteinase K and 30 pl of 1 M DTT per ml of
TENT bufter (see Note 21). Mix gently—do not vortex as
proteinase K is sensitive to mechanical shear.

2. Add 400 pl of lysis buffer to each 1.5 ml microcentrifuge tube

and mix by inverting. Incubate at 56 °C overnight with inter-
mittent inversion.

. The next day, add a further 10 pl of 20 mg/ml proteinase K

and 10 pl of 1 M DTT to each tube and mix by inverting.
Incubate at 56 °C for 1 h.

4. Add 400 pl of phenol/chloroform/isoamyl alcohol (24:25:1,

pH 8.0) to each tube in a fume hood (se¢e Note 22). Vortex
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vigorously for 1 min and centrifuge at 12,000 x 4 for 15 min to
separate the aqueous and solvent phases.

5. Remove 300 pl from the upper (aqueous) layer, taking care not
to disturb the interface, and transfer to a new, sterile, 1.5 ml
microcentrifuge tube (sec Note 23).

6. For every 100 pl of aqueous layer removed, add 10 pl of
sodium acetate (3 M, pH 5.2) and 300 pl of cold (-20 °C)
absolute ethanol (see Note 24). Mix by inverting and incubate
at -20 °C for 15 min.

7. Centrifuge at 12,000 x g for 45 min.

8. Decant the liquid immediately from each tube and add 60 pl of
cold (-20 °C) 70% ethanol. Mix by inverting and incubate at
-20 °C for 15 min.

9. Centrifuge at 12,000 x g4 for 15 min.

10. Decant the liquid immediately from each tube and air-dry the
DNA pellet.

11. Resuspend each pellet in a 50 pl aliquot of TE butffer. Store at
-4 °C if genotyping within 1 week or store at —20 °C it geno-
typing more than a week later.

Genotyping can be performed using any standard method. We
typically quantitate the extracted DNA using Quantifiler™ Human
DNA Quantitation Kit (Applied Biosystems) or equivalent. A
DNA standard is used to prepare a dilution series to establish a
standard curve and this is used to calculate DNA concentration for
each sample. DNA extracts are then diluted appropriately to bring
them within the recommended range for a genotyping kit (e.g.,
0.05-0.125 ng/pul for AmpFISTR® Identifiler®, Life Technologies).
The amplified PCR product is analyzed by capillary electrophoresis
(e.g., 3500 Genetic Analyzer, Life Technologies).

We have recently found that aliquots of preservative solution
can be added directly to PCR, without the need for DNA extrac-
tion [22]. The DNA in the preservative is quantified using real-
time PCR (e.g., Quantifiler) and then diluted appropriately for
STR genotyping (e.g., Identifiler).

4 Notes

1. Complete AmpFISTR® Identifiler® (Life Technologies) gen-
otypes (32 consensus alleles, concordant with a reference gen-
otype) were produced at 4, 7, 14, and 28 days in nearly all
instances from 50 pl DNA extracts from three different tissues
preserved in solid NaCl, salt-saturated DMSO-EDTA solu-
tion, 70% EtOH, and 70% EtOH-EDTA [24].
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. DMSO consistently produced complete genotypes from a

50 pl aliquot of the liquid preservative. The ethanol-based pre-
servatives (70% EtOH and 70 % EtOH-EDTA), while yielding
DNA from tissue, failed to produce DNA in extracts from the
liquid preservative [24].

. Another preservative manufactured by DNA Genotek

(GenoFix™), although not currently available, has been shown
to preserve DNA for extended periods of time and allow full
STR profiling [25].

. We have also successfully extracted DNA using the following

commercial kits: ChargeSwitch® Nucleic Acid Purification
Technology (Life Technologies), QIAamp DNA Investigator
Kit (QIAGEN), ISOLATE II Nucleic Acid Kits (BIOLINE).

. We use a G30T8 30 W germicidal UV-C lamp (Sankyo Denki)

in a Class II Biological Safety Cabinet (Gelaire).

. Commercial salt could be used but there is a risk of DNA con-

tamination from reagents that are not subject to appropriate
quality assurance.

. Many dry reagents are hygroscopic and will absorb moisture

from the atmosphere while they are being weighed, thus mak-
ing accurate weight determination problematic. To avoid this,
use fully hydrated reagents wherever possible. Hence use
EDTA-2H,0 (ethylenediaminetetraacetic acid dihydrate)
instead of EDTA. The degree of hydration will vary the molec-
ular mass of EDTA, as will its complementary cation, that is,
whether it is disodium EDTA (Na,-EDTA) or tetrasodium
EDTA (Nay-EDTA). This will alter the mass of EDTA required
for 0.25 M concentration.

. High concentrations of EDTA will not dissolve in water at

room temperature.

. Adjust first with a lower concentration of NaOH (e.g., 1 M).

If no appreciable change in pH occurs, adjust with a higher
concentration (e.g., 5 M). As desired pH is approached, switch
back to lower concentration for fine adjustment. This will
avoid overshooting the desired pH (it can be readjusted down-
wards with HCI if required).

Addition of DMSO at acidic pH will precipitate EDTA.
Addition of DMSO and salt will alter the pH [26].

For other volumes, multiply all reagent amounts accordingly.
A further 50 g NaCl may be required.

Adjust first with a lower concentration of HCI (e.g., 0.1 M). If
no appreciable change in pH occurs, adjust with a higher con-
centration (e.g., 1 M). As desired pH is approached, switch
back to lower concentration for fine adjustment. This will
avoid overshooting the desired pH.
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15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

Smaller aliquots can be frozen for long term storage.

When field collection is necessary, the conditions should be as
controlled as possible, ideally in a mortuary, to avoid cross-
contamination of samples.

We use polypropylene urine collection tubes (Sarstedt, Cat. #
62.9924.284).

The mass of tissue and the volume of preservative are not criti-
cal. What is important is that the tissue is submerged. For the
salt-saturated DMSO-EDTA solution, as little preservative as
is required to submerge the tissue will maximize the yield of
DNA from the preservative solution.

Any mass of tissue can be excised but it may be wise to leave
some for a repeat analysis. For example, we removed approxi-
mately 30 mg (approximately 10% of our total collected
tissue).

We use a phenol-chloroform/ethanol precipitation method to
extract DNA from preserved tissues. Other DNA extraction
methods including most magnetic bead and silica column
technologies are also appropriate. Most of these have their
own lysis buffers with proteinase K and DTT.

Proteinase K and DTT solutions are available commercially
but can also be prepared in the laboratory. Proteinase K solu-
tions must contain calcium ions for activity (e.g., 1 mM cal-
cium chloride).

Phenol/chloroform/isoamyl alcohol is hydrophobic and will
drip from hydrophilic pipette tips.

The exact volume is not critical. What is important is that phe-
nol/chloroform/isoamyl alcohol is not carried over with the
aqueous solution removed. It is better to withdraw less solu-
tion than to risk carry over. If the aqueous solution removed is
not clear, fresh phenol/chloroform/isoamyl alcohol can be
added and the aqueous phase removed again.

Optional: Also add 10 pl of 125 mM EDTA (autoclaved) for
every 100 pl of aqueous phase removed. It is important to
keep the overall concentration of ethanol >65 %.
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Chapter 5

DNA Extraction: Organic and Solid-Phase
Wafa Altayari

Abstract

DNA extraction remains a critical step in DNA profiling of biological material recovered from scenes of
crime. In the forensic community several methods have gained popularity, including Chelex®, organic
extraction, and solid-phase extraction. While some laboratories streamlined their processes and only use
one method we have retained several methods and continue to use these for different sample types. In this
chapter we present three methods that have been used for several years in our laboratory.

Key words DNA extraction, Phenol—chloroform, Solid-phase extraction, PrepFiler®, EZ1® DNA
Investigator®

1 Introduction

After the detection/characterization and collection of biological
material the next step is the extraction of DNA, sometimes along
with the extraction of RNA (see Chapters 2 and 3). In the field of
molecular biology there are a multitude of methods available for
DNA extraction, many of which are variations on the same princi-
ples. Chelex® 100 was one of the first methods to be adopted by
the forensic community in the PCR era [1]. It is simple, inexpen-
sive, and yields relatively high amounts of DNA [2]. However, it
does have a limited capacity to remove PCR inhibitors [ 3]. Organic
extraction, in particular, phenol-chloroform-based extraction, had
widespread popularity in molecular biology, and yields high-molec-
ular weight DNA (as long as the starting material is not degraded);
when processing forensic samples the organic methods have proven
to be effective at removing many PCR inhibitors (se¢ Chapters 6
and 7). The popularity of organic methods has reduced in recent
years, largely due to health and safety concerns because phenol is
highly toxic, and also because of the limited potential for automa-
tion. Solid-phase DNA extraction techniques have become increas-
ingly popular in forensic laboratories; these methods benefit from
the potential for automation and also being efficient at removing
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many PCR inhibitors [ 3-8]. The choice of method to be employed
for DNA extraction depends on several variables, including the
likely amount of DNA in the samples, the substrate that the sample
is on, the type of biological material, and the presence of potential
PCR inhibitors [3, 9, 10].

2 Organic Extraction (Phenol-Chloroform)

2.1 Materials
and Equipment

Despite the toxicity of phenol and the extra burden that this places
onto laboratories in terms of specialist equipment, safety precau-
tions and disposal of spent reagents the phenol—chloroform method
is still popular in many forensic laboratories especially when extract-
ing DNA from poor quality samples. The sample types that we
have used this method for are detailed in Table 1.

—
N = O
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. DNA-free 1.5 ml tubes.
. Phase-lock 2 ml tubes (see Note 1).

DNA-free scalpel /scissors.

. DNA extraction buffer (2 % SDS, 0.01 M EDTA pH 8.0).

. Proteinase K, 20 mg/ml (Sigma-Aldrich).

. Dithiothreitol (DTT) (0.4 M) (Sigma-Aldrich).

. Phenol—chloroform—isoamyl alcohol (25:24:1) (Sigma-Aldrich).
. m-Butanol (Sigma-Aldrich).

. Microcon® 100 columns (Merck Millipore).

. Benchtop vortex.

. Benchtop minifuge.
. Incubator (37-56 °C).

3 Method

. Prepare the sample according to Table 1.

. In the sample tube add the required amount of extraction buf-

ter, typically we use 400 pl, but the reaction volume can be
scaled up if necessary.

. Add Proteinase K enzyme (20 mg/ml) in a ratio of 10:1

(extraction buffer: Proteinase K), for example, when using
400 pl of extraction buffer then 40 pl Proteinase K should be
added.

. Add the reducing agent dithiothreitol (0.4 M DTT) if semen,

hair, nails, or bone is present in the extraction—add the same
volume as proteinase K.
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Table 1
Sample preparation using the organic extraction protocol developed by Abu Dhabi Forensic Evidence
Department

Sample type Sample preparation

Whole blood Thaw and equilibrate up the whole blood sample at room temperature

Buccal swabs

Blood swabs

Saliva on fabric
Blood on fabric

Manufactured
cigarettes

Roll-ups cigarettes
(smoked)

Roll-ups cigarettes
(unsmoked)

Stamps and envelops

Chewing gum
Hair
Fingernail scrapings/

cuttings

Bone\teeth\muscle

(15-25 °C). Transfer 10 pl of the sample to a 1.5 ml tube.
Cut 1/4 - 1/2 of the swab and place it into a 1.5 ml tube.

If the blood on the swab is diluted the entire swab will be cut and placed in
1.5 ml tube.

If the blood swab is concentrated, then a small part from the swab will be cut
and placed in 1.5 ml tube

Cut out an area indicated for saliva (25 mm?).
Cut out an area indicated for blood (25 mm?).

Place 0.5-1 cm paper from the end of the filter in 1.5 ml tube.

Place 1 cm of the paper taken around the base of the cigarette in 1.5 ml tube.
Avoid taking any of tobacco as this will inhibit the extraction and PCR.

Take 1-2 cm of the seam. Separate it before putting it in 1.5 ml tube.

Access the gum from the reverse of the baking paper by making 4 dots at the
corner of the stamp that you can see through the reverse backing paper. Use
a sterilize scalpel and very gently score between the dots without going
through the other side. Carefully peel the backing paper off to reveal the
gum layer; the surface texture should go from fibrous paper to shiny,
smooth and slightly tinted. Carefully peel away the gum layer till leaving the
stamp intact. Put this paper in 1.5 ml tube.

Cut third to half of the gum and then place it in 1.5 ml tube. Smear the gum
around the inside of the tube using a DNA-free metal rod.

Place 1 cm from the root end in the 1.5 ml tube.

In case of scrapings, do not take more than will half fill 1.5 ml tube.
In case of cutting, chop the cuttings into small pieces and this place it in
1.5 ml tube. Don’t take more than will half fill a 1.5 ml tube.

Add 50 mg of powdered bone\tooth into 1.5 ml tube.
Add small pieces of muscle into 1.5 ml tube

5. Vortex the sample for 5 s and then centrifuge briefly.

6. Incubate the sample either at 37 °C overnight or at 56 °C for
2 h.

7. Before sample purification with phenol-chloroform filter any
samples that contain absorbent materials using the Spinaroo
process, €.g., swabs or fabrics (se¢ Note 2).
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8. Add phenol—-chloroform-isoamyl alcohol (25:24:1) to the
sample tubes with the equivalent amount of the extraction buf-
fer with the Proteinase K and DTT. Vortex and centrifuge at
14,000 x g for 5 min. Repeat this step 2—3 times until no pel-
licle is visible in the interphase (se¢ Note 1).

9. Add an amount of z-butanol equal to the amount of the phe-
nol-chloroform-isoamyl alcohol (se¢ Note 3).

10. Vortex and then centrifuge at 14,000 x g4 for 5 min.

11. Transfer the lower aqueous phase to a Microcon® 100
Centrifugal Filter to re-concentrate the DNA. Centrifuge at
4000 x g tor 20-30 min, or until the liquid has been reduced to
the minimum retained volume (see Note 4).

12. Wash the filtrated Microcon with 500 pl of DNA-free water
and centrifuge at 4000 x4 for 20-30 min. Repeat this steps
2-3 times.

13. Elute the DNA in 25-50 pl of DNA-free water (TE (Tris—
EDTA) bufter could also be used) by inverting the Microcon
into a 1.5 ml tube. Centrifuge at 4000 x4 for 3-5 min.

The scheme for DNA extraction from epithelial cells using
organic extraction is shown in Fig. 1.

4 Solid-Phase Nucleic Acid Extraction

4.1 Qiagen
Investigator® Kit Using
the EZ1® Bio-Robot
Workstation

4.2 Materials
and Equipment

Solid-phase nucleic acid purification is now widely used as the
cleanest and easiest technique to separate DNA from inhibitors.
Many commercial kits are available that use solid-phase extraction.
It has gained popularity based on the increased levels of automa-
tion that are possible, the ability of the methods to remove many
types of PCR inhibitor and the relatively high yields of DNA that
can be recovered from many types of evidence. The methods all
rely on DNA being released from the cellular material, and then
binding to a solid substrate; for example, magnetic silica-based
beads with QIAamp chemistry and polymer embedded magnetic
beads with PrepFiler® chemistry (Life Technologies). After bind-
ing non-DNA components can be washed away, before releasing
the DNA from the solid support to yield high purity DNA. The
technology is suitable for a wide variety of samples (Table 2).

Qiagen corporation has developed an automate method for DNA

extraction based on solid-phase extraction using silica coated
beads [11].

1. DNA-free 1.5 ml tubes.
2. G2 Lysis Buffer (provided with the kit).



DNA Extraction: Organic and Solid-Phase 59

a —p e
= the EG—=3
% |-| Add phenol- upper
aqueous
Filter the 2 - Vortex and
swab isoamyl centrifuge layer to new
— E— — —
Add butanol
*J Transferthe
Repeat 2-3 times lower aqueous
layer to the
Microcon
i h f
e gm 7 ]
fiter and [ [ Wash the Centrifuge ﬁl
store the tube Elute the B sample by the tube at g
at-20°C sample et adding water low speed 5

\/ Repeat 2-3 times

Fig. 1 Organic-based DNA extraction from epithelial cells (swab) using phenol-chloroform. (a) Cellular material
is added to the lysis buffer and proteinase K and incubated at 56 °C for at least 2 h; (b) The digested swab is
filtered by making a hole at the bottom of the tube and then placed it in a new 1.5 ml tube (spinaroo). The tube
assembly is centrifuged at 4000 x g; (c—d) Phenol—chloroform—isoamyl alcohol is added to the filtrate solution,
the solution is then vortexed and centrifuged. This step is repeated 2—3 times until there is no visible material
at the interface (phase-lock gel tubes can be used when carrying out this step); (e) n-Butanol is added; this
removes any residual of phenol-chloroform—isoamyl alcohol, which would inhibit downstream process such
as PCR; (f) The aqueous phase is transferred to the Microcon 100 Centrifugal Filter assembly and centrifuged
at low speed. (g and h) Sample is then washed using DNA-free water and centrifuged at 4000 x g for
20-30 min. This step is repeated 2—3 times depending on the sample condition and purity. Elution buffer is
added to the Microcon and then the Microcon inverted in the elution tube. The inverted Microcon assembly is
centrifuged for 3—5 min to collect the DNA at the bottom of the elution tube. (i) Elution tube is closed and stored
at 4 °C short-term until the downstream analysis is finished. After that the samples are stored at —20 °C
long-term

3. Proteinase K (provided with the kit).
4. Ultrapure (DNA-free) water.

. EZ1 sample tubes, elution tubes, tips and holders, and
cartridge.

1

. Benchtop vortex.

. Benchtop minifuge.

. Heat block (56-95 °C).

. EZ1 Bio-Robot workstation.

O 0 NN O
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Table 2

Sample types suitable for processing as recommended by the manufacturers and validated for use
under 1IS017025 in Abu Dhabi Police Laboratories

Manufacturers’

recommendations Internally validated
Sample type PrepFiler® DNA Investigator Kit PrepFiler® DNA Investigator Kit
Whole blood Vv Vv NT* Vv
Dried blood \/ \/ \/ \/
Buccal cells \/ \/ NT \/
Surface and contact cells \/ \/ X
Nails scraping Vv Vv X
Chewing gum v v v v
Cigarette butts \/ \/ \/ \/
Postage stamps and envelopes \/ \/ NT
Hair \/ \/ \/ X
Bones or teeth \/ \/ \/ X
Soil Vv NT NT
Stains on fabric \/ \/ \/ \/
Human tissue \/ NT NT
Epithelial cells mixed with \/ \/ \/ X

sperm cells

Tape lifts Vv NT NT

*NT stands for “Not Tested”.

5 Method

. Prepare the sample according to Table 3.

. Pre-digest the samples by adding the recommended amount of

lysis buffer and proteinase K provided with the kit (see Table 4).
Dilute the lysis bufter with ultrapure water 1:1 when extracting
DNA from absorbent material (se¢ Note 6).

. Vortex the samples thoroughly for 10 s and pulse spin them.

. Incubate the sample under the recommended temperature and

lysis time (Table 4).

. Vortex the sample tube once or twice during the incubation or

place it in the shaking incubator.

. Incubate the sample at 95 °C for 5 min if you want to increase

the yield of DNA.
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Table 3
Shows sample preparation for samples to be used with EZ1® DNA Investigator® Kit. Adapted from
manufacturer’s manual—additional sample types are detailed in the manufacturer’s manual)

Sample type Sample preparation

Whole blood Thaw and equilibrate up the whole blood sample at room temperature (15—
25 °C). Transfer 10 pl of the blood sample to a 2 ml EZ1 sample tube, add
10 pl Proteinase K and 180 pl G2 Buffer (see Note 5).

Dried blood on  Punch 4 disks from the dried blood sample, each one is 3 mm in diameter and

FTA cards or place it in 1.5 ml tube. If blood is on fabrics cut approximately 25 mm? section.
Fabric

Buccal Swabs Place 1/2 — 1 /4 of the buccal swab into a 1.5 ml tube.

Chewing gum Cut third to half of the gum and then place it in 1.5 ml tube. Smear the gum

around the inside of the tube using a DNA-free metal rod.
Cigarette butts Place 1 cm? paper from the end of the filter into 1.5 ml tube.

Stains on fabric Place the fabric sample (25 mm?) into 1.5 ml tube.

Table 4
Recommended protocols when using the EZ1 DNA Investigator Kit. Adapted from the manufacturer’s
manual—some variations from the manufacturer’s recommendations are noted

Recommended Recommended

Recommended amount  amount of incubation time and Recommended

Sample type of lysis buffer (G2) Proteinase K (ul) temperature EZ1 protocol
Whole blood 180 pl Buffer G2 10 At 56 °C for 15 min Trace protocol

(see Note 5)

Dried blood on 190 pl Diluted buffer G2 10 At 56 °C for 15 min Trace protocol
FTA or fabric (see Note 7)
Buccal swabs 190 ul Diluted buffer G2 10 At 56 °C for 15 min Trace protocol
(see Note 7)
Chewing gum 190 pl Buffer G2 10 At 56 °C for 15 min Trace protocol
Cigarette butts 190 pl Diluted buffer G2 10 At 56 °C for 15 min  Trace protocol
(see Note 7)
Stains on fabric 190 pl Diluted buffer G2 10 At 56 °C for 15 min Trace protocol

(see Note 7)

7. Flick or centrifuge the tube briefly to remove drops from inside
the lid.

8. When extracting DNA from absorbent materials and using the
trace protocol transfer the supernatant from the predigested
tube (1.5 ml tube) to a 2 ml EZ1 tube using spinaroo method
(see Note 2).
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10.
11.
12.

. Load 2 ml EZ1 sample tubes, elution tubes, tips and holders,

and cartridge into EZ1 Bio-Robot according to manufactur-
er’s instructions.

Select the EZ1 Trace protocol.
Start the instrument according to manufacturer’s instructions.
In the instrument:

First, the sample will be added to the lysis buffer in the car-
tridge. This lysis buffer contains: guanidine thiocyanate (GuCN)
and guanidine hydrochloride (GuCl) which work as chaotropic
agents that lysis any remaining cells, denature the proteins,
inhibit nuclease enzymes as well as provide the environmental
conditions to promote the binding of the DNA to the paramag-
netic silica beads. Secondly, the paramagnetic beads will be
added to the lysis buffer. After that, the bound DNA will be
washed to remove impurities twice and finally eluted under an
alkaline condition using Tris-EDTA bufter. The extraction
using the EZ1 instrument will take approximately 20 min. A
schematic example of DNA extraction from epithelial cells
using EZ1 instrument is shown below (Fig. 2).

6 PrepFiler® Express™ and Express BTA™ Forensic DNA Extraction Kits Using

AutoMate Express™

6.1 Materials
and Equipment

|92 B NS B NS T
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PrepFiler® was initially introduced as a manual DNA extraction
method; subsequently Applied Biosystems developed the AutoMate
Express™, a small liquid handling robot similar to Qiagen EZ1
robot. This instrument use PrepFiler® chemistry which is similar to
the EZ1 Qiagen kits except for the binding material. PrepFiler®
uses encapsulated magnetic beads with polymer. This type of beads
creates a large surface area with higher DNA binding capacity,
which improved the extraction yield from some challenging sam-
ples. We use two kits: the PrepFiler® Express™ and PrepFiler®
Express BTA™ Forensic DNA Extraction Kits.

. DNA-free 1.5 ml tubes.

. PrepFiler lysis solution (provided with the kit).

. Proteinase K (provided with the kit).

. 1.0 M DTT (Sigma-Aldrich).

. PrepFiler Lysep, PrepFiler sample tube, Bone/Tooth Lysate

tube, extraction cartridge.

. Benchtop vortex.

. Benchtop minifuge.

. Shaking Incubator (56-95 °C).
. AutoMate Express™.
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Incubate
the sample

f
i Remove the elution tube
from the instrument and

store it under -20°C

Filter the

swab

Transfer the
filtrate solution
to 2ml EZ1 tube

Load the sample, tips
and holder, elution tube
and cartilage into the
instrument

Fig. 2 DNA extraction from epithelial cells (swab) using solid-phase extraction method based on paramagnetic
silica beads. (a) Cellular material is added to the lysis buffer and proteinase K which provided with the Qiagen
kit. (b) The sample is then incubated at 56 °C for 15 min. (c) The digested swab is filtered by making a hole at
the bottom of the tube and then placed it in a new 1.5 ml tube. Spin columns can also be used in this step. (d)
Filtrate solution is transferred to 2 ml EZ1 tube. (e) The pre-digested sample, elution tube, tips and holders, and
cartridge are loaded to the EZ1 instrument. The extraction process started using trace protocol installed in the
instrument. The Tip Dance protocol can be used if the filtration step was not carried out. (f) After the run is
complete the elution tube is closed and stored at 4 °C for short-term until the downstream analysis is finished
(less than 1 week). After that the samples will be stored at —20 °C

7 Method

1. Prepare the column/tube assembly by inserting a spin column
called PrepFiler LySep into a hingeless PrepFiler sample tube.
Note that this assembly will work with all the samples except for
the bone and tooth where the Bone and Tooth Lysate Tube will
be used.

2. Prepare the sample according to Table 5 below.
3. Prepare the PrepFiler lysis solution. Each sample required:

e Recommended amount of PrepFiler lysis buffer (provided
with the kit) shown in Table 6.



64 Wafa Altayari

Table 5

Samples preparation to be used with PrepFiler® Kits along with the AutoMate Express™ (information
for additional sample types is provided in the manufacturer’s manuals). Adapted from manufacturer’s
manual—differences to the manufacturer’s recommendations are noted

Sample type Sample preparation

Blood on FTA  Add up to 25 mm? cutting or punches to the column/tube assembly
or fabric

Body fluids Add up to 25 mm? cutting or punches to the column/ tube assembly
(semen, saliva)
on fabric

Body fluids on  Add up to 1 swab to the column/tube assembly
swab

Hair Add up to 5 mm from the root end to the column/tube assembly

Bone and teeth  Add 50 mg of powdered bone or tooth into PrepFiler Bone and Tooth Lysate
Tube.

Chewing gum  Chewing gum is prepared by cutting third to half of the gum and then place it in
1.5 ml tube. By using a metal rod the gum is smeared around the inside of the
tube. The recommended amount of PrepFiler lysis solution is added and the
sample is incubated under the recommended temperature and lysis time
(Table 6). The lysate is then transferred to the PrepFiler sample tube (see Note 8)

Cigarette butts  Remove the first 5 mm paper from the end of the filter. Cut it into small pieces then
transfer the pieces to the column,/tube assembly

e Recommended amount of 1.0 M DTT (not provided with
the kit) shown in Table 6.

e Recommended amount of proteinase K (provided with
the kit) shown in Table 6.

4. Pre-digest the samples by adding the recommended amount of
PrepFiler lysis solution (Table 6).

5. Incubate the sample under the recommended temperature,
lysis time, and shaking speed. Selection of those parameters
depends on the sample type (Table 6).

Note that when the temperature is above 56 °C, no protein-
ase K is added to the lysis solution. Most proteins denature
when the temperature is above 50 °C, so there no need to add
proteinase K when the incubation temperature is high (70 °C).
A precautionary step has been taken by adding 1.0 M DTT to
the solution to maximize the yield of DNA by breaking down
any disulfide bonds that may be present in the substrate.

6. Centrifuge the column/tube assembly or the Bone and Tooth
Lysate Tube for 2 min and 90 s respectively at 10,000 x g.

In case of the column/tube assembly, if the volume after

the centrifugation is less than 300 pl, centrifuge the column/

tube assembly for additional 5 min to collect the rest of the
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Recommended parameters to be used with the AutoMate Express™ PrepFiler® Kits based on the
manufacturer’s recommendations—(adapted from manufacturer’s manual—a variation from the

recommendations is noted)

PrepFiler Recommended
lysis PrepFiler 10M incubation
solution lysis buffer DTT Proteinase K temperature and Recommended
Sample type  (ul) (ul) (ul) (20 mg/ml) lysis time shaking speed
Blood on FTA 500 500 5 - At 70 °C for 40 min 750 rpm
or fabric
Body fluids 500 500 5 - At 70 °C for 40 min 750 rpm
(semen, (see Note 9)
saliva) on
fabric
Body fluids on 500 500 5 - At 70 °C for 40 min 750 rpm
swab
Hair 500 500 5 - At 70 °C for 40 min 750 rpm
Bone and 230 220 3 7 pl At 56 °C from 2 to 1100 rpm
teeth 18 h
Chewing gum 230 220 3 7 ul At 56 °C for 40 min 750 rpm
Cigarette butts 230 220 3 7 ul At 56 °C for 40 min 750 rpm

sample and then discard the column. If still less than 300 pl,
add PrepFiler lysis buffer to bring the volume to 300 pl.

In case of Bone and Tooth Lysate Tube, transfer the clear
lysate to new PrepFiler sample tube. If the lysate solution is
less than 150 pl, bring the solution up to 150 pl by adding
PrepFiler lysis buftfer.

. Load AutoMate Express sample tubes, elution tubes, tips and

holders, and cartridge into the instrument according to manu-
facturer’s instruction.

. Start the instrument according to manufacturer’s instruction.

. In the instrument:

First, the sample will be added to the lysis buffer in the car-
tridge. This lysis buffer contains chaotropic agents that lysis any
remain cells, denature the proteins, inhibit nuclease enzymes as
well as promote the binding of the DNA to the polymer embed-
ded magnetic beads. Secondly, the magnetic beads will be
added to the lysis buffer and the DNA will be bound to the
bead and washed to remove impurities. Finally, the DNA is
eluted under an alkaline condition using TE buffer. AutoMate
Express takes approximately 30 min to finish the extraction. A
schematic example of DNA extraction from epithelial cells
using AutoMate Express instrument is shown in Fig. 3.
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8 Notes

. In this step, a Phase-Lock Gel tube (Eppendorf, North

America) can be used to make the separation cleaner and eas-
ier. This technique utilizes gel inside the tube that migrates to
between the organic and aqueous phases.

. We use the spinaroo process to filter the pre-extracted samples

from any absorbent material. Spinaroo is a filtration process
done by making two holes in the top and bottom of the tube
containing the pre-extracted sample, respectively. Then this
tube is placed in another tube and centrifuged at 4000 x g4 for
3-5 min. In our laboratory we use a sterile metal needle to
make the hole—this is heated in a Bunsen and then easily
pierces the plastic tubes.

. The n-butanol wash is not essential, but it helps to remove any

trace phenol that can otherwise act as a PCR inhibitor.

. DNA in the aqueous phase can be recovered using a standard

ethanol precipitation protocol as an alternative; however, we find
that that DNA extracts concentrated and washed using
Microcon® 100 columns give higher yields and contain less PCR
inhibitors.

. The manufacturer recommends extracting 200 pl of liquid

blood directly without predigestion step: we find this produces
inhibitors which leads to dropout of some STR markers.

. If the cellular material is on an absorbent substrate then the

lysis buffer should be diluted 1:1 with DNA-free water.

. Based on our validation study the recommended EZ1 protocol

is Trace at all times. When processing absorbent materials
using spinaroo followed by the Trace protocol gave higher
DNA yield compared with the Tip Dance protocol.

. Our protocol differs from the manufacturer’s recommendation

when handling chewing gum. The manufacturer’s recommen-
dation: (A) When using Automate Express is to place the gum
in a clean petri dish, flatten the piece of gum into a pancake
shape of approximately 5 mm thickness. Cover the petri dish
and then place it in -80 °C freezer for at least 2 h. Cut and
transfer around 50 mg to the column/tube assembly. (B)
When using EZ1 instrument is to place 40 mg of chewing gum
cut into small pieces to 2 ml EZ1 sample tube.

. Based on our validation studies the recommended incubation

temperature and lysis time for semen samples is 90 °C for
40 min.
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Fig. 3 DNA extraction from epithelial cells (swab) using solid-phase extraction method based on polymer
embedded magnetic beads. (a) Cellular material is added to PrepFiler LySep column/tube assembly and lysis
solution containing PrepFiler lysis buffer and DTT is added to the assembly. (b) The sample tube is incubated
at 70 °C for 40 min. (c) Digested swab is centrifuged for 2 min at 10,000 x g. (d) Filtrate solution is checked to
see if the volume in the sample tube is more than 300 pl if not, the volume will be adjusted to 300 pl with the
PrepFiler lysis buffer. (e) The sample tube, elution tube, tips and holders, and cartridge are loaded to the
AutoMate Express instrument. The extraction process started using the protocol installed in the instrument. (f)
After the instrument has finished the running protocol each elution tube is closed and stored at fridge for short
term until the downstream analysis is finished. After that the samples are stored at —20 °C
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Chapter 6

Extraction of DNA from Skeletal Remains

Suni M. Edson and Timothy P. McMahon

Abstract

Acquisition of DNA from skeletal remains can be a delicate process. With the advent of improved extrac-
tion buffers that provide complete demineralization of the osseous materials, extraction of total genomic
DNA from nearly any skeletal element is possible. This chapter describes both traditional organic and more
newly developed inorganic extraction methods for fresh and dried skeletal remains.

Key words DNA from skeletal remains, Organic extraction, Inorganic extraction, PCIA

1 Introduction

Considering the potentially reactive chemical groups that comprise
the molecule, double-stranded DNA is a stable, inert chemical.
Buried within the helix, reactive groups are steadied by hydrogen
bonds. The bases that make up the DNA itself are protected from
the outside by a casing of phosphates and sugars that is reinforced
through strong internal stacking forces. DNA’s robust packaging
protects it from most intracellular decomposition processes, which
makes it ideal for use in criminal forensics and human
identification.

Although chemically stable, the DNA molecule itself is physi-
cally unstable and subject to hydrodynamic shearing forces. DNA
in an aqueous medium is a condensed supercoiled molecule that is
stabilized by stacking interactions between the individual base
pairs, and negative charge repulsions between the phosphate mol-
ecules in the DNA backbone. The flow of liquid across the DNA
molecule due to pipetting, vortexing, or stirring creates flow resis-
tance across the DNA double strands with enough energy to break
the DNA. The longer the DNA molecule, the lower the amount of
force needed to break the DNA into smaller fragments. On aver-
age any DNA molecule greater than 200 bp is readily susceptible
to flow force breakage. However, in criminal and human identity
DNA forensic testing, DNA shearing has little to no impact since

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_6, © Springer Science+Business Media New York 2016

69



70

Suni M. Edson and Timothy P. McMahon

most Short Tandem Repeat and Mitochondrial sequencing
methods test for DNA fragments between 100 and 500 bp.

The greatest impact on the success of forensic human identity
testing is degradation of the DNA molecule (DNases, bacteria,
body decomposition, etc.) and environmental insults (acidic soil,
temperature, humidity, etc.). To combat degradation and environ-
mental factors associated with different samples, the scientist can
optimize sample selection. Once sample selections have been opti-
mized, the laboratory can increase success rates through the
enhancement of extraction methods to guarantee complete cell
lysis and amplification methods to combat degradation and
inhibition.

To extract DNA from cells, four primary extraction techniques
are available to DNA forensic laboratories. These include organic,
Chelex®, FTA®, and solid phase (inorganic) methods. The extrac-
tion method chosen will depend upon the biological sample being
examined as well as what environmental or chemical insults the
sample may have been exposed to. Laboratories can chose to have
a combination of different extraction methods validated for use to
insure the greatest chance of success. The scope of this chapter will
deal with organic and solid phase extractions.

Organic extraction, commonly referred to as Phenol-
Chloroform or PCIA extraction, has been used for DNA purifica-
tions since the late 1950s. Although time-consuming, with many
transfer steps and the requirement to use harmful chemicals,
organic extractions are still the gold standard to which all new
extraction methods are compared. Organic extractions start with
the addition of a lysis buffer that contains a buffer agent (com-
monly Tris), a detergent (SDS or N-Lauroylsarcosine), Proteinase
K, and a chelating agent (EDTA or EGTA). The detergent and
Proteinase K are used to solubilize the cellular membrane and
denature the proteins that protect the DNA in the nucleus.
Proteinase K, which is necessary for efficient protein denaturation,
is optimally active in 0.5-1.0 % detergent and 56 °C.

Once released, the DNA is susceptible to DNase activity. The
addition of EDTA inhibits DNase activities by binding divalent
cations like Mg*™. After digestion, Phenol:Chloroform:Isoamyl
Alcohol (24:24:1) is added at 50:50 ratio to extraction buffer.
Phenol is an organic solvent that has a specific gravity of 1.07 and
forms the lower organic phase when mixed with an aqueous solu-
tion and acts as a protein solvent. Chloroform is an organic solvent
that acts as a protein and RNA solvent, while Isoamyl Alcohol
functions as a foam reducing agent. The Lysate /PCIA mixture is
vortexed until an emulsion is formed and then separated into an
aqueous (top layer) and organic (bottom layer) phase by centrifu-
gation. The denatured proteins and cellular debris are pulled into
the organic layer, the lipids will accumulate at the interface between
the aqueous and organic layer, and the DNA will accumulate in the
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aqueous phase. Due to the chemical properties of PCIA, it is
essential to denature the protein away from the DNA and to buffer
the solution to a pH >7.8, in order to prevent DNA from accumu-
lating in the organic layer. After several PCIA washes, the aqueous
phase can be extracted with Chloroform or #-Butanol to remove
any residual traces of Phenol, a potent inhibitor of downstream
amplification process. Then the DNA can be purified and concen-
trated by either ethanol precipitation or centrifugal filter units/
ultrafiltration concentrators.

However, recent advances in solid phase (inorganic) methods
and ultrafiltration concentrators have allowed DNA to be purified
from lysate without the need for the PCIA purification steps, which
decreases processing times, limits the number of transfer steps, and
removes interactions with hazardous chemicals.

It is the authors’ desire to outline procedures for the organic
and inorganic extractions of dried and aged skeletal material and a
modified inorganic procedure for fresh skeletal material. The pro-
cedures outlined below use Extraction (demineralization) buffer
(0.5 M EDTA, pH 8.0; 1 % N-Lauroylsarcosine). The high amount
of EDTA serves two functions, one to inhibit DNase activity, and
two, to completely dissolve the CA** rich bone matrix and free any
and all DNA that may be contained in challenged bone samples
[1]. However, the demineralization extraction buffer and proce-
dures outlined below can be used on any biological specimens to
obtain higher yields of DNA, when compared quick lysis and puri-
fication methods such as Chelex or FTA.

2 Materials

All materials may be stored at room temperature unless otherwise
noted.

Recommendation: Those objects that can be ultraviolet (UV)
irradiated should be prior to initiating the protocol. Irradiation
time, which will vary depending on the equipment used, should be
set to deliver 6.0 J/cm?. These include such items as the Waring
blender cups, 50 ml and 15 ml conical tubes, and 1.7 ml microcen-
trifuge tubes. Pipettes should never be UV irradiated, as repeated
exposure to UV light will cause the plastic to decay; however, ster-
ilization by wiping down the outside with 8.5 % bleach (v/v)
(70 mM NaOCl) or other DNA removal solution is recommended.
Certain extraction reagents whether purchased externally or made
internally may be UV irradiated, but the contents of the QIAquick
and MinElute kits should never be UV irradiated.

To reduce the chance of contamination, the surface of all hoods
(laminar flow, chemical fume, and PCR) and bleach tolerant equip-
ment should be wiped down with 8.5 % (v/v) commercial bleach
followed by a 95 % ethanol wipe to reduce the corrosive impact of
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2.1 Skeletal Sample
Preparation
and Cleaning (Dried)

2.2 Intact Tooth
Preparation
and Cleaning (Dried)

2.3 Organic
Extraction

of Powdered Skeletal
Samples or Teeth
(Dried)

the bleach. Additionally, staff participating in the extraction, to
include all individuals entering the lab, should, at a minimum, wear
the following personal protective equipment (PPE): non-perme-
able, disposable laboratory coat; one layer of latex or nitrile gloves;
non-permeable, disposable sleeves; goggles; and a face mask.
Gloves and sleeves should be changed between samples during
cleaning in order to reduce contamination. During the preparation
of the dried skeletal sample, the wearing of two pairs of gloves is
recommended, as it is fairly common to damage the outer pair of
gloves during cleaning. Individuals with longer hair should pull
hair back away from the face. Hair nets/caps are not required, but
can be used. Coats should be discarded at the end of the day, or
sooner, if the scientist feels that the coat has been compromised.

1. Dremel® rotary tool (Bosch, Stuttgart, Germany).

2. Fit for use aluminum oxide sanding bits (size dependent on
need) and emery grinding wheels compatible with the Dremel®
rotary tool.

3. Surgical /dental mallet and osteotome /periodontal chisel.

4. Parafilm® M Barrier Film.

5. 50 ml polypropylene conical tubes (BD, Franklin, NJ, USA).
6

. Absolute ethanol—99.8 % (Pharmco-AAPER, Brookfield, CT,
USA).

7. Waring blender 700S /700G with appropriately sized mini con-
tainer (MC1, MC2, or MC3) (Waring, Torrington, CT, USA).

8. 15 ml polypropylene conical tubes (Sarstedt, Newton, NC, USA).
. Liquinox (Alconox, White Plains, NY, USA).

\O

. Absolute ethanol.
. 50 ml polypropylene conical tubes.

. Small sonicating water bath.

RO S NS ]

. Dental Handpiece (Forza L50K Lab Micromotor, Brasseler
USA, Savannah, GA, USA).

. #2, #4 and #6 dental burs.
. Periodontal chisel.
. Forceps or spoon excavator.

. 15 ml polypropylene conical tubes.

O 0 NN O v

. 4 x4 mm sterile gauze pad.

—

. 15 ml polypropylene conical tubes (see Note 1).

2. Extraction (demineralization) buffer: 0.5M EDTA, pH 8.0;
1 % N-Lauroylsarcosine.

3. Proteinase K (20 mg/ml).
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. Incubator shaker capable of maintaining 56 °C.

. Phenol:Chloroform:Isoamyl Alcohol (25:24:1), pH8.0+0.2.

. Centrifuge.

. N-Butanol.

. Amicon® Ultra-4/30 K centrifugal filter units (Millipore,

Billerica, MA, USA).

. TE Buffer (10 mM Tris, 1 mM EDTA, pH 7.5) (aka TE™).
10.

Costar® 1.7 ml polypropylene microcentrifuge tubes (Corning,
Ithaca, NY, USA).

. 15 ml polypropylene conical tubes.
. Extraction (demineralization) buffer: 0.5M EDTA, pH 8.0;

1 % N-Lauroylsarcosine.

. Proteinase K (20 mg/ml).

. Parafilm® M Barrier Film.

. Incubator shaker capable of maintaining 56 °C.

. Amicon® Ultra-4 /30 K centrifugal filter units.

. Costar® 1.7 ml polypropylene microcentrifuge tubes.

. QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany).

(a) PB Buffer

(b) PE Butfter

(c) EB Bufter (provided, but not used)
(d) QIAquick spin columns

. Microcentrifuge.
10.
11.

95-100 % ethanol.
TLE (10 mM Tris, 0.0l mM EDTA; pH 7.5).

. 15 ml polypropylene conical tubes.

. Scalpels.

. 95 % ethanol.

. Mortar.

. Surgical /dental mallet and osteotome /periodontal chisel.

. Waring blender 700S/700G with appropriately sized mini

container (MC1, MC2, or MC3).

. 15 ml polypropylene conical tubes.

. Scalpels.

. 95 % ethanol.

. Mixer/Mill MM 200 (Retsch, Haan, Germany).
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2.7 Nonorganic
Extraction for Both
Skeletal Samples and
Teeth (Fresh)

1. 15 ml polypropylene conical tubes.

2. Extraction (demineralization) buffer: 0.5M EDTA, pH 8.0;
1 % N-Lauroylsarcosine.

3. Proteinase K (20 mg/ml).
4. Incubator shaker capable of maintaining 56 °C.

5. Amicon® Ultra-4/50 K centrifugal filter units (Millipore,
Billerica, MA, USA).

6. MinElute PCR Purification Kit (QIAGEN, Hilden, Germany).
(a) PB Buffer
(b) PE Buffer
(c) EB bufter
(d) MinElute columns
7. Costar® 1.7 ml polypropylene microcentrifuge tubes.
8. Microcentrituge.
9. 95-100 % Ethanol.

3 Methods

3.1 Sample Selection

3.2 Skeletal Sample
Preparation
and Cleaning (Dried)

All steps may be carried out at room temperature unless otherwise
noted.

Prior to extraction, selection of the optimal bone sample for test-
ing will increase the odds of obtaining reportable results. If possi-
ble, collaboration with an anthropologist is recommended prior to
cutting a sample for extraction from the intact bone. In general,
compact bones with a dense physical structure, such as the femur,
tibia, and humerus, tend to provide greater yield of DNA [2—4].
However, modified extraction protocols can negate the impact of
the sample type itself, and almost any skeletal element should pro-
vide sufficient quality DNA [1, 5].

Dental elements should be selected with care. Compromised
external structure may introduce bacteria or other factors of decay
tfollowing death of an individual. Pre-mortem dental work or dis-
ease may likewise compromise the internal integrity of the tooth
structure and eliminate or reduce the recovery of DNA [6, 7].

This description is for any dried osseous element other than teeth.
For tooth preparation, see below.

The following steps should take place in a bone sanding hood
or other laminar flow hood with sufficient ventilation (se¢ Note 2).

1. Sand the exterior surface of the bone (see Note 3) using a clean
aluminum oxide sanding bit fitted into a Dremel® rotary tool.
All visible surfaces of the bone need to be sanded so as to
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remove any dirt, vegetative materials, or other exogenous con-
taminants. All trabecular (spongy) bone should be sanded
away. Spongy bone can harbor detritus that may either con-
taminate or inhibit the extraction. In instances where visible
trabecular bone is present between layers of compact bone
(such as the cranial vault), it is useful to use a cutting wheel to
separate the layers of compact bone in order to remove the
spongy bone prior to proceeding. Retention of trabecular bone
that may have been exposed to the environment for an extended
period of time will increase the chance of introducing unwanted
materials to the extraction.

. Remove approximately 0.2-0.5 g of bone specimen from the

larger, now sanded sample, using either a sanding wheel or a
mallet and chisel of appropriate size. The remaining portion of
bone sample can be repackaged by wrapping in Parafilm or
placed in a sterile conical tube. The remaining sample can thus
be retained for further processing, returned to the submitting
agency, or place in long-term storage. The following steps
should take place in a laminar flow hood (see Note 2).

. Place the bone fragment to be extracted in a 50 ml conical

tube containing approximately 25 ml sterile deionized water
(diH,O). By hand, shake the tube vigorously back and forth
several times.

4. Decant the water into a waste container.

10.

. Repeat steps 4 and 5 until the water is no longer cloudy (see

Note 4).

. Cover the bone fragment in the conical tube with absolute

EtOH. Shake the container back and forth vigorously several
times and decant liquid into a waste container.

. Decant bone sample into a cleaned weigh boat or other non-

porous, wide-mouthed container, and allow the sample to
completely dry prior to proceeding. Depending on the density
of the bone, this may take from 1 to 2 h.

. Once the sample is dry, place within a small sterilized blender

cup (see Note 5). Seal lid prior to removing from the hood and
placing on the blender base.

. “Blend” bone sample until a fine powder is generated (see

Note 6).

Return the blender cup to the hood prior to removing the lid.
Pour powdered bone into a cleaned weigh boat, and then
transfer ~0.2 g to a sterile 15 ml conical tube. Any remaining
powder should be transferred to a separate 15 ml conical tube
for storage (see Note 7).

The procedure can be paused at this point and the bone pow-

der stored at -20 °C.
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3.3 Intact Tooth
Preparation
and GCleaning (Dried)

This description is for intact dried teeth. Powdered teeth may be
extracted using ecither of the following methods with no other
preparation involved. Ideally, a laboratory would collect enough
tooth powder to perform duplicate extractions.

1.

Examine the exterior of the tooth. If the tooth is whole and
undamaged, proceed to step 3.

. If the tooth is cracked, damaged, or has untreated caries, the

exterior of the tooth should be cleaned using a 4 x4 sterile
gauze pad moistened with 8.5 % (v/v) commercial bleach.
When the exterior surface is clean, immediately remove any
remaining bleach using a 4x4 sterile gauze pad moistened
with absolute EtOH. Proceed to step 5.

. Place the whole, undamaged tooth in a 50 ml sterile conical

tube and cover with 25 ml of 8.5 % (v/v) commercial bleach.
Place sealed tube in a sonicating water bath for 5 min.

. Remove tooth from bleach wash and wipe down with first a

4 x4 sterile gauze pad moistened with 8.5 % (v/v) commercial
bleach and then second a sterile gauze pad moistened with
absolute EtOH.

. Place cleaned tooth in a cleaned weigh boat and allow to dry

under UV irradiation in a laminar flow hood for approximately
15 min. If the tooth is not dry at the end of 15 min, turn off
the UV light and allow to dry completely before proceeding.

The following steps should take place in a bone sanding
hood or other laminar flow hood with sufficient ventilation
(see Note 2).

. Using a #2 or #4 dental bur, slowly cut around the base of the

crown of the tooth. The intact tooth can be held with a hemo-
stat if necessary; however, holding the tooth by hand allows for
casier manipulation during cutting. Avoid cutting the enamel
or cutting so low on the roots that the roots cannot be removed
in a single piece. Cut around the crown until approximately
1 mm is left intact. This cutting needs to be performed over a
clean weigh boat. The powder recovered from the external cut
should be saved in a sterile 15 ml conical tube, though not
used for extractions unless necessary.

. Place a small, periodontal chisel between the crown and the

roots and twist very gently to remove the crown from the root
(see Note 8).

. Should there be visible pulp, remove it to a clean 15 ml conical

tube using a spoon excavator or forceps.

. Using a #4 or #6 dental bur, carefully drill the dentin from the

interior of the crown and root, catching it in sterile weigh boat
(see Note 9). Remove as much dentin as possible, being careful
to not puncture either the root or crown.
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10. As drilling progresses, regularly remove the powder generated
to a UV irradiated 15 ml conical tube. When approximately
0.2 g of powder has been collected, switch to a second UV
irradiated 15 ml conical tube and collect another 0.2 g of pow-
der, or until no dentin remains. If the tooth is too small, as may
be the case for incisors, only 0.2 g total dentin powder may be
recovered.

11. Store the remaining tooth structure in a UV irradiated 15 ml
conical tube to prevent further damage.

The procedure can be paused at this point and the bone pow-
der stored at -20 °C.

The following steps should take place in a laminar flow hood.

1. Start with approximately 0.2 g of powdered osseous material
or dentin. A reagent blank should be initiated at this step and
carried through the remainder of the procedure.

(a) If starting with 0.3-0.5 g of either, the volume of some
reagents will need to be adjusted accordingly.

(b) Ifstarting with less than 0.2 g, the procedure may proceed
as indicated with a potential reduction in the final volume
recovered.

2. Add 3 ml of extraction buffer and 100 pl of proteinase K
(proK) to each tube. The buffer may be prewarmed to 56 °C
if desired.

(a) Ifstarting with 0.3-0.5 g of powder, maintain the same vol-
ume of extraction buffer, but increase the proK to 200 pl.

3. Shake or invert the tubes gently to completely saturate the
bone powder. Continue to gently shake until no dry spots are
visible in the powder.

4. Place the tubes into an incubator/shaker set to 56 °C. The
tubes should be set to an angle of approximately 45° and gen-
tly agitated overnight. Ensure that the liquid does not touch
the cap of the tube (se¢ Note 10).

The following steps should take place in a chemical fume hood.

5. Add 3 ml of phenol:chloroform:isoamyl alcohol (PCIA) to
each tube.

6. Mix vigorously until a complete emulsion is formed.

7. Centrifuge tubes for 3 min at 4000 xg. There should be a clear
delineation between the layers.

8. Transfer the aqueous (top) layer of each sample to clean 15 ml
conical tubes (see Note 11).

9. Repeat steps 5-8 until the interface is clean (or a minimum of
two times) (see Note 12).
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3.5 Nonorganic
Extraction for Both
Skeletal Samples and
Teeth (Dried)

10. Add 3 ml of #-Butanol to each tube.
11. Mix thoroughly.

12. Centrifuge tubes for 3 min at 4000 x 4. Again, there should be
a clear delineation between the layers.

13. Remove most of the upper layer to a waste container. This will
aid in cleanly removing the desired aqueous (bottom) layer.

14. Remove the bottom layer of each sample to clean Ultra-
4 /30 K centrifugal filters. Take care not to transfer any remain-
ing butanol along with the sample/reagent blank. Butanol
may cause holes to form in the filter membranes, and encour-
age loss of DNA.

15. Spin the filters for 40-50 min at 2000 x 4 (see Note 13). There
should be approximately 200 pl of sample remaining at this time.
If there is markedly more volume left, the filters should be spun
for additional time until this volume is reached (se¢e Note 14).

16. Discard the filtrate.
The following steps should take place in a hood. No specific
requirements for type of hood.

17. Add 2 ml of sterile TE* Buffer to each filter unit.

18. Spin all filter units for 10-15 min at 2000 x 4. The volume of
the retentate should again be approximately 200 pl. Ifit is not,
return the filter units to the centrifuge for an additional time
until such volume is reached.

19. Discard the filtrate.
20. Repeat steps 17-19 once.

21. Recover the retentate and transfer to clean 1.7 ml tubes. The
tip of the P-100 pipette may not fit all the way to the bottom
of the filter unit. If so, recover the majority of the sample with
a P-100 and the remaining sample with a P-10.

22. Measure the final volume and bring to 200 pl with TE bufter
as needed. If the bone/tooth sample started at a significantly
lower powder weight (less than 0.1 g) and is deemed to be of
poor quality, it is recommended that the final volume be
brought only to 100 pl.

23. Sample is now ready for processing.

The following steps should take place in a laminar flow hood.

1. Start with approximately 0.2 g of powdered osseous material
or dentin. If starting with 0.3-0.5 g of either, the volume of
some reagents will need to be adjusted accordingly. If starting
with less than 0.2 g, the procedure may proceed as indicated
with a potential reduction in the final volume recovered. A
reagent blank should be initiated at this step and carried
through the remainder of the procedure.
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. If extracting 0.26 g of bone /tooth powder or less, add 4 ml of

extraction buffer to the sample and the reagent blank. If
extracting more than 0.26 g of bone/tooth powder, add
7.5 ml of extraction buffer to the sample and the reagent blank.
The buffer may be prewarmed to 56 °C if desired.

. Add 200 pl proteinase K to each tube.

. Shake or invert the tubes gently to completely saturate the

bone powder. Continue to gently shake until no dry spots are
visible in the powder.

. Place the tubes into an incubator/shaker set to 56 °C. The

tubes should be set to an angle of approximately 45° and gen-
tly agitated overnight. Ensure that the liquid does not touch
the cap of the tube (see Note 15).

. Centrifuge tubes for 3 min at 4000xy4. This will bring any

remaining bone powder to the bottom of the tube.
The following steps should take place in a laminar flow hood.

. Transfer up to 4 ml of supernatant to Ultra-4 /30 K centrifugal

filter unit.

. Spin the filter unit for 40-60 min at 2000 x g4 (se¢ Note 13).
. Discard filtrate.
10.

If starting with more than 4 ml of supernatant, add the remain-
ing volume to the appropriate filter unit and spin for an addi-
tional 40-60 min at 2000 x g.

Repeat steps 7-10 until all of the supernatant has been added
to the filter unit.

The final retentate volume should be approximately 120 pl (see
Note 16). If this is not so, the filter unit may be spun for addi-
tional time at 2000 x g, until a final volume of 250 pl or less is
reached.

Remove the retentate from the filter unit directly to a 1.7 ml
microcentrifuge tube. The tip of the P-100 pipette may not fit
all the way to the bottom of the filter unit. If so, recover the
majority of the sample with a P-100 and the final volume with
a P-10 (see Note 17).

Measure and record the recovered volume.

Add 5 volumes of PB Buffer to 1 volume of sample. For exam-
ple, if the recovered volume of the sample was 100 pl, 500 pL
of PB Buffer would be added.

Mix well and tap down to remove any liquid from the lid of the
tube.

Assemble the appropriate number of QIAquick spin columns
in the provided 2 ml collection tubes.

Aliquot up to 750 pl of the buffer/sample mixture into each
QIAquick spin column.
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3.6 Skeletal Sample
Preparation
and GCleaning (Fresh)

19.

20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.

31.
32.
33.

34.
35.

36.

Spin columns for 30 s at 17,900x 4 in a microcentrifuge. If
there is still visible liquid on the membrane after this step, spin
columns for an additional 30 s at 17,900 x 4.

Discard waste (see Note 18).

Repeat steps 18-20 until all of the sample has been added to
the spin column.

Add 750 pl PE buffer to each spin column (see Note 19).

Spin columns for 30 s at 17,900 x g in a microcentrifuge. If
there is still visible liquid on the membrane after this step, spin
columns for an additional 30 s at 17,900 x 4.

Discard waste.

Centrifuge the spin columns for an additional 60 s at 17,900 x g.
Place spin column in new, clean 1.7 ml microcentrifuge tubes.
Add 100 pl of sterile TLE to the center of the column

Let stand for at least 1 min.

Centrifuge the column for 1 min at 17,900 x g4 (se¢ Note 20).

If needed, transfer the eluate to a new 1.7 ml microcentrifuge
tube and discard the spin column.

Add 500 pl of PB Bufter to the 100 pl of eluate.
Repeat steps 16-26.

Add 50-200 pl of TLE to the center of the column and allow
to stand for at least 1 min (see Note 21).

Spin the columns for 1 min at 17,900 x 4.

Transfer eluate to a new, clean microcentrifuge tube as needed
and discard column.

Sample is now ready for processing.

Extracts may be held at =20 or -80 °C for extended stor-
age. In the short term, 4 °C is adequate. It is best to minimize
freeze /thaw cycles as freezing may damage the DNA.

Unless the bone specimen is suspected of being exposed to chemi-
cal or other agents, there is no need to perform the following steps
in a hood. However, a Biological Safety Cabinet (BSC) hood may
be used at the discretion of the scientist.

1.

Remove any tissue or debris that might be adhering to the
sample using a scalpel. Depending on the source or the needs
of the laboratory, the removed tissue may be stored in a 15 ml
conical tube for evidence or extraction.

. Place the sample in a 50 ml conical tube and add enough 95 %

EtOH to cover the sample.

. Shake the tube vigorously.
. Decant off the ethanol.



3.7 Intact Fresh
Tooth Preparation
and Cleaning (Fresh)

10.

11.
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. Repeat steps 2—4 twice.

. Place sample in a dry, clean weigh boat and allow to dry in a

laminar flow hood. Sample must be completely dry before pro-
ceeding. This should take approximately 1 h.

. Place sample in a clean mortar and cover the mortar with

Parafilm (see Note 22).

. Using a surgical mallet and an osteotome, punch a small hole

in the Parafilm, and split the bone sample into fragments.
Collect approximately 1.0 g of bone fragments. The remainder
of the bone, if there is any, can be placed in a 50 ml conical
tube for storage.

. Place 1.0 g of bone fragments into a Waring blender cup and

seal the lid carefully (se¢ Note 5).

Place the blender cup on a blender base and “blend” the bone
sample until a fine powder is generated (see Note 6).

Pour the powder into a clean weigh boat and transfer to a
15 ml conical tube (se¢ Note 23).

The procedure can be paused at this point and the bone
powder stored at =20 °C.

Unless the tooth specimen is suspected of being exposed to chemi-
cal or other agents, there is no need to perform the following steps
in a hood. However, a Biological Safety Cabinet (BSC) hood may
be used at the discretion of the scientist.

1.

10.

Place an intact tooth in a clean weigh boat.

2. Cover the tooth with 95 % EtOH.
3.
4. Wipe down the exterior of the tooth thoroughly with a 4x4

Using a scalpel, remove any adhering dirt or tissue.

sterile gauze pad moistened with 8.5 % (v/v) commercial
bleach, followed by sterile gauze pad moistened with EtOH.

. Place clean tooth in a cleaned weigh boat and allow to dry for

at least 30 min or until completely dry.

. Place the entire tooth in the Mixer/Mill jar along with the ball.

Seal the lid in place and follow manufacturer’s instructions for
setting the jar in place in the Mixer/Mill itself (see Note 24).

. Turn the Mixer/Mill to the following settings:

Frequency-1,/8=25.0; Time =30—45 s.

. Pulverize the tooth.

. Pour the tooth powder into a clean weigh boat and the transfer

to a clean 15 ml conical tube.

If significantly more than 1.0 g of powder is recovered, the
remaining powder should be transferred to a second 15 ml
conical tube for storage.
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3.8 Nonorganic
Extraction for Both
Skeletal Samples and
Teeth (Fresh)

The procedure can be paused at this point and the powder

stored at -20 °C.

1.

Start with approximately 1.0 g of bone or tooth powder.

2. Add 3.0 ml prewarmed extraction buffer and 100 pl proteinase

11.

12.
13.
14.
15.

16.

17.
18.

19.

K (see Note 25).

. Mix thoroughly by shaking the tubes until there are no dry

patches of powder in the tube, particularly the very bottom.

. Place the tubes into an incubator/shaker set to 56 °C. The

tubes should be set to an angle of approximately 45° and gen-
tly agitated overnight (see Note 26). Ensure that the liquid
does not touch the cap of the tube.

. Centrifuge tubes for 3 min at 4000xg. This will bring any

remaining bone powder to the bottom of the tube.
The following steps should take place in a laminar flow hood.

. Transfer the supernatant to clean Ultra-4 /50 K centrifugal fil-

ters. Take care to not aliquot any bone powder as this will tend
to clog the filter unit.

. Spin the centrifugal filters in a centrifuge at 2700xy for

approximately 60 min (se¢ Note 13). The final volume should
be 120v pl or less (see Note 14).

. Remove the retentate from the filter unit directly to 1.7 ml

microcentrifuge tubes. The tip of the P-100 pipet may not fit
all the way to the bottom of the filter unit. If so, recover the
majority of the sample with a P-100 and the final volume with
a P-10.

. Measure and record the recovered volume (see Note 17).
10.

Add 5 volumes of PB Buffer to 1 volume of sample. For exam-
ple, if the recovered volume of the sample was 100 pl, 500 pl
of PB Buffer should be added.

Mix well and tap down to remove any liquid from the lid of the
tube.

Place clean MinElute columns into the 2.0 ml collection tubes.
Transfer the DNA/PB Buffer solution to the columns.
Centrifuge columns at 17,900 x g for 1 min.

Discard filtrate and return column to the same tube (see Note
18).

Add 750 pl PE Buffer to each column and incubate at room
temperature for 5 min (see Note 19).

Spin columns at 17,900 x4 for 1 min.

Discard filtrate and return MinElute column to the same col-
lection tube.

Spin columns at 17,900 X g for 1 min.
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Place column in a clean 1.7 ml microcentrifuge tube
(see Note 20).

Add half of the final eluate volume of EB Buffer to the col-

umns and incubate for 1 min at room temperature. The final

target volume is typically 50 pl; however, it can be as little as

10 pl.

Centrifuge columns for 1 min at 17,900 % 4.

Repeat steps 21 and 22.

Samples are now ready for quantification and /or amplification.
Extracts may be held at =20 or -80 °C for extended stor-

age. In the short term, 4 °C is adequate. It is best to minimize
freeze /thaw cycles as freezing may damage the DNA.

4 Notes

. While the brand and size of 15 ml conical tube used for PCIA

extraction can be chosen by the laboratory, the tube must be
composed of polypropylene. Other materials, such as polysty-
rene, will dissolve when exposed to phenol.

. Sanding of the fragment should occur within a bone sanding

hood or laminar flow hood. It is critical for the powder gener-
ated from the sanding of the bone to be captured within the
hood or removed by a ducted vacuum system. The powder
generated by sanding is very fine and there is the potential for
cross contamination of samples within the laboratory.

. The element to be sampled is usually chosen by an anthropolo-

gist or a medical examiner prior to extraction. It is unusual for the
DNA bench scientist to be allowed the choice of element to be
processed for DNA. It is optimal for the osseous fragment sub-
mitted for DNA processing to be at least 0.5 g. Fragments smaller
than these are difficult to hold during the cleaning process.

. The purpose of the washing step is to remove any dirt and

debris that may still be remaining on the sample as well as any
bone powder that may be on the bone. Washing, along with
the sanding procedure, reduces the possibility of recovering
exogenous DNA during the extraction procedure. Exogenous
DNA can cause mixtures with the endogenous DNA or even
overwhelm the authentic profile [8].

. Equipment used to pulverize the bone sample should be

cleaned thoroughly between uses. It is recommended that the
blender cup be cleaned with at least one wash of each of the
following liquids in order: 1 % liquinox with water, 8.5 % (v/V)
commercial bleach, water, and 95 % EtOH; and then exposed
to UV irradiation. Cups should be completely dry before
grinding of the samples.
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6. Rather than removing the blender cup to the hood to deter-

mine the degree of pulverization, place a gloved hand on top
of the blender cup while the motor is running. Larger pieces of
bone may be felt as they bounce against the rubber lid. Take
care not to “over blend” the sample. Excessive heat may dam-
age the endogenous DNA. If you believe the bone powder is
becoming hot, you may turn oft the blender, let it cool, and
turn the blender back on. It is also possible for the bone sam-
ple to become lodged under the blades of the blender cup. If
this occurs, stop the blender and attempt to remove the sample
from under the blades by tapping on the counter or rotating
the blades from below. If this is insufficient to dislodge the
sample, remove the lid of the blender cup (in a hood if dealing
with a dried specimen) and manually dislodge the bone using
either a periodontal chisel or forceps.

. When using a Waring blender, the entirety of the powder will

not be extremely fine. Another process or tool, such as a
Freezer/Mill (SPEX, Metuchen, NJ, USA) or Mixer/Mill,
may be used for powdering. When transferring the powder to
use in the 15 ml conical tube, you may decant the larger pieces
into a different conical tube for storage and then transfer the
finer powder into a tube for extraction. It is also possible to use
more than 0.2 g of bone powder for extraction. Up to 0.5 g of
powdered bone may be used. More than 0.5 g of bone is not
recommended as there will be a marked decrease in the disso-
lution of the powder in the demineralization buffer and an
increase in inhibition.

. The point in having a small notch in the tooth crown and root

is to enable correct reassembly of the tooth. While the cemen-
tum of the roots contains perhaps the best source of DNA in
the tooth [7, 9], acquiring this tissue requires destruction of
the tooth root. The method described herein is designed to
minimize external tooth damage so as to be able to return an
intact tooth structure to a family member of a missing person.
(After removal of the dentin, the tooth structure can be glued
back together.) If structural integrity of the tooth is not an
issue, skip steps 9 and 10. The root can be placed into the
finger of a latex or nitrile glove and crushed with a hammer or
pulverized using a Mixer/Mill (as described in the fresh tooth
preparation) or equivalent. The crown can be stored as in step
11 and then proceed as normal.

. There is a great deal of static electricity generated during the

drilling of the tooth. It is a challenge to dissipate this energy
without losing some of the powder being drilled. To amelio-
rate this issue, a large beaker of water can be set to steam within
the laboratory, preferably within a few feet of the processing
hood. Keepinga utility wipe such as a Kimwipe (Kimberly-Clark,
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Neenah, WI, USA) moistened with 8.5 % (v/v) bleach solu-
tion nearby to regularly moisten the fingertips and prevent
charge build-up is also helpful; however, care should be taken
to not introduce bleach to the powder.

The 0.2 g bone/tooth powder will dissolve in approximately
8 h. If time is of the essence, observe the tubes during the
incubation process. Once the powder has been completely dis-
solved, you may proceed to the organic extraction steps of this
protocol. However, it should be noted that it is not an infre-
quent occurrence that some bone powder will remain in the
solution even after an overnight incubation.

It is crucial that the PCIA solution be maintained at pH>7.8.
Depending on the source of the PCIA being used, a separate
buftfer will be supplied to equilibrate the solution pH. In a high
volume laboratory, PCIA stored under normal conditions will
usually be exhausted before any significant oxidation occurs,
which will change the pH of the solution. However, low vol-
ume labs may use a single bottle of PCIA for several months
and there is the potential for oxidation to occur. PCIA that has
been oxidized beyond usefulness will appear yellow or red and
in these instances if the pH <5. If this occurs the DNA will
accumulate in the organic phase and not the aqueous phase
during purification.

When drawing off the aqueous layer after each PCIA wash,
take care not to collect any of the lipid-protein interface or
organic phase. This is especially true in the final wash, as the
proteins and other waste at the interface can inhibit down-
stream amplification processes. Some DNA is lost each time
that a PCIA wash is performed and therefore it is prudent to
minimize the number of PCIA washes if possible.

When placing the centrifugal filter units/ultrafiltration con-
centrators in the centrifuge, take care to align the largest parts
of the unit with the center column of the centrifuge and the
outer wall. This will allow a more efficient flow through of the
wash waste. If the filtrate seems to flow through faster or more
completely than is to be expected, there is a chance that there
is a hole in the filter membrane. In this case, recover the filtrate
and transfer it to a new, clean filter unit and continue with the
centrifugation steps.

In some instances it will take significantly longer than the indi-
cated times for the waste product to flow through the filter.
This is due to either an excessive amount of high-quality DNA
being present in the solution or extra waste product. It is pos-
sible for the filter unit to become completely clogged and no
TE will flow through. If this occurs, the retentate should be
transferred to a second clean filter unit for the additional washes.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

With the larger volume of liquid, there may be concern that
there will be leakage from the cap of the tube. Bone or tooth
powder trapped in the threads of the cap will increase this
possibility. Therefore, to prevent loss of extract, Parafilm may
be wrapped around the top of the tube after capping. Scissors
will most likely be needed to remove the wrap after
incubation.

The maximum input of extract into a QIAquick column is
250 pl. It is optimal to reach a volume of retentate that is equal
to or less than that during steps 7-12. However, it is possible
to proceed if the retentate volume is greater than that. Additional
QIAquick columns will need to be used for any volume over
250 pl and the final product recovered pooled.

It should be noted that the retentate will be somewhat viscous.
It is rather difficult to pipette without some level of bubbling.
Do not over-handle the liquid as the downstream steps require
a reasonably accurate measurement of retentate volume. If too
many bubbles form, they can be brought down by gently tap-
ping the tube on the counter or popping them with a P-10 tip.

It is critical that the flow-through is discarded after spin.
Otherwise the liquid will not pass through the column during
the following spin.

PE Buffer is received in the kit as a concentrate. The buffer will
need to be prepared in advance of processing as indicated in
the manufacturer’s instructions using 96-100 % EtOH.

When centrifuging the columns in the 1.7 ml microcentrifuge
tubes, it is likely that the caps of the microcentrifuge tubes will
be ripped off by the centrifuge. It is best to have several clean
1.7 ml microcentrifuge tubes available for downstream pro-
cessing and storage. If you are spinning this particular set of
tubes more than once, it is not necessary to transfer the eluate
to a new microcentrifuge tube until the process is complete.

The volume of TLE added at this step will depend on the
downstream processing of the sample. Samples being pro-
cessed for mitochondrial DNA testing only should be brought
to 200 pl. Samples being processed for nuclear DNA only may
be brought up to a lesser volume depending on the history of
the case and/or the quality of the sample.

While it may initially seem unnecessary to cover the mortar
and bone fragment with Parafilm, the reasons why will become
abundantly clear upon striking the bone with the osteotome.
The addition of the Parafilm prevents the bone fragments and
splinters from departing the mortar.

Depending on how fresh the remains are, the bone powder
will tend to be rather sticky. It may not pour out of the blender
cup as easily as dried remains. It may be necessary to scrape the
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powder from the blender cup using a scoopula (a spatula like
scoop) or a small spatula.

24. The Mixer,/Mill must be balanced and have two jars loaded at
the same time. If pulverizing only one sample, place a jar con-
taining only the ball in the other position.

25. The extraction buffer should be prewarmed to 56 °C. This can
be achieved by placing the needed aliquots of buffer in the
incubator shaker for approximately 45 min. This is an option
when working with dried skeletal remains, but is recommended
when working with fresh skeletal remains.

26. Unlike in the protocol for dried skeletal remains, the overnight
incubation time is largely a necessity. An entire gram of bone
powder will not sufficiently dissolve in an 8 h period.
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Chapter 7

Extraction of DNA from Human Skeletal Material

Irena Zupanic Pajnic¢

Abstract

In recent years the recovery and analysis of DNA from skeletal remains has been applied to several contexts
ranging from disaster victim identification to the identification of the victims of conflict. Here are described
procedures for processing the bone and tooth samples including mechanical and chemical cleaning, cut-
ting and powdering in the presence of liquid nitrogen, complete demineralization of bone and tooth
powder, DNA extraction, DNA purification using magnetic beads, and the precautions and strategies
implemented to avoid and detect contamination. It has proven highly successtul in the analysis of bones
and teeth from Second World War victims’ skeletal remains that have been excavated from mass graves in
Slovenia and is also suitable for genetic identification of relatively fresh human remains.

Key words Bone, Teeth, DNA extraction, Second World War victims, Identification, Contamination

1 Introduction

In cases where unidentified skeletonized human remains are found
and identification cannot be performed using classical forensic
methods, bones or teeth can be used for molecular genetic identi-
fication. In bones and teeth binding of DNA to hydroxyapatite
aids its preservation [1]. However, DNA does degrade with time
and the environmental conditions (temperature, humidity, pH,
geochemical properties of the soil, and the presence of microor-
ganisms) determine the level of molecular preservation [2—4]. The
key factors for DNA preservation are ambient temperature and
humidity in which the skeletal remains were located since the time
of the organism’s death until their exhumation and subsequent
molecular genetic testing. Highly stable environments with little
annual fluctuation in temperature or humidity are favorable for
DNA preservation. The best examples of DNA preservation can be
found in samples located in caves or permafrost, where low tem-
peratures provide the best possible conditions for preservation.
Warm, wet environments dramatically increase the degradation of
DNA, resulting in extensive damage and fragmentation [5, 6].

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
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Another aspect that affects the quality and quantity of DNA in
skeletal remains is the storage method used after their exhumation
[7, 8]. The effectiveness of genetic typing is much higher with
freshly exhumed skeletons rather than with skeletons that have
been kept at room temperature for several years, particularly
because of higher ambient temperatures and washing of the skele-
tal remains before storing, which can reduce the pH and salt con-
tent of samples. Freezing the skeletal remains is preferred in order
to ensure the best preservation of the DNA [9]. According to
Fulton [10] the most appropriate protocol for long-term storage
of old specimens varies depending on how the specimens were col-
lected. If a sample was frozen upon collection, it is ideal to main-
tain that temperature. Ifa sample was collected at room temperature,
it should be stored in a cool, dry environment and may not benefit
from being frozen, in particular if several freeze/thaw cycles are
anticipated. In general, simply avoiding environmental conditions
that are known to promote DNA damage is a key to sample pres-
ervation. A cool, dry, temperature-stable environment is ideal.
Avoid heat, freeze /thaw cycles, and moisture [10].

The condition of the skeletal remains analyzed for forensic
identifications is often not ideal for DNA recovery. In old bones
and teeth, small amounts of degraded endogenous DNA, the pres-
ence of polymerase chain reaction (PCR) inhibitors, and the excep-
tional risk of contamination limit the success of DNA typing
[11-13]. Hydrolytic and oxidative damage are likely to affect DNA
over time. Oxidative damage results in modified bases, whereas
hydrolytic damage results in deamination of bases and in depurina-
tion and depyrimidination. Both mechanisms reduce the number
as well as the size of the fragments that can be amplified by PCR
[14]. Extraction methods used for obtaining the DNA have to
avoid overly aggressive treatments, such as high temperatures or
use of strong detergents to reduce further degradation of the
already damaged ancient DNA [15]. Failure to amplify DNA may
also result from the presence of inhibitory low molecular weight
compounds that co-extract with DNA and inhibit DNA poly-
merase in PCR. Contamination with modern DNA represents
another major limitation to the molecular analysis of old bones
because, as a result of its higher concentration and quality, contem-
porary DNA amplification is favored over that of the endogenous
DNA in the sample [14].

Nuclear DNA is the preferred genome of amplification for
forensic purposes as it is individually specific and provides biparen-
tal kinship information [16]. In the past, mitochondrial DNA test-
ing was regularly employed in the identification of aged skeletal
remains [17-19]. Recently, some researchers (among them is also
our group) have reported the successful typing of nuclear STRs
from old skeletal material [20-25]. We managed to obtain nuclear
DNA for successful STR typing from skeletal remains excavated



Extraction of DNA from Human Skeletal Material 91

from the Auersperg chapel archaeological site that were over 300
years old [26]. In addition, we successfully identified victims of
massacres that took place during and after the Second World War
in Slovenia [27, 28]. Positive identification of the victims of Second
World War mass graves was possible where we could collect refer-
ence samples from living relatives. Skeletal remains were analyzed
for the Konfin I mass grave, located in a karst cave, where 88 vic-
tims were killed, the karst cave Konfin II mass grave with 62 exca-
vated skeletons, and four mass graves found in the Storzi¢ forest (4
victims), Bodovlje gorge (25 victims), Mozelj (5 victims), and
Mackovec (16 victims) where massacre victims were excavated.
The extraction method should remove as many inhibitors as
possible and should gain the maximum available DNA [29].
Decalcification with 0.5 M ethylene diamine tetra acetic acid—
EDTA enables separation of bone cells from the bone mass [30].
When working with fresh bones and teeth, decalcification is not
needed. This step is very important for old skeletal remains, because
decalcification is crucial for gaining higher quantities of DNA [31].
Loreille and coworkers [32] succeeded in gaining a sufficient quan-
tity of DNA when they used complete demineralization from old
skeletal remain that gave no results without it. As shown by the
latest studies, total demineralization is the best method of DNA
extraction from old bone material [33, 34], since total demineral-
ization significantly increases the proportion of full profiles, reflect-
ing a correlation with better DNA quality. According to benefits of
demineralization our protocol is based on total demineralization.
The method of DNA extraction was developed in our labora-
tory to acquire high-quality DNA from Second World War skeletal
remains and from skeletal remains from archaeological sites. The
same method is also used in our laboratory for molecular genetic
identification of unknown decomposed bodies in routine forensic
casework where only bones and teeth are suitable for DNA typing.
We analyzed 111 bones and teeth from Second World War mass
graves to evaluate this method [35] and additionally 54 Second
World War skeletal remains samples and some 300 years old bones
and teeth from archaeological sites for change extraction protocol
from partial to total demineralization [26, 36]. We analyzed 111
bones and teeth from Second World War victims using a partial
decalcification method and extracted up to 55 ng DNA/g from
teeth, up to 100 ng DNA /g from femurs, and up to 30 ng DNA /g
from tibias. The typing of autosomal and Y-STR loci was successful
in 95 % of the bones and teeth (there were approximately 20 % of
partial profiles) and mtDNA in 96 % (HVSI) to 98 % (HVSII) of
the samples analyzed [35]. Extracting genomic DNA using the
total demineralization method from 54 Second World War skeletal
remains samples gave us almost complete autosomal STR profiles
in 52 out of the 54 samples; very few allelic drop-outs were
observed in comparison to STR typing of extracts obtained with
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partial demineralization [35, 36]. We successfully identified more
victims of massacres that took place after the Second World War in
Slovenia [27, 28]. We also performed an efficiency studies of dif-
ferent commercially available quantification and amplification kits
for autosomal STR typing of skeletal remains excavated from the
Second World War mass graves and concluded that they are highly
reliable for human quantification and STR typing of old bones and
teeth with the DNA extraction method optimized in our labora-
tory [36—38]. Amplification efficiency can be improved by addi-
tion of BSA (final concentration 40 ng/ul), which has the ability to
bind to enzyme inhibitors present in DNA extract, and by increas-
ing the number of amplification cycles. We used BSA in some bone
and tooth extracts to overcome the PCR inhibition and we used
three additional amplification cycles only in low-template bone and
teeth DNA samples for STR DNA typing with commercially avail-
able amplification kits [28, 38]. When testing the performance of
amplification kits with the extended European Standard Set (ESS)
of loci on a sample of 102 seventy years old bones and teeth, DNA
typing was successful in almost all of the samples. The method of
DNA extraction described here has proved to be highly efficient
because we obtained up to 131 ng DNA/g of bone and for the
most of Second World War samples complete genetic profiles of
autosomal STRs [37].

When drying the bones and teeth at 50 °C in an oven or incu-
bator, the protocol yields DNA extracts in 28 h; otherwise two
more days are needed to complete the extraction procedure when
bone and tooth samples are dried at room temperature. The
method proved effective from relatively small amount of bone or
tooth powder (0.5 g). Less than 0.5 g can be used in case of small
sample. In that case the volume of EDTA solution should be
adjusted proportionally. The purification procedure using a
Biorobot EZ1 (Qiagen) device doesn’t use any aggressive organic
solvents like phenol or chloroform. It is automated and takes only
20 min to complete. It is based on technology of magnetic par-
ticles that are covered with silicon. Such magnetic particles are
very efficient for binding DNA, especially in the presence of chao-
tropic salts (like guanidine thiocyanate (GuSCN) or guanidine
hydrochloride (GuHCI)). These salts are highly efficient for
nucleic acid cleaning [39]. Chaotropic salts lyse cells, denature
proteins, inactivate nucleases, and accelerate the binding of DNA
to the paramagnetic particles covered with silicon. The whole
extraction process is done in a huge filter tip that is thrown away
after the procedure is finished. The rest of the extraction reagents
are safely placed in a container—cartridge for single use only.
Therefore, no manual pipetting is needed. This is very important
for prevention of contamination. High efficiency of magnetic par-
ticles in DNA extraction was confirmed in several studies [40-
43]. The purification using magnetic particles can be adapted also
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to other robotic machines or can be performed manually using
manual kits with magnetic particles from different suppliers. We
successtully purified DNA from old skeletal material using also an
AutoMate Express Instrument—Applied Biosystems [44].

Any validated human quantification and multiplex STR kit
may be used with this extraction method. For autosomal STR typ-
ing of skeletal remains excavated from Second World War mass
graves in Slovenia especially new amplification kits with the
extended ESS loci proved highly reliable [36, 37]. Depending on
the reference samples, different multiplex kits (autosomal STRs
and Y-chromosomal STRs) and also sequencing of mtDNA may be
needed to provide enough genetic markers for sufficiently signifi-
cant results from genetic kinship analyses.

2 Materials

2.1 Chemicals

2.2 Consumable
Goods

. Sodium hypochlorite—bleach (Kemika); 6 % solution.

. Alconox detergent (Sigma-Aldrich); 5 % solution.

. Bi-distilled water (Sartorius-Stedim Biotech or Millipore).
. Liquid nitrogen.

. Ethanol (Merck); 80 %.

. Ethylene diamine tetra acetic acid—EDTA (Promega); 0.5 M
solution pH 8.0.

7. EZ 1 DNA Investigator Kit (Qiagen) contains:
(a) Buffer G2
(b) Proteinase K

8. DTT (Sigma-Aldrich); 1 M solution.

9. cRNA (EZ 1 DNA Investigator Kit, Qiagen).
10. Ultrapure distilled water HPLC grade (Gibco).
11. DNA Away™ (Molecular BioProducts).

12. HCI (Merck); 1 M solution.
13. Sodium acetate (Merck); 2 M solution pH 5.2.
14. NaOH (Merck); 5 M solution.

AN U W

. Filter tips.

. pH indicator strips.

. 50-ml Falcon tubes (Sarstedt).

. 1.5- or 2-ml tubes (Eppendorf).
. Scalpel blade.

. Rough part of a dish sponge.

N O\ Ul N~

. Plastic vial.
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2.3 Equipment

8.
9.
10.

Cellulose (thin layer).
Sterile latex gloves.
EZ 1 DNA Investigator Kit (Qiagen) contains:

(a) Cartridges with purification reagents

Sample tubes

Flution tubes

d) Filter tips with tip holders

Saw (Aesculap).

Sterile saw blades (Aesculap).

Standard laboratory equipment such as freezer and refrig-
erator for storing extracts and chemicals.

Microbiological safety cabinet MC 3 (Iskra Pio).

Laminar flow hoods MC 1 (Iskra Pio).

Holding vice (Proxxon).

High-speed grinding machine (Dremel).

Circular diamond saws (Proxxon).

Drilling bits (Proxxon).

Shaker.

Balance (A&D Company).

Metal grinding vials (25 ml) with metal balls (2r=20 mm)
(Tehtnica—Domel).

Bead Beater MillMix 20 (Tehtnica—Domel).

Tweezers.

Forceps.

Mortuary needle.

Hammer.

Spatulas.

Pipettes.

Vortexes.

Thermomixer comfort (Eppendorf) or any other shaker
with temperature setting, suitable for use with 50-ml
tubes.

Centrifuge Megatuge 1.0 (Heraeus) or any other centri-
fuge suitable for use with 50-ml tubes.

Instrument BioRobot EZ 1 (Qiagen).

EZ 1 DNA Investigator Card (Qiagen).

3 Methods

3.1 Measures
for Preventing

and Detecting DNA
Contamination

In the process of DNA typing, we encounter not only highly
degraded DNA but also very small amounts of endogenous DNA

which are very susceptible to contamination with modern DNA

and are difficult to differentiate from the far more common mod-
ern (exogenous) DNA. Unfortunately, contamination is a serious
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problem in investigations of DNA obtained from old skeletal
remains [45-49]. Many chemical and physical environmental fac-
tors can have influence on contamination of skeletal remains with
DNA from bacteria and fungi. That kind of contamination is not
possible to prevent; however, it can aftect the success of mitochon-
drial DNA and nuclear DNA typing. We are able to implement
procedures that minimize the possibility of contamination with
modern human DNA. Contamination of the endogenous DNA of
bones and teeth with modern DNA can occur during exhumation,
improper storage of the skeletal remains, and anthropological
investigations [50]. Surface contamination can often occur due to
improper handling of skeletal remains with bare hands.
Contamination can also occur in the molecular genetic laboratory
during the process of DNA typing where contaminating DNA can
be located on the laboratory plastics and reagents. DNA fragments
can also be present in the air in aerosol particles [51]. Therefore, it
is necessary to consider the recommendations to prevent contami-
nation. An elimination database, containing the profiles of the
individuals that participated in the exhumation and subsequent
analysis of the remains, can be used to check for authenticity of
genetic profiles obtained from old skeletal remains and allows
traceability in the case of contamination. Extraction negative con-
trols have to be included in every extraction batch and PCR-
negative controls in every amplification reaction to verify the purity
of the extraction and amplification reagents and plastics. Doing so
allows us to trace contamination in the event of its occurrence
[52]. According to Rohland and Hofreiter [15] when processing
more than seven bone or tooth samples, two or more extraction
controls should be included in analyses. At least two samples must
be typed for each skeleton, and it is necessary to obtain identical
genetic profiles from both of them [52]. Physical separation of pre-
and post-PCR areas is important to minimize the possibility of
contamination through previously amplified products.

We eliminate surface contamination through different meth-
ods. The most important are washing in bi-distilled water, deter-
gent, and ethanol; radiation with UV light and removing the bone
surface and acquiring the bone or tooth material directly from the
inside of the specimen. For successful decontamination, we usually
use a combination of all listed methods. At the Laboratory of
Molecular Genetics in the Institute of Forensic Medicine in
Ljubljana, we follow stringent recommendations for prevention of
contamination [1, 2, 52-62]. We use the following measurements
to prevent contamination in the laboratory:

1. To prevent contamination with our own biological material,
always use clean, sterile gloves (use double laboratory gloves)
and change for every new sample. Use disposable surgical
masks, caps, shoe covers, and disposable laboratory coats.
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2.

Clean the entire working surface before and after any work is
performed with bleach (6 % sodium hypochlorite) followed by
sterile bi-distilled water and 80 % ethanol, and/or nightly UV
irradiation. Surfaces are cleaned in the same manner between
each set of skeletal remains.

. Clean all tools for cleaning, abrasion, and grinding of bones

and teeth after use with bleach (6 % sodium hypochlorite) or
with DNA Away™—Molecular BioProducts, which is very etfi-
cient in decontamination. Tools have to be exposed to the
bleach for 15-30 min. Wash away the detergent with several
washes with sterile bi-distilled water and 80 % ethanol and leave
tools to air dry. Finally, all tools are sterilized using incubation
at 134 °C for 45 min in a Tecno-Gaz sterilizer, and UV irradi-
ated with shortwave (254 nm) UV source at least overnight or
up to 72 h and for 30 min directly before starting to work.

. Put all the reagents, tools, and laboratory plastics after steril-

ization under UV light at least overnight or up to 72 h. We
expose all the listed material to UV light for 30 min directly
before starting to work.

. To avoid cross-contamination among samples a different set of

equipment is used for each sample (such as grinding vials, cut-
ting saw blades, drilling bits, tweezers, forceps, mortuary nee-
dles, and spatulas). These are cleaned and then stored in a way
that makes it accessible but minimizes the possibility of cross-
contamination with dust from cutting/grinding.

. Take clean tools for each bone or tooth specimen.

. Analyze bone and teeth samples separately from reference sam-

ples (e.g., for the elimination database). We use physically sep-
arated room for processing bone and tooth samples. Analyses
of skeletons should be also temporally separated from refer-
ence samples and elimination database samples.

. The separation of pre- and post-PCR procedures must be pro-

vided to prevent contamination with previously amplified
products (all the equipment and protective clothing from post-
PCR room never entered the pre-PCR laboratory). Amplified
products from the post-PCR room should never be introduced
to pre-PCR laboratory.

. It is necessary to separate the dust-producing working steps

from the contamination-susceptible steps like buffer prepara-
tion and PCR setup. We have different rooms in pre-PCR lab-
oratory to separate each step in the bone typing procedure. We
have room for cleaning and grinding the bones and teeth. In
that room we clean the bones mechanically in a closed
microbiological safety cabinet MC 3 (Iskra Pio) to capture and
remove the bone powder that is released into the air during
drilling and cutting. It has strong airflow to the filters that col-
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lect the dust at the bottom of the chamber. The second room
is used for preparation of buffers and solutions. The extraction
room is used for decalcification, extraction, and purification,
and the PCR room is used for the setup of PCR reagent mix
(first hood) and addition of DNA extracts to the PCR (second
hood). In each room we have laminar flow hoods with short-
wave (254 nm) UV source and hepa filters. The laboratory
setup must prevent dust from contaminating the rest of the
process in DNA typing of skeletal remains.

Pre-PCR laboratory undergoes regular decontamination
(washing with bleach, water, and ethanol). After the work the
laminar flow hoods are irradiated at least overnight and for
30 min directly before starting to work.

To detect any possible contamination with DNA or previously
amplified PCR products of reagents or laboratory plastics, we
always use at least one negative PCR control.

For monitoring the cleanliness of the isolation reagents and
laboratory plastics, and cross-contamination during the proce-
dure we always use isolation negative control.

All genetic profiles obtained from skeletal remains are com-
pared to elimination database.

Always use filter tips to minimize the risk of cross-contamina-
tion owing to DNA aerosols. Tips are exposed to UV light
before use. Always use separate pipette tip for each sample to
avoid cross-contamination.

We use the room for cleaning, grinding, decalcification, and
extraction of DNA from bones and teeth exclusively for this
kind of biological material and not for any other sample that
contains high-template DNA (saliva, blood samples).

We isolate DNA from bones and teeth at least twice (from a
different skeletal element of the same individual when possi-
ble) to check the results of genotyping and for interpretation
reproducible results are used.

All solutions should be prepared using HPLC-grade ultrapure water
(Gibco) that was beforechand UV illuminated at least overnight.

Weigh 25 g of detergent Alconox (Sigma-Aldrich) on the balance
into the 50-ml Falcon tube. Put it into 500-ml bottle, and add
500 ml ultrapure distilled water (Gibco). Put the bottle into hot
water to dissolve the detergent. Expose the bottle to UV irradia-
tion at least overnight or up to 72 h. Store at room temperature.
The solution is stable for several months.

Pour off 400 ml of absolute ethanol (Merck) into 500-ml bottle
and add 100 ml ultrapure distilled water (Gibco). Expose the
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3.2.3 Preparation

of 0.5 M Ethylene Diamine
Tetra Acetic Acid (EDTA)
(pH 8.0)

3.2.4 Preparation
of 1 pg/ul cRNA

3.2.5 Preparation of 1 M
DTT

3.3 Bone and Tooth
Sample Preparation

3.3.1  Bone and Tooth
Sample Selection

bottle to UV irradiation at least overnight or up to 72 h. Store at
room temperature. The solution is stable for several months.

Weigh 46.53 g EDTA (Promega) on the balance into 50-ml Falcon
tube. Put it into 250- or 500-ml bottle and fill to 200 ml with
ultrapure distilled water (Gibco). Adjust pH to 8.0 with 5 M
NaOH. The final volume is 250 ml. Fill with ultrapure distilled
water (Gibco) to 250 ml. Autoclave. Expose to UV irradiation at
least overnight or up to 72 h. Store at room temperature. The
solution is stable for several months.

To prepare 5 M NaOH: weigh 20 g NaOH (Merck) into a
bottle and fill to 100 ml with ultrapure distilled water (Gibco) and
autoclave. Store at room temperature. The solution is stable for
several months.

Add 310 pl of ultrapure distilled water (Gibco) to lyophilized
cRNA (included in the EZ 1 DNA Investigator Kit, Qiagen) and
vortex at maximal speed for 10 s. Make aliquots—pipette 10 pl of
the dissolved cRNA into 200-pl tubes. Deep freeze at -20 °C. Stored
in the freezer it will remain stable for 6 months. Just before use
take the frozen cRNA from the freezer and add it to the sample;
discard the rest.

Weigh 154 mg DTT (Sigma-Aldrich) in a 2-ml Eppendorf tube;
add 1 ml ultrapure distilled water (Gibco) and 5 pl 2 M sodium
acetate pH 5.2. Vortex, aliquot, and freeze at =20 °C. Just before
use take the frozen 1 M DTT from the freezer. Stored in the freezer
it will remain stable for 6 months.

To prepare 2 M sodium acetate: weigh 8.203 g anhydrides
CH;COONa (Merck) into 50-ml Falcon tube and fill to 50 ml
with ultrapure distilled water (Gibco). Calibrate to pH 5.2 with
1 M HCI. Autoclave and store at room temperature. The solution
is stable for several months.

To prepare 1 M HCI: put 10 ml concentrated HCI (Merck)
into an autoclaved bottle and fill to 100 ml with ultrapure distilled
water (Gibco). Don’t autoclave. Store at room temperature. The
solution is stable for several months.

Long bones and teeth are the most appropriate samples for molec-
ular genetic testing, as the DNA in them can stay well preserved for
a long time [63-65]. The skull bones are the least suitable for
genetic investigation according to Edson et al. [65]. From the
comparative study of the performance of nuclear DNA typing of
skeletal remains (we typed teeth, femurs, and tibiae but we didn’t
type any smaller elements of the hands and feet) from the mass
graves of the Second World War, our laboratory discovered that
teeth are the most suitable for typing, followed by the femur bones
and tibiae [ 36, 37]. Similar conclusions were also reached by Milo$
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et al. [63] and Misner and colleagues [64]. According to the expe-
rience of Keyser-Tracqui and Ludes [14], heavy (dense) bone is
better than more brittle bone, which has lost lipid and collagen and
has therefore increased porosity. Long bones (femur, tibia, and
humerus) are preferred over rib or other thin bones and compact
(cortical) bone is preferred to spongy bone. Rohland and Hofreiter
[15] recommend getting the bone powder from diaphysis of long
bones and use of dentine rather than enamel from teeth, as dentine
is assumed to contain more DNA. Recently Mundorff et al. [66]
and Mundorff and Davoren [67] found that smaller elements of
the hands and feet (metatarsals, metacarpals, phalanges) were very
similar or even better in DNA vyield as both femora and tibiae.
These bones can be easily sampled with a disposable scalpel, and
thus reduce potential DNA contamination. Based on recent studies
the current recommendations for preferential testing of long bones
from the legs may need to be reevaluated and the sampling strategy
for laboratories typing bone samples may change in the future.

The amount of DNA from individual and between groups of
teeth varies strongly; quality and quantity of isolated DNA also
depend on the tooth pathology, previous dental procedures,
elapsed time since the extraction of the tooth until the isolation of
DNA, and the donor’s age [68]. Maximum DNA is obtained from
the whole pulverized tooth, making it possible to capture DNA
located in the hard dental tissues [69]. The amount of DNA
depends on the size of the dental pulp and type of teeth; the molars
are the richest source of DNA. Teeth suitable for DNA isolation
appear in the following order: endodontically untreated molar,
premolar, canine, and incisor and endodontically treated molar,
premolar, canine, and incisor. At our laboratory, we select for
genetic testing one long bone (preferably femur) and two teeth
(preferably well-preserved and endodontically untreated molars)
from each individual skeleton found in the Second World War
graves; that is only possible through the excavation of skeletons in
anatomic position. If excavation of skeletons was not carried out in
the anatomical position, we select for molecular genetic investiga-
tions all left or all right femurs found in the grave. All skeletal
material is photo-documented, appropriately labeled, and frag-
ments of bones and teeth sampled for molecular genetic analyses
are frozen at =20 °C until the DNA isolation procedure.

Research has shown that washing and improper handling of
remains contaminate their surface and can even penetrate into
deeper layers. This kind of inner contamination is dependent on
the stage of porosity and preservation of the remains [70-72].
Therefore, skeletal remains must be cleaned mechanically and
chemically and teeth must be UV irradiated instead of mechanical
cleaning. Although no procedures are 100 % efficient when remov-
ing contamination introduced during excavation, storage or
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collection exists, cleaning improves the ratio between endogenous
and contaminating DNA and it may reduce the amount of inhibi-
tors introduced into the extraction [15].

We clean skeletal remains in a closed microbiological safety
cabinet MC 3 (Iskra Pio) in a room designed exclusively for pro-
cessing old skeletal remains. Bone samples are cleaned mechani-
cally (physical removal of the surface using a rotary sanding tool
(Dremel)) and chemically (washing in detergent, water, and
ethanol), while tooth samples are cleaned chemically (washing in
detergent, water, and ethanol) and irradiated with UV light for
2 x 30 min with the tooth rotated 180° between each exposure
prior to grinding into a powder. To prevent bone warming dur-
ing drilling and cutting, we frequently use liquid nitrogen to
cool the bone and we use lower speed setting for abrasion and
cutting. Warming of bone may cause degradation of endogenous
DNA [59].

Between each sample all tools for drilling, cutting, and grind-
ing of bones are cleaned by washing with water, bleach (6 % sodium
hypochlorite) or DNA Away™ (Molecular BioProducts), sterile bi-
distilled water (Sartorius-Stedim Biotech or Millipore), and 80 %
ethanol. Finally, everything is sterilized and UV irradiated at least
overnight or up to 72 h. The steps for cleaning the bone and tooth
samples are as follows:

1. With the use of a sterile clean saw blade cut 8-10 cm long and
2-3 cm wide fragment of femur just below trochanter (the
same size can be applied for the rest long bones, too). Remove
the molar with forceps from upper or lower jawbone. Store the
bone fragment or tooth sample in the labeled 50-ml Falcon
tube. If you don’t work on that piece of bone or tooth sample
immediately, freeze it at =20 °C for a long-term storage (see
Note 1). The saw blade and the forceps must be changed for
every new bone or tooth.

2. Remove dirt, soil, and any other material from the surface of
the bone or tooth with a sterile scalpel blade, strong spatula, or
needle (e.g., Mortuary needle) (see Note 2).

3. Put the bone or tooth into a plastic vial and with the use of a
rough part of a sterilized and UV irradiated dish sponge wash
it in sterile bi-distilled water (Sartorius-Stedim Biotech or
Millipore) with added mild detergent (add few ml of 5 %
Alconox detergent to the water). Put the bone or tooth into
50-ml Falcon tube and wash it three times with sterile bi-dis-
tilled water (Sartorius-Stedim Biotech or Millipore).

4. Dry the bone fragment or the tooth overnight; cover it with
thin layer of cellulose paper (see Note 3).

5. Put everything you need for bone or teeth processing next day
under UV light.
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6. The next day weight bone or tooth sample and remove surface

contamination with polishing (for teeth we use only UV irradia-
tion on both side for 30 min). For removing surface contamina-
tion from the bone sample, use a closed microbiological safety
cabinet. Fasten the dried bone into holding vice. With the high-
speed grinding machine and drilling bit sand down surface
1-3 mm layer of the bone. Remove the surface layer from inner
side of the bone fragment. Use liquid nitrogen to cool down the
bone fragment and repeat the drilling on outer side of the bone.

7. Put mechanically cleaned bone into liquid nitrogen to cool.

10.

11.
12.

13.

14.
15.
16.

17.
18.
19.

20.

. Fasten the bone into holding vice. With the use of a circular

diamond saw make notches in the shape of net (make small
squares in dimension of 5x5 mm) on the outer surface of the
bone. Use liquid nitrogen to cool down the bone fragment
and make the same net also on the inner side of the bone (both
sides have to look like a net).

. Cut cleaned part of the bone with the circular diamond saw

from the rest of the bone and put it into a sterile 50-ml Falcon
tube using sterile tweezers. Steps 6-9 are performed in a fume
hood to control dust. The weight of cleaned piece of bone is
approximately 2-3 g. The rest of the bone sample store for
additional extraction if needed. The next step is chemical clean-
ing of bones and teeth with 5 % Alconox detergent (Sigma-
Aldrich), sterile bi-distilled water (Sartorius-Stedim Biotech or
Millipore), and 80 % ethanol.

Wash out the bone or tooth sample for 1 min with bi-distilled
water (Sartorius-Stedim Biotech or Millipore). Mildly shake it.

Pour off water from the Falcon tube.

Wash the bone or tooth sample with 5 % Alconox detergent
(Sigma-Aldrich) and mildly shake it for 15-30 s on a shaker.
Pour off the detergent from the Falcon tube (see Note 4). To
remove detergent four steps of washing follow.

Wash the bone or tooth sample with bi-distilled water (Sartorius-
Stedim Biotech or Millipore) for 3 min and mildly shake it.

Pour off water from the Falcon tube.
Repeat washing with water once again.

Wash the bone or tooth sample in 80 % ethanol for 30 s and
mildly shake it.

Pour off ethanol from the Falcon tube.
Repeat washing with ethanol once again.

Dry clean fragment of the bone or tooth sample overnight and
cover it with thin layer of cellulose paper (sec Note 3).

All listed steps are done to remove possible contaminants from
previous handling from the sample surface.
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3.3.3 Bone and Tooth
Sample Powdering

21. Clean the entire working surface of a closed microbiological
safety cabinet after the work or between working with different
skeletal remains with bleach (6 % sodium hypochlorite), sterile
bi-distilled water (Sartorius-Stedim Biotech or Millipore), and
80 % ethanol using paper towels.

22. Put everything you need for your work next day under UV
light.

23. Next day put the dried bone or tooth sample into 50-ml Falcon
tube and weigh it on the balance and write down the results on
Falcon tube.

It is necessary to obtain very fine bone or tooth powder to extract
enough quantity of DNA from old skeletal remains.
Demineralization is better and faster with very small pieces of pow-
der, so generate as fine powder as possible to maximize the surface
area of the sample that will eventually contact the chelation solu-
tion [15]. We use homogenizer Bead Beater MillMix 20
(Tehtnica—Domel) and liquid nitrogen to obtain fine bone and
tooth powder. We cool metal vials and bone or tooth samples in
liquid nitrogen to avoid overheating during powdering and then
we grind them for 1-2 min at 30 Hz. The powder we get is trans-
ferred into a sterile 50-ml Falcon tube. We weight the powder and
use it in the extraction process. We pulverize skeletal remains in a
room designed exclusively for processing old skeletal remains.
Grinding vials need to be thoroughly cleaned before reuse. Between
each sample, they have to be cleaned by washing with water, bleach
(6 % sodium hypochlorite) or DNA Away™ (Molecular
BioProducts), sterile bi-distilled water (Sartorius-Stedim Biotech
or Millipore), and 80 % ethanol. Finally, the grinding vials are ster-
ilized and UV irradiated at least overnight or up to 72 h and addi-
tionally 30 min before use. A sufficient number of grinding vials
are required to prepare more than one sample per day. The steps
tfor powdering the bone and tooth samples are as follows:

1. Pour liquid nitrogen over the bone or tooth sample in Falcon
tube and wait until it evaporates.

2. Pour liquid nitrogen into the lower part of the metal vial and
after evaporation repeat twice to cool the grinding vial.

3. With help of tweezers move the bone or tooth sample into the
sterile and UV irradiated glove finger, wrap it in several sterile
cellulose papers, and break it into smaller pieces with hammer
(bone will break on the notches previously made with circular
diamond saw).

4. Move the broken pieces in dimension of 5x5 mm with twee-
zers into the cooled lower part of the metal vial. Add metal ball
and close the vial with its own metal lid. Grind to obtain bone
powder at 30 Hz 1-2 min in the Bead Beater MillMix 20
(Tehtnica—Domel).
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5. Move the bone or tooth powder into the sterile 50-ml Falcon
tube and weigh it on the balance. Write the result on the Falcon
tube.

6. The sample powder can be stored at 4 °C while in use, but
should be subjected to the extraction as soon as possible. For
long-term storage store it at =20 °C.

Genomic DNA is obtained from 0.5 g of bone or tooth powder
incubated in 10 ml of 0.5 M ethylene diamine tetra acetic acid—
EDTA pH 8 overnight at 37 °C for decalcification. EDTA is a
strong chelator that is able to bind metallic ions such as calcium in
the bone or tooth powder and allows for its removal. High amounts
of EDTA are necessary to dissolve part of the hydroxyapatite matrix
specific to bone and teeth samples [15]. For total demineralization
15 ml of 0.5 M EDTA per g of bone or tooth powder is needed.
That amount of EDTA can theoretically bind only the amount of
calcium contained in 1 g of bone or tooth powder [32]. At the end
of decalcification process, the precipitate is washed with sterile bi-
distilled water (Sartorius-Stedim Biotech or Millipore). The steps
for decalcification of bone or tooth samples are as follows:

1. Weigh 0.5 g of bone or tooth powder in the 50-ml Falcon
tube. Use sterile spatula.

2. Prepare another 50-ml Falcon tube used for isolation blind
control. Put reagents for DNA isolation in this tube only (do
not put bone or tooth powder in this tube). Blind control has
to be treated identically to the experimental samples through-
out the procedure.

3. Add 10 ml of 0.5 M EDTA and vortex for 10 s (se¢ Note 5).

4. Incubate bone or tooth powder and extraction negative con-
trol overnightat 37 °C and mix at 750 rpm on the Thermomixer
comfort (Eppendortf).

5. Put the necessary material for working on the bone or tooth
next day under UV light.

6. Centrifuge at 1300 x4 for 15 min, a pellet of residual powder
that is typically seen at this point.

7. Pipette and discard whole supernatant. In extraction negative
control leave only approximately 100 pl of supernatant.

8. Add 10 ml of sterile bi-distilled water (Sartorius-Stedim
Biotech or Millipore) and vortex at high speed for 10 s. Add
10 ml of sterile bi-distilled water (Sartorius-Stedim Biotech or
Millipore) also to the extraction blind control sample.

9. Centrifuge at 1300 x4 for 15 min.

10. Pipette and discard whole supernatant (for the blind control
leave only approximately 100 pl of supernatant).
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3.4 DNA Extraction
and Purification

3.4.1 Extraction of DNA

3.4.2 Purification of DNA

We don’t use the organic extraction with phenol /chloroform /iso-
amyl alcohol for extraction and purification of DNA. In our
method the DNA is purified in a Biorobot EZ1 (Qiagen) device
using the EZ1 DNA Investigator Card and EZ1 DNA Investigator
Kit (Qiagen) (see Chapter 5). Both phenol and chloroform are
dangerous and treatment with them should always be performed
in a vented fume hood. Because of their toxicity, it is much safer to
use other efficient methods of purification of DNA. We optimized
extraction and purification of DNA in Biorobot EZ1 device
(Qiagen) to obtain sufficient amount of bone and tooth DNA for
successful STR typing.

An extraction buffer, proteinase K, and DTT are added to the pre-
cipitate and incubated for 2—-3 h at 56 °C. Higher incubation tem-
perature improves the digestion of the bone or tooth powder and
thereby releases more DNA, especially in cases when the powder
used is relatively coarse (see Note 6). Proteinase K is an endolytic
serine protease that cleaves proteins, reducing them to their con-
stituent amino acids. DTT is a reducing agent that can cleave cys-
teine-cystine bridges and disrupt the tertiary structure of some
proteins and allow further degradation. The steps for extraction of
DNA from bone or tooth samples are as follows:

1. Add 100 pl G2 buffer (EZ 1 DNA Investigator Kit, Qiagen) to
the pellet and to the blind control.

2. Add 60 pl Proteinase K (EZ 1 DNA Investigator Kit, Qiagen)
to the pellet and to the blind control (see Note 7).

3. Add 20 pl 1 M DTT to the pellet and to the blind control (see
Note 8).

4. Vortex for 10 s (see Note 5).

5. Incubate at 56 °C and 750 rpm in the Thermomixer comfort
(Eppendorf) for 2-3 h.

After centrifugation, the supernatant is taken to purify the DNA in
a Biorobot EZ1 device (Qiagen). The DNA extract should be col-
orless. We store the DNA that was extracted until forthcoming
steps of quantification and genotyping of nuclear and mtDNA at
4 °C while in use and at -20 °C for long-term storage. DNA is
susceptible to damage from repeat freeze-thaw cycles and should
be defrosted as infrequently as possible [73]. We always include
negative controls in the process of extraction to check cleanliness
of laboratory plastics and reagents. The steps for purification of
DNA from bone or tooth samples are as follows:

1. Centrifuge the bone or tooth lysate and the blind control sam-
ple at 600 x g4 for 2 min.

2. Pipette 200 pl (for the blind control sample) and 400 pl (for
the bone or tooth lysate) of the supernatant into sample tube
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(Qiagen). Keep the remaining supernatant (up to 300 pl); you
may wish to retain it for a second round of extraction with
Biorobot EZ1 device. Store the remaining lysate in a 1.5- or
2-ml Eppendorf tube and freeze it at —20 °C (se¢ Note 9).

. Add 1 pl cRNA—Qiagen (concentration of 1 pg/pl) (see Note 8).
. Put the sample tubes into Biorobot EZ1 instrument (Qiagen).

. Choose: trace protocol, water elution, and 50 pl volume of elu-

tion in the software menu of Investigator software Card (Qiagen).

. After the automated purification procedure, you get 50 pl iso-

lated DNA sample. Close elution tubes with extracted DNA
and blind control sample and store them at 4 °C while in use
and then place it at -20 °C for long-term storage (se¢ Note 10).

4 Notes

10.

. According to Rohland and Hofreiter [15], the sample can be

stored at room temperature, but we prefer to be cautious and
store at =20 °C.

. This step is important because dirt may introduce a variety of

inhibitory substances to the extraction procedure, and there-
fore to the extract itself; these substances may interfere or even
completely block subsequent enzymatic manipulations of the
DNA extracts [15].

. It is also possible to dry bones and teeth at 50 °C for 2 h in an

oven or incubator.

. Any detergent carryover will degrade the DNA and reagents in

subsequent steps of the DNA extraction; thus it is extremely
important that detergent is removed completely.

. Vortex at slow speed to prevent sticking of pellet on the walls

of Falcon tube.

. Be aware that higher temperature may cause further damage or

degradation of the DNA [15].

. In our protocol we use more proteinase K than it is recom-

mended by the manufacturer and supplied with EZ 1 DNA
Investigator Kit (Qiagen). Accordingly some extra proteinase
K (Qiagen) has to be ordered.

. Thaw it immediately before use.

. The second extraction will usually contain lower amount of

DNA compared to the first and you can use the first one for
nuclear DNA typing and the second one for mtDNA typing.

It may be useful to subdivide the final extract into aliquots of
10 pl and to use these as necessary (successive freeze-thaw
cycles can damage the DNA over time).
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Chapter 8

The Development and Use of Internal Amplification
Controls (IACs) with DNA Profiling Kits for Forensic
DNA Analysis

Nathalie Zahra and William Goodwin

Abstract

Biological samples recovered for forensic investigations are often degraded and/or have low amounts of
DNA; in addition, in some instances the samples may be contaminated with chemicals that can act as PCR
inhibitors. As a consequence this can make interpretation of the results challenging with the possibility of
having partial profiles and false negative results. Because of the impact of DNA analysis on forensic inves-
tigations, it is important to monitor the process of DNA profiling, in particular the amplification reaction.
In this chapter we describe a method for the in-house generation and use of internal amplification controls
(IACs) with DNA profiling kits to monitor the success of the PCR proces. In the example we show the use
of the SGM Plus® kit. These controls can also be used to aid the interpretation of the DNA profile.

Key words DNA profiling, AmpF/STR® SGM Plus®, Internal Amplification Controls, IACs, Quality
Control, PCR

1 Introduction

Samples collected from crime or mass disaster scenes can range
from body fluids (e.g., blood, saliva, and semen), to soft tissue
(e.g., muscle) and hard tissue (e.g., bone and teeth). The state in
which they are recovered and submitted for DNA analysis is often
far from ideal. They can be found in limited quantities (<100 pg)
such as with fingerprints [1] and hair [2], degraded after being
subjected to environmental conditions such as UV light, humidity,
and fluctuations in temperature or contaminated with external
substances such as humic acid from soil or dyes from clothing.
These factors can reduce the amount of DNA available for amplifi-
cation and /or affect the amplification process itself. The net results
can be partial or no DNA profiles and the interpretation to what
caused this may be difficult, risking false negative results.
Broemeling et al. [3] estimated that 10 % or more of crime scene
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samples fail to generate a profile due to insufficient DNA or co-
extraction of PCR-inhibiting contamination.

An approach to monitor the PCR performance during DNA
profiling with human identification kits would increase the confi-
dence in the result and assist with its interpretation of the profile.
The introduction of internal amplification controls (IACs) is a
method used to directly monitor the efficiency of the enzymatic
reaction. Also referred to as PCR internal controls, an IAC is
defined as a non-target DNA fragment added to the sample and
co-amplified with the target DNA in the same tube [4-8]. With an
TAC, a reference signal is always produced even when no target
DNA is present, indicating the success of the PCR. When the IAC
signal is below optimal or absent, it indicates reduced efficiency or
failure of the amplification reaction.

Amplification of an IAC within the JAC-PCR system can be
done either competitively (using the same primers as the target
DNA) or noncompetitively (using different set of primers). In
competitive amplification the concentration, size, and secondary
structure of the IAC are crucial to limit competition with the tar-
get DNA, while in the noncompetitive system the amplification of
the TAC is restricted by the concentration of IAC primers. If inde-
pendent primers are used, competition is limited to PCR resources
such as dNTPs and DNA polymerase.

The IAC fragment itself can either be synthetically generated
or through molecular biology techniques from either another
sources of DNA or from a different region of the DNA under
investigation. Most of the mechanisms used to generate the IAC
make use of PCR, such as the composite primer technique or the
overlapping extension technique [9]. In all cases the fragments are
generated separately before being added to the PCR assay with the
target DNA. Also, independent of the design and the generation
method of the IAC, the IAC-PCR systems need to be empirically
validated before being applied to casework samples.

In the field of genetics, the use of IACs is considered common
practice, particularly in assays designed for the detection of micro-
organisms within complex biological samples such as food [10-
12], clinical, and environmental samples [13-15]. It is done to
establish the presence of inhibitors as part of a quality control
system. With regard to forensic application, this role is taken by
the real-time quantitative PCR assay such as Quantifiler® human
DNA amplification kit and Plexor® qPCR system; both of which
make use of a synthetic IAC, called an Internal PCR Control
(IPC). However, it has been shown that real-time PCR shows dif-
ferent susceptibility to inhibition than conventional PCR, mostly
related to the mechanistic difference between the two systems [2].
Any molecules present with the DNA that can interfere with the
binding of the probe to the DNA, with the 5-3" exonuclease
activity of the polymerase or with the fluorescence of the dye, may
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potentially inhibit the real-time PCR [16, 17] and can give false
quantification results [ 18]. Also, extremely high concentrations of
human DNA (>10 ng/pl) can suppress the amplification of the
IPC. An undetermined IPC signal can affect the proper interpre-
tation of result as it can be due to PCR inhibitors or high DNA
concentration [19].

The first attempt at using an IAC with conventional PCR dur-
ing forensic DNA profiling was described by Kihlgren et al. [20].
In this study a modified D3S1358 product was used as IAC to
monitor the presence of inhibitors in a system based on the ampli-
fication of the D3S1358 developed for the quantification of
DNA. Another study includes that presented by Wurmb-Schwark
[21], which describes the development of a new multiplex reaction
to assess the degree of DNA degradation in bone DNA. It involves
the amplification of five nuclear DNA loci (amelogenin, THO1,
vWA, DYS390, and DYS391), two mitochondrial DNA hypervari-
able regions (280 and 439 bp), and a 271 bp fragment from Hydra
vulgaris as an IAC for PCR inhibition. Although these studies are
good examples for the application of the IAC in forensic genetics,
in practical terms they require an additional assay to the DNA pro-
filing kit, which consumes more of the DNA sample that in many
cases is limited. Qiagen recently developed the Investigator®
24plex Quality Sensor kit which is able to amplify 22 human DNA
STR loci in a single reaction (see Qiagen.com for details). Included
in the reaction there are also two internal PCR controls which are
amplified with the STRs and used to assess the quality of the
PCR. However, laboratories may be tied into using specific kits
and so it may be more beneficial to incorporate IACs into the kits
that are currently being used.

Here, we present a procedure that can be used to generate and
apply IACs directly with the DNA profiling kits that are currently
being used in any given laboratory. As a proof of principle the pro-
cedure was developed using the SGM Plus® kit, which at the time
was widely used in the UK. This kit is a short tandem repeat (STR)
multiplex assay that amplifies 11 loci (D3S1358, vWA, D16S539,
D2S1338, D8S1179, D21S11, D18S51, D19S433, THO1, FGA,
and amelogenin) with fluorescently labeled primers. The fragments
amplified are then resolved by capillary electrophoresis. Because
the size range covered by the SGM Plus® amplicons is ~100-
354 bp, two IACs were designed flanking this range with sizes of
90 and 410 bp. The plasmid pBR322 was used to generate the
TIACs to avoid sequence homology with human DNA. The two
TACs fragments are initially generated through PCR, purified, and
then added to the SGM Plus® reaction mix (Fig. 1). Within the
reaction, the IACy, and IAC,, are amplified noncompetitively
with ROX (6-Carboxy-X-rhodamine) labeled primers. This will
allow the detection of the IACs on the red lane together with the
internal size standard.
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Fig. 1 Schematic diagram showing the process used for the generation and amplification of IACs. IAC4, and
IAC,, fragments are generated using tailed primers (PCR 1). Fragments are then purified, added with the
human DNA, and amplified noncompetitively using different primers complementary to the tail of the first set
of primers (PCR 2). During PCR 2, the IAC fragments are amplified with a common ROX-labeled (3*) forward
primer, allowing the detection of IACs markers with the human DNA profile

2 Materials

The following is a list of the reagents and instruments that are used
for this protocol. Use good laboratory practice and follow labora-
tory guidelines when carrying out this procedure, particularly for
the preparation of reagents, reactions, and waste disposal. Prepare
all the solutions and reagents with ultrapure water (18 MQ cm)
and store at room temperature unless specifically indicated.

2.1 Reagents * 0.5M EDTA solution (pH 8.0) (Sigma Aldrich).
¢ 1.1x Ready Mix PCR Master Mix (ABgene).
e 1x TAE (prepared as described in Subheading 2.2).
*  6x loading buffer (ABgene).
e  DNA 9947A (10 ng/pl) (Promega).
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2.2 Preparation
of Solutions

2.3 Kits Needed

Elution buffer (EB) (prepared as described in Subheading 2.2).
Ethidium bromide (10 pg/ml) stock.
Glacial acetic acid (Sigma Aldrich).

GS™ 500 ROX™ Internal Standards (500 ROX™) (Applied
Biosystems).

Hi-Di formamide (Applied Biosystems).
Isopropanol (Sigma Aldrich).
Luria-Bertani (LB) media (se¢ Note 1).
POP-4™ polymer (Applied Biosystems).
Penicillin (se¢ Note 1).

SeaKem® LE Agarose powder (Cambrex).

. 50x TAE buffer—Dissolve 242 g of Tris base in 750 ml

18 MQ/cm water. Carefully add 57.1 ml glacial acetic acid and
100 ml 0.5 M EDTA (pH 8.0). Stir the mixture to dissolve the
solids and add water for a final volume of 1 L. The solution can
be stored at room temperature. One liter of 1x TAE buffer can
be prepared by diluting 20 ml of 50x TAE in 980 ml of
18 MQ/cm water.

. Elution buffer (EB)—10 mM Tris—HCI (pH 8): For the prepa-

ration of 1 L, dissolve 121 g of Tris base in 900 ml of 18 MQ/
cm water. In a fume hood, adjust the pH to 8.0 with concen-
trated hydrochloric acid (HCl) using caution when handling
the acid. Make the solution up to 1 L with 18 MQ/cm water.

The following kits are used during this procedure in our labora-
tory. Alternative kits can be used to perform the necessary task.

1. QIAquick® Gel extraction kit (Qiagen) containing:

(a) QG bufter
(b) PE Butfter
(c) QIAquick column

. Quant-iT™ PicoGreen® dsDNA kit (Life Technologies)

containing:

(a) Quant-iT™ PicoGreen® dsDNA reagent
(b) 20x TE buffer

(c) 100 pg/ml DNA standard

3. AmpFISTR® SGM Plus® kit (Applied Biosystems) containing;:

a) AmpF/STR® PCR Reaction Mix
p
(b) AmpFISTR® SGM Plus® Primer Mix
(c) AmpFISTR® SGM Plus® Allelic Ladder
d) AmpF/ISTR® Control DNA 007
p
¢) AmpliTag Gold® DNA polymerase
plilaq poly
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2.4 Primers

2.5 Plasmid
PBR322 DNA

2.6 Instruments
Used

Primers with sequences shown in Table 1 and Table 2 can be pur-
chased from any molecular biological company. Before use:

1. Resuspend lyophilized primers with EB buffer to make a stock
solution of 100 pM.

2. From this 100 pM stock solution prepare aliquots of 5 pM
working solutions by diluting with EB buffer and use this
working solution of the primers for the amplification reactions
(see Note 2).

Plasmid pBR322 DNA can be ordered directly from molecular
biology manufacturers. However a constant supply of the pBR322
DNA can be maintained through cloning of the vector in bacte-
rium such as Escherichin coli and then performing the extraction of
the pBR322 DNA when needed (see Note 1). Dilute down the
plasmid DNA to 5 ng/pl.

e PCR machine—A normal PCR instrument (of no particular
manufacturer) is needed for the routine PCR reaction.
However, for the optimization of the PCR conditions, a gradi-
ent PCR may be more appropriate.

e Electrophoresis chambers (various suppliers)
¢ UV Doc station

e TECAN Genio Pro™ plate reader

e ABI 310 Prism, ABI 3130 or 3500.

3 Methods

3.1 Generation
of IACs

Table 1

This part of the protocol gives practical details about the design of
the IACs primers, the generation of the IACy, and TACy,, template
stock solutions, and the quantification and calculation of template
copy number in the stock. The method is based on the use of

The sequence of the primers used for the initial generation of the IAC,, and IAC,;, template. The
sequences in bold are the tails of the primers, which are used as binding sites for the primers
amplifying the IACs during the SGM Plus® reaction

IAC fragment
primer Sequence
IACyy Forward CTGTCAAATCTAAACACCCTGATGCG GCTTGCGGTATTCGGAATCTTG

TAC,y, Reverse
TAC,,o Forward
TAC,; Reverse

GTCAGCTTGCATAATATCGAGATAACGC GAGCGAGGGCGTGCAAGATT
CTGTCAAATCTAAACACCCTGATGCG GATGCTGCTGGCTACCCTGT
GTACAATGTTGACGTTCCTCGCTG CGTGAAGCGATTCACAGATCTCTG

The sequences in bold are the tails of the primes, which are used as binding sites for the primers amplifying the IACs
during the SGM Plus® reaction
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Table 2

The primers sequences used for the amplification of the IACy, and IAC,,, during the SGM
Plus® PCR. The forward primer is labelled with a ROX fluorescent dye at the 5’ end. These
primers bind to the tail of the IACs fragments previously generated

IAC fragment primer Sequence

SGM Plus®IACy, and IAC,,y Forward  ROX - CTGTCAAATCTAAACACCCTGATGCG
SGM Plus®IACy, Reverse GTCAGCTTGCATAATATCGAGATAACGC
SGM Plus®IAC,,;, Reverse GTACAATGTTGACGTTCCTCGCTG

pBR322 as the source of the DNA. Primers that we use are listed
in Tables 1 and 2; however, it may be preferable to design your
own primers.

3.1.1  Designing of IACs 1. Select a region of interest from the pBR322 plasmid sequence

Primers and design primers for its amplification. This can be done either
manually or using appropriate software such as Primer3Plus
[22]. Ensure that the oligonucleotides generated follow the
general criteria of primer design, i.e., 1825 bp primer length,
40-60 % GC content, and 50-70 °C annealing temperature.

2. Ensure that the selected sequence of the plasmid and the primers
that are going to be used for amplification show no complemen-
tarity to the human genome. This can be checked by inputting
the sequences into the Basic Local Alignment Search Tool
(BLAST) program and aligning them against the human genome.
The sequences should show no significant similarity between the
selected plasmid sequences and the human genome.

3. Add an 18-20 bp random sequence with 40-60 % GC content
to the 5’ end of all the designed primers. These will act as the tail
of the primers and be used as primer binding site for the second
amplification with the DNA profiling kit. Make sure that the
final size of the amplicon generated is the size you want to gen-
erate in the final amplification reaction (se¢ Note 3).

3.1.2  Generation 1. Prepare 5 pM working solution of the primers (Table 1) from
of the IACs the 100 puM stock solution using EB buffer (see Note 4).

2. To generate the IACs template, for each of the IAC prepare the
following amplification reaction using 10 pl of 1 ng/pl of pBR322
DNA, 36 pl of 1.1x Ready Mix PCR Master Mix, and 2 pl of
5 pM forward and 2 pl of 5 pM reverse tailed primers. Add
18 MQ/cm water to give a total volume of 50 pl (see Note 5).

3. Run the amplification reaction on a PCR block using the
tollowing conditions as guidelines: Initial incubation of 95 °C
for 5 min; 30 cycles of 94 °C for 30 s, 58 °C for 1 min, and
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3.1.3  Purification
of IAC Template

72 °C for 1 min; final incubation of 72 °C for 45 min and
hold at 15 °C.

4. Optimize the amplification reaction by systematically changing
the annealing temperature and the concentration of the
magnesium chloride (MgCl,), primers concentration, and
DNA quantity in the reaction. PCR products can be assessed
by gel electrophoresis (see Note 6).

5. Use the optimize conditions to prepare multiple amplification
reactions (five to ten 50 pl reactions) and generate the IACs
fragments in bulk.

6. Purity and isolate the fragments using the procedure described
in Subheading 3.1.3.

The purification step is required to remove any residual primers,
nucleotides, DNA polymerase, salts, unspecific DNA products,
and high molecular weight DNA that might interfere in down-
stream applications. A simple method for purification is by running
the sample through a gel and isolate the desired amplicon from the
gel after electrophoresis.

1. For each TIAC fragment, combine the various PCR products
(generated in Subheading 3.1.2) into one tube and add 0.3x
the final PCR product volume of 6x loading buffer.

2. Prepare a 2 % agarose gel (see Note 7), load the entire pooled
sample on multiple lanes, and run with 1x TAE buffer. Quickly
visualize the gel on a UV documentation station (se¢ Note 8).

3. Identify the amplicon of interest and using a sharp scalp cut the
gel around the band. Care should be taken when handling the
scalp and cutting should be done as close to the band as pos-
sible to avoid excess gel in the sample.

4. Extract the DNA from the gel using the QIAquick® Gel
extraction kit. Combine the various sections of the gel contain-
ing the fragments into one or two 1.5 ml tubes, taking note of
the total weight of the gel. For each 100 mg of gel, add 300 pl
of buffer QG and incubate at room temperature until all the
gel dissolves. Add one gel volume of isopropanol and vortex.
Transfer the mixture to the QIAquick column and centrifuge
for 1 min at 14,000 x g. Discard the flow through and wash the
column twice with 500 pl of Buffer QG followed by 750 pl of
Buffer PE each time discarding the flow through. Allow the
column to dry for 2 min and then elute the DNA in two times
50 pl aliquots of EB butffer for a total 100 pl.

5. Quantify the stock IAC solution as described in
Subheading 3.1.4, aliquot and store appropriately. Place at
-20 °C for long-term storage (se¢ Note 9).
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3.1.4 Quantification
of DNA

Various quantification methods can be used to determine the con-
centration of the DNA fragments. These range from UV, fluores-
cent spectrophotometer, or real-time PCR. The procedure
described here makes use of the Quant-iT™ PicoGreen® dsDNA
kit for the quantification of both the IACs and unknown DNA
samples.

1.

Start the procedure by diluting the 20x TE butfer down to 1x
TE with 18 MQ/cm water. Prepare also a working solution of
the Quant-iT™ PicoGreen® dsDNA reagent by making a 200
times dilution with 1x TE buffer to get a DNA concentration
of 2,000 ng/ml. Make enough volume to process all the sam-
ples, requiring 200 pl per sample.

. For each Quant-iT™ PicoGreen® run, prepare two sets of

standards—a low and high range DNA—as described in
Tables 3 and 4, respectively, for a final volume of 400 pl
(see Note 10).

. For the TAC and unknown human DNA samples, use 3 pl of

the sample with 197 ul of EB buffer. Then add 200 pl of
PicoGreen® working solution for a final volume of 400 pl. To
ensure reliability of the results, alongside the unknown sam-

ples, run DNA samples of known concentration, spiked sam-
ples (see Note 11), and blank (no DNA) samples.

. Pipette 300 pl of the PicoGreen®-diluted DNA (standards,

unknowns, and spiked samples) into the wells of a 96-well
black plate. Place the standards into the first two rows of the
plates with the highest concentration at position Al. Follow
with the unknown samples and reference blanks.

. Read the plate on an appropriate reader such as the TECAN

Genio Pro™ plate reader (other plate readers can be used),
measuring the fluorescent intensity at a wavelength of 520 nm.

Table 3
The volumes needed for the preparation of the low range DNA dilutions

that are used for the Quant-iT™ PicoGreen run
Volumes (in pl)
Final DNA
DNA standard concentration
(2,000 ng/ml) 1x TE PicoGreen® (ng/ml)
20 180 200 100
10 190 200 50
5 195 200 25
2 198 200 10
0.2 199.8 200 1
0 200 200 Blank
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3.1.5 Calculation
of Copy Number

3.2 UseofIACs
with DNA Profiling Kit

3.2.1 Optimization
of the IAC Amplification

Table 4
The volumes needed for the preparation of the high-range DNA dilution
that are used for the Quant-iT™ PicoGreen run

Volumes (in pl)

Final DNA
DNA standard concentration
(2,000 ng/ml) 1x TE PicoGreen® (ng/ml)
200 0 200 1000
160 40 200 800
80 120 200 400
40 160 200 200
20 180 200 100
0 200 200 Blank

6. At the end of the run, use the raw readings of the DNA
standard to construct the calibration curve, ensuring to have
an R? value >0.99. Use this relationship to determine the con-
centration of the unknown samples in ng/ml and calculate the
concentration of the original samples in ng/pl.

1. To calculate the IAC copy number, use the following equation
(for a worked example see Note 12):

_ mxAc
Mw x Gs

where:
C=copy number (c.n)
m=amount of DNA in grams
Ac =Avogadro’s constant=6.022 x 10?3 /mol
Mw =mean weight of base pair=649 Da
Gs=Genome size in bp

2. Prepare the IAC working solution with the appropriate copy
number by diluting the solution with EB buffer.

Before applying the IACs to the SGM Plus® reaction (or other
kits) with unknown samples, it is more appropriate to validate the
use of the IACs with the reaction mix. This step can be carried out
to determine and optimize the amplification efficiency of the IACs
in the kit (e.g., SGM Plus®) reaction mix and to establish the
optimal copy number (c.n.) of IAC to be added. Validation can
initially be done using individual IAC and then the combination
of the two.
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3.2.2 Running
of the Samples
with Capillary
Electrophoresis

1.

Dilute the IACs with EB buffer down to 10,000, 1000, 100,
and 10 c.n/pl by serial dilution.

. For a 50 pl SGM Plus® reaction, add 21.0 pl of AmpF/STR®

PCR Reaction Mix, 11 pl of AmpF/STR® PCR Primer Mix,
1 pl of AmpliTaq Gold DNA Polymerase, 1 pl of 5 pM ROX-
labeled forward primer (Table 2), 1 pl of 5 pM reverse primer
(Table 2) and 1 pl of IAC with the appropriate copy number
(from step 1), 1 ng of DNA standard, and 18 MQ/cm water
for a final volume of 50 pl. Prepare the reactions in triplicate
together with control samples containing human DNA only
(without IACs) and IACs only (without human DNA) (see
Note 13).

. Perform the amplification reaction using the conditions pro-

vided by the manufacturer. For the SGM Plus® reaction use an
initial incubation of 95 °C for 11 min; 28 cycles of 94 °C for
1 min, 59 °C for 1 min, and 72 °C for 1 min; final incubation
of 60 °C for 45 min and hold at 10 °C.

. After amplification, run the samples on a capillary electropho-

resis (as described in Subheading 3.2.2). Assess the electrophe-
rograms for artifacts such as drop-ins, stutter, or heterozygous
peak imbalance.

. Determine the IAC copy number that gives an IAC signal

between 500 and 2000 RFU (see Note 14) and empirically
validate the system with decreasing amount of human DNA
and a range of PCR inhibitors.

. Repeat the procedure combining both of the IACs in a single

reaction. Validate again for the effect of the IACs on the qual-
ity of the profiles generated and sensitivity of the reaction (as
described in step 5).

. Use the validated conditions with unknown human DNA sam-

ples recovered from scene of crime samples. Add the amount
of DNA recommended by the manufacturer.

. After amplification, mix 1 pl of the PCR reaction with 10 pl of

Hi-Di formamide and 0.3 pl of 500 ROX™ internal size stan-
dard to give a total volume of 11.3 pl.

. Together with each batch of samples, prepare also an allelic

ladder by mixing 1 pl of the allelic ladder with 10 pl of Hi-Di
formamide and 0.3 pl of 500 ROX™ standard.

. Vortex the solutions and run the samples on a capillary elec-

trophoresis platform such as ABI Prism® 310 and ABI
Prism® 3130 and 3500 using POP-4™ polymer and Running
Buffer (1x).
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3.2.3 Interpretation
of the Results Using IACs
as Quality Control Markers

Table 5
Typical parameters for a capillary electrophoresis
run with the SGM Plus™ reaction

Parameters Value
Injection time 5s
Injection voltage 15 kV
Run voltage 15 kV
Temperature 60 °C
Run time 30 min

. Set up the electrophoresis run using the parameters shown in

Table 5 as a guideline. The run time can be increased up to
35 min to ensure the detection of the TAC,,,.

. At the end of the run, analyze the electropherogram using the

appropriate software such as GeneMapper® ID v3.2. Ensure
that the right matrix file is used and specify ROX as the internal
lane standard.

. For each electropherogram check the quality of the internal

lane standard in terms of peak heights, peak shape, and
background noise level.

. Starting with the “IACs only” control sample, identify the

TIACyy and TACyy peaks amongst the internal lane standard
peaks and take note of their peak height. Use these values as
references for the analysis of the other samples.

. Analyze the rest of the unknown samples taking note first of

the IACs markers followed by the rest of the peaks forming the
human DNA profile. Interpret the profiles using the electro-
pherograms in Fig. 2 as a guideline. Compare the peak heights
of the IACs in the unknown samples with those of the control
samples to monitor any significant difference.

4 Notes

. If a stock culture of Escherichia coli containing the plasmid

pBR322 is available, pipette 200 pl of culture into a 15 ml tube
containing 2 ml Luria-Bertani (LB) medium with 100 pg/ml
penicillin. Incubate the culture overnight at 37 °C with vigor-
ous shaking. From the growth, transfer 1.5 ml of the culture
into a 2 ml microcentrifuge tube and centrifuge at 12,000 x g4
for 30 s at 4 °C. Remove the medium by aspiration, leaving the
pellet dry in the tube. Continue with the extraction of DNA
from the plasmid as described by Sambrook et al. [23].
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Electropherograms

Profile Type
1ACy 1AC410

Interpretation

a Present Present
Full Profile ‘ ‘ l |

LUl

Good quality
DNA;
No PCR

J inhibition

b Present Present

Partial | |
|
Profile | ‘ |

Al

No PCR
inhibition;

DNAis

L degraded

Present Present

No Profile

No PCR

inhibition;

_ 1 No DNA present

Present Absent
d

Partial | | ‘
Profile

DNA present;
PCR inhibitors
present
| (Partial
Inhibition)

Absent Absent

No Profile ‘

PCR inhibitors
present;
DNA may be

present

Fig. 2 Diagram showing the use of IACs markers during interpretation of DNA profiles. The system of markers
is made up from IACy and IAC4,. When both markers are present together with the human DNA profile, it
means there was no inhibition and injection was successful (a). However, when the signal of the human DNA
is reduced or absent, the presence of the two markers suggests that human DNA is degraded (b) or absent (c),
respectively. If the IAC markers are reduced along with the human DNA signal, it indicates the presence of
inhibitors causing partial (d) or full inhibition (e). The lack of human DNA profile and IACs signal might imply

that the sample was not injected
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2.

10.

Primer stock solutions and working solutions can be stored at
-20 °C. Fluorescently labeled primers should be kept away
from direct light. Avoid freeze thawing of the solutions.

. The size of the IACs generated after amplification with the

DNA profiling kit should not overlap any of the size of the
fragments forming the internal size standard used during
capillary electrophoresis. This is to make sure both the IACs
and internal size standard peaks are detected and identified
during analysis.

. Elution Buffer (EB) or water can be used to dilute DNA

samples or primers or to prepare reagents. The use of TE (Tris-
EDTA) bufter with 0.5-1 mM EDTA should be avoided as the
EDTA can affect the amplification efficiency of the reaction.
The EDTA can bind and sequester the magnesium ions that
are needed by the polymerase to function.

. PCR mixes such as the ABgene Master Mixes are ideal to use

in this case. They include the appropriate concentration of
dNTPs, polymerase, and magnesium chloride (MgCl,) for
standard PCR reactions. These master mixes only require the
addition of the DNA template and primers. The reaction
can however be set up using the individual components of
the PCR.

. Other methods, such as with a Bioanalyser, can be used for

assessing the PCR products. It is important at this stage to
make sure that the appropriate amplicon is being generated
with no unspecific products.

. 2 % agarose gel can be prepared by adding 2 g of agarose in

100 ml of 1x TAE bufter and then adding 3 pl of 10 pg/ml of
ethidium bromide for a final concentration of 0.3 pg/ml. Care
should be taken when handling ethidium bromide as it is
known to be a mutagen. Volumes can be changed proportional
to the volume of the gel needed while maintaining the ethid-
ium bromide concentration in the range of 0.2-0.5 pg/ml.

. Prevent long exposure of the DNA to UV as this can damage

the DNA causing it to fragment and cross-link and making it
unavailable for downstream processes.

. Long-term storage of stock and diluted solution can be done

in low binding DNA tubes and using EB buffer with 0.1 %
Tween. This will prevent the DNA binding to the walls of the
tube which can lead to a reduction in the concentration of the
template with time.

When preparing DNA standards for a calibration curve, it is
important to take extra care during pipetting. For a more accu-
rate calibration curve, it is advisable to prepare the standards
using the serial dilution method, each time vortexing and cen-
trifuging the solution before preparing the next dilution.
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11. A spiked sample can be prepared by adding a known amount
of DNA (of known concentration) to an unknown DNA sample
whose concentration is being measured in the same run as a
separate (unspiked) sample. Calculating back the quantity of
the spike from the raw fluorescent values will show the accuracy
of the produce and give confidence in the rest of the readings
generated during the run.

12. The following example shows the calculation of the DNA copy
number in a solution. If we have an IACy, stock solution with
a concentration of 500 ng/pl (5x1077 g/pl), the number of
copies (C)in 1 plis:

_omx Ac
B Mw x Gs
(5x 10’7)><(6.022>< 10“)
649 x 90

C =5.15x10" copy numbers / pl

13. When performing multiple samples, it is better to prepare a
master mix containing all the components. In this case it will
ensure that the TAC copy number is the same in all the
samples. This will allow the samples to be directly compared
with the controls during analysis and to determine the amplifi-
cation efficiency.

14. Determining the optimal IACs copy number to use in the sys-
tem is very important. Using a low copy number of the IACs
can result in the random dropping out of the IACs signal,
while using a disproportional high concentration of the IACs
can result in the overamplification of the fragments. Too much
IAGs product can in turn negatively impact amplification reac-
tion, reducing its efficiency in the amplification of the human
DNA. In general the larger the size of the fragment, the higher
the copy number that needs to be added.
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Chapter 9

NucleoSpin® XS Columns for DNA Goncentration
and Clean-Up

William R. Hudlow

Abstract

The phenol—chloroform (organic) extraction method continues to be a preferred method for extraction of
DNA from forensic evidence samples that may contain low quantities of DNA and polymerase chain reac-
tion (PCR) inhibitors. The aqueous extracts from the organic extraction of DNA require subsequent
concentration and cleanup, which has traditionally been performed with microdialysis filter units, includ-
ing the Centricon® and Microcon® centrifugal filter devices. Here, we describe the use of the NucleoSpin®
XS silica columns as an alternative for the concentration and purification of the aqueous extracts from the
organic extraction and for the removal of PCR inhibitors from existing DNA extracts.

Key words DNA, DNA Extraction, PCR Inhibitor, Forensic

1 Introduction

The successtul typing of DNA isolated from forensic evidence sam-
ples relies on the ability to generate extracts that are appropriately
concentrated and relatively free of polymerase chain reaction
(PCR) inhibitors. While semiautomated extraction methods [1—4]
are currently available, the phenol-chloroform (organic)-based
extraction method [5], with subsequent microdialysis filter con-
centration and cleanup of the DNA is still employed in many labo-
ratories. Concentration of the extracts from the phenol-chloroform
extraction with microdialysis filtration units has the benefit of
being a simple protocol that utilizes a single buffer; however, these
devices may not remove common PCR inhibitors and the final vol-
ume of DNA extract can be highly variable. Thus, alternatives for
concentrating and purifying aqueous extracts following phenol-
chloroform extraction have been sought out by laboratories that
continue to use the phenol—chloroform extraction. One such alter-
native is the silica-based MACHEREY-NAGEL NucleoSpin® XS
column, which requires a short processing time (~30 min) and
yields a consistently low final extract volume (~10 pL) that is

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
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compatible with most DNA typing methodologies. The
NucleoSpin® XS columns can be used with aqueous extracts from
standard organic extractions [6], existing extracts that are known
to contain PCR inhibitors [7] and alkaline lysates [8].

The NucleoSpin® XS concentration and cleanup method is a
simple, multistep process that includes binding the DNA to the silica
membrane, washing the silica membrane to remove impurities, and
eluting the DNA from the silica membrane. Specifically, the aqueous
extract from the phenol-chloroform extraction is transferred to the
NucleoSpin® XS column after the DNA binding conditions are
adjusted with the addition of TE buffer (10 mM Tris pH 7.5,
0.1mM EDTA pH 8) and a guanidinium thiocyanate-based (NT)
binding buffer. The silica membrane is washed with an ethanol-
based wash buffer (B5) and the DNA is eluted in a low-salt buffer
(BE). Finally, any residual ethanol from the wash step is removed
from the extract by heating at 90 °C or 75 °C to yield either single-
stranded or double-stranded DNA extracts, respectively.

2 Materials

1. NucleoSpin® gDNA cleanup XS kit (MACHEREY-NAGEL
GmbH & Co KG).
(NucleoSpin is a registered trademark of MACHEREY-
NAGEL GmbH & Co KG).

. Ethanol (95-100 %).
. TE* buffer: 10 mM Tris pH 7.5, 0.1 mM EDTA pH 8.

. 1.5 mL microcentrifuge tubes.

g o N

. Prepare B5 wash buffer with the addition of 24 mL ethanol
(95-100 %) prior to beginning the NucleoSpin® XS cleanup
procedure (volumes may need to be adjusted depending on
the size of the kit used).

Diligently follow all waste disposal regulations when disposing
of waste materials.

3 Methods

3.1 NucleoSpin® XS
Concentration
and Gleanup Methods

3.1.1  NucleoSpin® XS
Concentration and Cleanup
of Extracts

The following method is based on a 420 pL organic extraction
(e.g., 400 pL extraction buffer and 20 pL proteinase K). Volumes
may be increased proportionally for larger volume extractions, but
no more than 520 pL should be loaded onto the NucleoSpin® XS
device at a time. All procedures are conducted at room tempera-
ture, unless otherwise noted.

1. Transfer the aqueous layer from the phenol—chloroform cleanup
step of the organic extraction to a 1.5 mL tube containing
420 pL of TE* bufter and 210 pL of binding buffer (NT).



3.1.2  NucleoSpin® XS
Cleanup of Existing DNA
Extracts
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2. Vortex and spin briefly in a microcentrifuge.

. Load approximately one-half of the DNA/TE*/NT solution

into a NucleoSpin® XS filtration device in a 2 mL capless
waste tube.

4. Spin for 30s at ~11,000 x4 in a microcentrifuge.

11.

12.
13.

14.
15.

16.

. Discard waste in 2 mL tube and replace with a new 2 mL

capless waste tube.

. Load the remainder of the DNA/TE*/NT solution into the

same NucleoSpin® XS filtration device, noting the orientation
of the device in the centrifuge (e.g., hinge up).

. Spin for 30 s at ~11,000x4 in a microcentrifuge. Additional

loading steps may be conducted by repeating steps 6 and 7, if
necessary as a result of an increased volume extraction (see
Note 1).

. Add 100 pL of wash buffer (B5) to the NucleoSpin® XS filtra-

tion device (see Note 2). The NucleoSpin® XS filtration device
should be rotated ~180° from its orientation in the previous
steps (e.g., hinge down versus hinge up).

. Spin for 2 min at ~11,000 x g in a microcentrifuge.
10.

Discard the waste in the 2 mL waste tube and replace with a
labeled, 1.5 mL capless tube.

Add 6-15 pL (see Note 3) of elution buffer (BE) to the
NucleoSpin® XS filtration device.

Spin for 1 min at ~11,000 x4 in a microcentrifuge.

Add 6-15 pL (see Note 3) of elution buffer (BE) to the
NucleoSpin® XS filtration device.

Spin for 1 min at ~11,000 x4 in a microcentrifuge.

Remove the NucleoSpin® XS column from the 1.5 mL tube.
Concentrate and remove residual ethanol from the DNA
extract in the 1.5 mL tube by heating for:

a. ~8 min in a 90 °C dry-heat bath (DNA will be
single-stranded).

or
b. ~17 min in a 75 °C dry-heat bath (DNA will be
double-stranded).

Transfer DNA extract to a storage tube, noting the approxi-
mate volume recovered.

The following method is based on the cleanup of DNA extracts with
volumes less than 800 pL. As DNA binding to the silica columns is
pH dependent, with an optimal pH range of approximately 5-6,
some extracts (e.g., Chelex) may require pH adjustment prior to
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loading the NucleoSpin® XS columns. Volumes may be increased
proportionally for larger volume extracts, but no more than 520 pL
should be loaded onto the NucleoSpin® XS device at one time.
Conduct all procedures at room temperature unless otherwise noted.

1.

Bring the DNA extract to a final volume of 800 puL with the
addition of TE* buffer.

2. Vortex and spin briefly in a microcentrifuge.

. Transfer 200 pL of binding bufter (NT) to the diluted DNA

sample.

4. Vortex and spin briefly in a microcentrifuge.

11.
12.

13.

14.
15.

16.
17.

18.

. Load approximately one-half of the DNA/TE*/NT solution

into a NucleoSpin® XS filtration device in a 2 mL capless waste
tube.

. Spin for 30 s at ~11,000 x g in a microcentrifuge.

. Discard the waste in 2 mL tube and replace with a new 2 mL

capless waste tube.

. Load the remainder of the DNA/TE*/NT solution into the

NucleoSpin® XS filtration device, noting the orientation of the
device in the centrifuge (e.g., hinge up).

. Spin for 30 s at ~11,000 x g in a microcentrifuge (see Note 4).
10.

Add 100 pL of wash buffer (B5) to the NucleoSpin® XS filtra-
tion device (see Note 2). The NucleoSpin® XS filtration device
should be rotated ~180° from its orientation in previous steps
(e.g., hinge down versus hinge up).

Spin for 2 min at ~11,000 x g in a microcentrifuge.

Discard the waste in the 2 mL waste tube and replace with a
labeled, 1.5 mL capless tube.

Add 6-15 pL (see Note 3) of elution buffer (BE) to the
NucleoSpin® XS filtration device.

Spin for 1 min at ~11,000 x g in a microcentrifuge.

Add 6-15 pL (see Note 3) of elution buffer (BE) to the
NucleoSpin® XS filtration device.

Spin for 1 min at ~11,000 x4 in a microcentrifuge.

Remove the NucleoSpin® XS column from the 1.5 mL tube.
Concentrate and remove residual ethanol from the DNA
extract in the 1.5 mL tubes by heating for:

(a) ~8 min in a 90 °C dry-heat bath (DNA will be single

-stranded).
or
(b) ~17 min in a 75 °C dry-heat bath (DNA will be double-
stranded).

Transfer DNA extract to a storage tube, noting the approxi-
mate volume recovered.
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. Additional loading steps may be conducted by repeating

steps 6 and 7, if necessary as a result of an increased volume
extraction and the NucleoSpin devices have been success-
tully loaded 12 times with final extract volumes of approxi-

. To prevent possible carryover of residual guanidinium thiocya-

nate (a known PCR inhibitor) from the NT binding buffer
that may have collected at the back of the NucleoSpin® XS
column the NucleoSpin® XS filtration device should be rotated
~180° from its orientation in the previous steps (e.g., hinge

. Typically, 10 pL elution volumes are sufficient for most typing

methods, but the user may choose to use elution volumes as
low as 6 pL to ensure the final extract volume is less than 10 pL
after the final heating step or may choose to elute in volumes
as high as 15 pL to ensure a sufficient volume of extract is avail-

. Additional loading steps may be conducted by repeating

steps 8 and 9 to accommodate large volume extracts and the
NucleoSpin devices have been successfully loaded 12 times

with final extract volumes of approximately 6 mL.

4 Notes

mately 6 mL.

down versus hinge up).

able for multiple typing methods.
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Chapter 10

Purification of PCR Products to Improve STR Profiles

Amy D. Roeder

Abstract

Forensic laboratories routinely perform STR analyses using commercially available STR kits. Very low
levels of DNA are extracted from many forensic samples. In these samples, the amount of DNA that can
be placed in a PCR is below the optimal DNA range for the commercial kits, leading to weak profiles and
allelic dropout. STR profiles generated from poor quality samples can be improved by purification of the
PCR product prior to capillary electrophoresis.

Key words Forensic science, DNA, STR profile, Post-PCR purification, Capillary electrophoresis

1 Introduction

Obtaining STR profiles from samples containing minimal quanti-
ties of DNA is a major challenge for forensic laboratories. A num-
ber of techniques, including increasing the number of PCR cycles,
purification of the PCR amplicons prior to capillary electrophore-
sis, and increasing the time and voltage used for electro-injecting
the samples during capillary electrophoresis have been described to
improve the STR profiling success from low quality samples [ 1-9].
Increasing the number of PCR cycles is straightforward, but can
make STR profile interpretation more complicated because of
increased background noise and the presence of pull-up peaks
resulting from the overamplification of some alleles. Increasing the
electro-injection voltage and/or time is also straightforward, but
can result in broadened peaks and increased background noise.
When a sample is electro-injected for capillary electrophoresis,
salts, unincorporated dNTPs, primers, primer dimers, and PCR
amplicons are transferred into the capillary. Decreasing the concen-
tration of these unwanted components in the samples by post-PCR
purification allows more PCR amplicons to be injected. In addition,
the resultant electropherograms tend to be cleaner due to removal
of dye-artifacts and labeled primers. When profiles from the same
sample are compared pre- and post- purification, the relative
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fluorescent unit (rfu) values of the amplicon peaks are higher in
electropherograms generated using purified PCR products.

Post-PCR purification is advantageous in that the sample can
be amplified and electrophoresed under the laboratory’s standard
conditions. The remaining PCR products from samples that have
weak profiles can be purified and electrophoresed under standard
laboratory conditions or with increased electro-injection voltage
and/or time. A post-PCR purification method and two methods
to prepare the purified sample for capillary electrophoresis are
described. The methodology described below is designed to
increase the profiling success in AmpFISTR® SGM Plus® and
Identifiler® PCR Amplification Kits (Life Technologies) but can, in
principle, be used for any PCR products.

2 Equipment and Materials

2.1 General Supplies

e Amicon® Ultra 0.5 centrifugal filter unit with Ultracel-30

and Equipment membrane (Merck Millipore).
*  Collection tubes (provided with the filter units).
e 96-well reaction plate (suitable for capillary electrophoresis).
e 96-well plate septa (Life Technologies).
e Reagent grade water.
e Hi-Di™ formamide (Life Technologies).
e GeneScan® 500 Liz™ size standard (Life Technologies).
e GeneScan® 400 Rox™ size standard (Life Technologies).
e AmpFISTR® Identifiler® PCR Amplification Kit (Life
Technologies).
e AmpFISTR® SGM Plus® PCR Amplification Kit (Life
Technologies).
*  Microcentrifuge.
e 96-well plate centrifuge.
* Vortex mixer.
e Thermal cycler.
e 3130 or 3500 Genetic Analyzer (Life Technologies).
3 Methods
3.1 Purification The protocol is based on the instructions supplied by the manufac-
of PCR Products Using  turer of the kit.
Amicon® Filter Units

1. Place a filter unit, closed end downward, inside a collection tube.

2. The total volume of water + PCR products to be added to the
filter unit should equal 500 pl. Calculate the amount of water
required and add that amount to the filter unit (see Note 1).

3. Transfer PCR products to the filter unit.



3.2 Capillary
Electrophoresis
of Purified PCR
Amplicons
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. Centrifuge the filter device/collection tube at 14,000 x4 for

10 min.

. Remove the filter device. Invert the filter device and place in a

new collection tube.

. Centrifuge the filter device/collection tube at 1000xyg for

2 min.

. Discard the filter unit. The fluid in the collection tube (~20 pl)

contains the purified PCR amplicons.

. The purified PCR amplicons can be electrophoresed using

either of the following methods.

(a) Prepare the samples for electrophoresis by adding 1 pl of
purified PCR product to 9 pl of Hi-Di™ formamide/size
standard mixture in a 96-well plate. Add 0.015 pl of
GeneScan® 400 Rox™ per sample to SGM Plus® PCR ampli-
cons and 0.01 pl GeneScan® 500 Liz™ per sample to
Identifiler® PCR amplicons. Add 0.054 pl of GeneScan®
400 Rox™ (SGM Plus®) or 0.2 pl of GeneScan® 500 Liz™
(Identifiler®) to the allelic ladder (not purified) (sec Note 2).

(b) Prepare the samples for electrophoresis by adding 9 pl of
purified PCR product to 11 pl of Hi-Di™ formamide /size
standard mixture in a 96-well plate. Add 0.03 pl of
GeneScan® 400 Rox™ per sample to SGM Plus® PCR
products and 0.01 pl GeneScan® 500 Liz™ per sample for
Identifiler® PCR products. The allelic ladder is prepared
for electrophoresis as in 1a.

2. Place the 96-well plate septa on the 96-well plate.
. Centrifuge briefly to collect the liquid in the bottom of the

wells and remove air bubbles.

. Denature the DNA using a thermal cycler. Do not put the

thermal cycler lid down on the septa.

95 °C—3 min.
4 °C—3 min.
15 °C—co0.

. Electrophorese the PCR products on a 3130 Genetic Analyzer

using the following parameters (see Note 3):

Oven Temperature: 60 °C.
Pre-Run Voltage: 15 kV.
Pre-Run Time: 180 s.
Injection Voltage: 3 kV.
Injection Time: 10 s.

Voltage Number of Steps: 40.
Voltage Step Interval: 15 s.
Run Voltage: 15 kV.

Run Time: 1350 s.
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4

Notes

1. The water is used to decrease the salt concentration in the

purified product.

2. An allelic ladder (provided with the STR kits) should be run
with each electro-injection.

3. The method described has been validated for the 3130, if other
platforms are used optimization will be necessary.
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Chapter 11

Analysis of 30 Biallelic INDEL Markers Using
the Investigator DIPplex® Kit

Majid Bashir and Nur Haliza Bt Hassan

Abstract

Insertion/deletion polymorphisms (INDEL:s) are a relatively new class of a DNA marker to be used in foren-
sic casework; used most commonly as a supplementary method to STR-based typing. INDELs, like SNPs, are
particularly useful for the analysis of highly degraded DNA as the amplicon sizes are typically below 160 bp;
they can also be valuable as an additional tool to help resolve kinship cases, with the advantage over STRs that
they do not have high mutation rates. INDELs have an advantage over SNPs in that they are length polymor-
phisms and so can be analyzed by simply measuring the length of the allele(s). The Qiagen Investigator®
DIPplex Kit is currently only one of two commercially available kits for the amplification of INDEL polymor-
phisms; it amplifies 30 biallelic INDEL loci and the amelogenin locus. The primers used are fluorescence
labeled with 6-FAM, BTG, BTY, and BTR. This technique is robust, relatively simple, and the results are
analyzed using the same capillary electrophoresis equipment and software as used for STR typing.

Key words INDEL, Investigator® DIPplex, Degraded DNA

1 Introduction

Currently, methods such as short tandem repeats (STRs) and single
nucleotide polymorphisms (SNPs) are used in forensic casework.
STR analysis is the main tool utilized by the forensic community,
but sometimes this technique gives unreliable results when profil-
ing degraded samples as the amplicons sizes are relatively large at
between 100 bp and 450 bp [1, 2]. To enhance the information
recovered from degraded samples, miniSTRs have been developed
with smaller amplicons; however, the amplicon sizes is still typically
between 100 bp and 200 bp [3, 4] and profiling may not be suc-
cessful when working with highly degraded DNA [5]. SNP typing
is an alternative method for forensic identification from highly
degraded DNA, with loci typically amplified on shorter amplicons
than STR alleles. However, SNP analysis using profiling systems
such as SNaPShot mini sequencing is a laborious and time-consum-
ing method compared to STR analysis [6].

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
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Table 1

With forensic analysis, INDELs share some advantages with
both STRs and SNPs. The INDELs have short amplicons, typically
60 bp to 160 bp, and low mutation rates, making them suitable for
the analysis of degraded DNA [7, 8] and as a useful supplementary
tool for evaluating kinship tests [9]. Unlike SNPs, they are easy to
analyze and require no additional steps post-PCR before analysis
using capillary electrophoresis.

Thousands of insertion/deletion polymorphisms have been
characterized in the human genome [10-12] and selected to pro-
duce multiplexes that have been developed for the analysis of
INDELSs. For example, a 38-plex was developed and applied suc-
cessfully to the profiling of degraded samples where traditional
STR were failed to generate complete DNA profiles [13]. The
Investigator DIPplex® Kit was the first commercial kit for INDEL
developed by Qiagen (Qiagen GmbH, Germany) [14]. This kit
simultaneously amplifies 30 biallelic loci that are located over 19
autosomes (Table 1); all the INDELSs selected in the kit are sepa-
rated by at least 10 Mbp from commercially available STRs
(Qiagen, Investigator DIPplex handbook). The evidential value of
the 30 INDELSs in comparison to other marker systems is shown in
Table 2. INDEL multiplexes have also been developed for evaluat-
ing biological ancestry [15, 16].

Locus-specific information of the Investigator® DIPplex Kit (adapted from Qiagen Handbook for
Investigator® DIPplex Kit)

Chromosomal  GeneBank/ Reference

DIP locus localization SNP ID Motif (+DIP) allele
Blue Xp22.1-22.3 M55418 TAAG X
Amel. X Ypll.2 M55419 CACG Y
Amel. Y 7q31.1 rs1611048 TGGGCTTATT +DIP
HLD77 2q31.1 152307959 AGCA -DIP
HLD45 7q36.2 rs1611001 GCAGGACTGGGCACC +DIP
HLD131  6ql6.1 152307652 CACA -DIP
HLD70 16ql3 151610905 AGGA -DIP
HLD6 17p11.2 rs1305047 TAAGT -DIP
HLD111  5ql4.1 151610937 +DIP
HLD58 4q25 152308292 +DIP
HLD56

Green 20pll1.1 rs16438 CCCCA -DIP
HLD118  11q22.2 1517174476 ~ GTTT -DIP
HLD92 12q22 152307570 ACTTT -DIP
HLD93 14q23.1 152308163 TGAT +DIP
HLD99 9q22.32 rs8190570 CCACAAAGA -DIP
HLDS88 15q926.1 rs2307433 GTAG -DIP
HLD101  5q33.2 151305056 CTACTGAC -DIP
HLD67

(continued)
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Table 1 (continued)
Chromosomal  GeneBank/ Reference

DIP locus localization SNP ID Motif (+DIP) allele
Yellow 8p22 rs2308072 AAGG -DIP
HLDS83 17p13.3 rs2307581 TCCTATTCTACTCTGAAT -DIP
HLD114 2qll.2 rs28369942 GACTT -DIP
HLD48 22ql2.3 rs6481 GTGGA -DIP
HLD124 21q22.11 rs8178524 GAAGTCTGAGG -DIP
HLD122 22ql1.23 rs16388 ATTGCC -DIP
HLD125 5ql2.3 rs1610935 GACAAA +DIP
HLD64 7q21.3 rs17879936 GTAAGCATTGT -DIP
HLDS81
Red 22ql3.1 rs16363 TGTTT -DIP
HLD136 3p22.1 rs2067235 CAACCTGGATT -DIP
HLD133 13q12.3 rs17238892 AGAGAAAGCTGAAG +DIP
HLD97 1p32.3 rs2307956 GGGACAGGTGGCCACTAGGAGA -DIP
HLD40 1q31.3 rs2307924 ATTAAATA -DIP
HLD128 1p22.1 rs17878444 CCTAAACAAAAATGGGAT -DIP
HLD39 8q24.12 rs3081400 CTTTC
HILD84

HLD human locus DIP

—-DIP deletion

+DIP insertion

Table 2

Comparison of CP values for different kits (adapted from Qiagen Handbook for Investigator® DIPplex Kit)

Kits Loci CPE/Trio? CPIP Population
Investigator DIPplex 30 DIPs 0.998 2.83x10°"13 German Caucasian
Investigator DIPplex 30 DIPs 0.9999 7.20x 10712 Malaysian Malay
Investigator DIPplex 30 DIPs 0.9973 1.06x 1012 Qatari

AmpFISTR Minifiler 8 STRs 0.99998 8.21x10!! US Caucasian
AmpFISTRSEfiler plus 11 STRs 1 7.46x107 US Caucasian
Powerplex 16 15 STRs 1 5.46x10718 US Caucasian
Sanchez et al. [6] 52 SNPs 0.9998 5.00x10-2 European Caucasian

*Combined probability of paternity exclusion
*Combined probability of identity

2 Materials

All components of the Investigator DIPplex Kit should be stored
at —20 °C. Repeated thawing and freezing should be avoided and
the Primer Mix and Allelic Ladder should not be exposed to light.
As with all PCR-based systems, DNA samples and post-PCR
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2.1 Equipment
and Materials

2.1.1 General Supplies
and Equipment

2.2 Investigator®
DIPPlex Kit Contents

reagents (Allelic Ladder and DNA size standard) should be stored
separately from the PCR reagents and the reaction mixtures should
be prepared in an area separate from that used for DNA isolation
and post-PCR analysis. The use of disposable barrier tips also helps
to minimize cross-contamination.

. Vortex mixer.

. Microfuge.

. Pipettes and barrier tips.

. 0.2 ml thin-walled PCR tubes /strips.

. Thermocycler.

[©) W 2 W=~ S T NS R ]

. Capillary electrophoresis platform (see Note 1).

The kit contains sufficient reagents for 100 reactions when using a
25 pl reaction volume. The components are:

Reaction Mix A (500 pl),

Primer Mix DIPplex (500 pl),

Multi Tag2 DNA polymerase (150 U),
Nuclease-free water (2 x 1.9 ml),

Control DNA 9948, 0.1 ng/pl (200 pl),
DNA size standard 550 (BTO) (50 pl), and
Allelic Ladder DIPplex.

3 Methods

3.1 PCR
Amplification

As with all PCR-based procedures, great care must be taken to
avoid contamination of the kit components and the samples.
Separate pre- and post-PCR areas should be used in the different
phases of the analysis. If analyzing low template amounts of DNA
then extreme precautions have to be undertaken. We carry out all
pre-PCR work in a laminar flow hood. In addition, all liquid trans-
fers are carried out using barrier tips to minimize the potential of
aerosol contamination.

1. Remove all components for the amplification from the freezer
and allow to thaw.

2. Mix all tubes using a bench top vortex and pulse centrifuge.

3. Prepare a master mix as detailed in Table 3—prepare approxi-
mately 10 % more than is required (see Note 2).

4. Mix the master mix thoroughly and dispense into PCR tubes.

5. Add the appropriate amount of DNA and nuclease-free water
to each reaction—the recommended quantity of DNA is
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Table 3

Reaction setup (see Note 2)

Component

Volume per reaction

Reaction Mix A*

Primer Mix

Multi Tag2 DNA Polymerase

Nuclease-free water
Template DNA

Total volume

Full One Fourth One Fifth
5.0 pl 1.25 pl 1.0 pl
5.0 pl 1.25 pl 1.0 pl
0.6 pul 0.15 pl 0.12 ul
9.4 pl 2.35 ul 1.88 pl
5.0 pl 1.25 pl 1.0 pl

25 ul 6.25 ul 5.0ul

* This contains dNTPs, MgCl and bovine serum albumin

3.2 Capillary
Electrophoresis

0.2-0.5 ng, but good quality results can be obtained with sub-
optimal amounts (se¢ Note 3).

. Prepare positive (9948 or any other available sample of known

concentration) and negative controls (nuclease-free water) (see
Note 4).

. Vortex and centrifuge briefly the samples to collect contents at

the bottom of the tubes before adding it to the master mix.

. Program the thermal cycler according to the manufacturer’s

instructions, using the conditions outlined in Table 4
(see Note 5).

. Once the protocol is completed either store the samples at

-20 °C or proceed directly with capillary electrophoresis.

Analysis of the PCR products should take place in an area that is
physically separated from the pre-PCR area.

The analysis of the amplicons is essentially the same as with all

other fragment analysis. A matrix file will have to be created using
the BT5 dyes with filter set G5: 6-FAM, BTG, BTY, BTR, and
BTO.

1.

Prepare a mixture with Hi-Di formamide and GeneScan™-500
LIZ® size standard using 10 pl of Hi-Di Formamide and 0.5 pl
of DNA Size standard 550 (BTO) or GeneScan™-500 LIZ® per
sample (see Note 6).

2. Aliquot 10.5 pl of the mixture into each well.

. Add 1 pl of PCR product or allelic ladder and mix thoroughly.

. Denature the samples for 3 min at 95 °C and then snap freeze

on ice for 3 min.

. Load the samples onto the Genetic Analyzer. For the 3500 and

3130XL, use the following parameters: run temperature 60 °C,
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Table 4

Standard PCR protocol for DIPplex Kit, Qiagen (adapted from Qiagen Handbook for DIPplex Kit)

Temperature

Time Number of cycles

94 °C
94 °C
61 °C
72 °C
68 °C
10 °C

4 min 1

30s 30
120 s
75 s

60 min 1

(0]

pre-run voltage 15 kV, pre-run time 180 s, injection time 10 s,
injection voltage 1.6 kV, run voltage 15 kV, and run time 900 s.
When using the ABI 310, use the following conditions: run
temperature 60 °C, pre-run voltage 15 KV, pre-run time 180 s,
injection time 5 s, injection voltage 1.6 kV, run voltage 15 kV,
and run time 1440 s (see Note 1).

6. The data analysis can be done using Genemapper ID-X soft-

ware using the settings recommended by manufacturer. Qiagen
provide predefined bins on their Investigator® DIPplex tem-
plate files (see Note 7). The exact length of the amplified prod-
ucts depends on the device type, the conditions of
electrophoresis, as well as the DNA size standard used.

. DIPsorter software can be used to create the INDEL profiles

in PDF or CSV format (se¢ Note 8). This involves conversion
of Genemapper project into notepad (txt) and then DIPsorter
software use this txt format to change into either PDF or CSV
files which then can easily be used for interpretation and statis-
tical calculations.

4 Notes

. We have used the ABI310 with POP4, the 3130XL and 3500

(both with POP6) and have obtained consistent results. The
run time with POP6 is 2500 s.

. Based on our experience 1/5 volume yields good quality pro-

files without any major impact on peak balance, especially
when profiling reference samples. Even when profiling case-
work samples reduced volumes produce stable profiles, as long
as sufficient template DNA can be added in 1 pl of sample
DNA (Fig. 1).

. We have found that full profiles can be routinely obtained

using as little as 100 pg of input DNA.
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Fig. 1 Electropherogram of the Investigator DIPplex Kit using 200 pg of DNA recovered from the crime scene
in Malaysia; the same extract could only be profiled at three loci when using the PowerPlex16 STR kit
(Promega). Analysis was performed on an Applied Biosystems 3500 Genetic Analyzer. Allele assignment was
performed using GeneMapper /D-X Software

4. The positive control provided with the kit (9948) will produce
a full profile when only 1 pl of sample is added (100 pg).

5. The Handbook recommends using 32 cycles when working
with low template DNA. However, we have found that using
32 cycles produced unacceptable levels of artifacts and so have
always used 30 cycles. It should be noted that the samples that
we have amplified using the Investigator® DIPplex Kit were
not prepared under low template conditions.



142

Majid Bashir and Nur Haliza Bt Hassan

6. In our hands when using the BTO 550 size standard provided
with the kit, using either a 3130XL or a 3500, many of the
alleles were called off-ladder. Therefore we adopted the use of
GeneScan™-500 LIZ™. The filter set remains the same (i.e.,
G5) and the BT5 matrix set is also used.

7. The bin settings needed to be modify with reference to the
allelic ladder to compensate for variation, the electrophoretic
mobility of the fragments on different platforms and under dif-
ferent conditions (such as environmental temperature).

8. DIPsorter freeware available from Qiagen (https://www.qia-

gen.com).
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Chapter 12

Analysis of Mitochondrial Control Region Using Sanger
Sequencing

David Ballard

Abstract

The analysis of mitochondrial DNA (mtDNA) is an established forensic tool and has been used extensively
to aid with both the identification of human remains and evidence recovered from scenes of crime. The
biology of mtDNA confers both advantages and disadvantages when using it as a tool for identification. It
benefits from a high copy number, which facilitates analysis from samples with highly degraded DNA or
trace amounts of DNA, but the maternal mode of inheritance restricts its power of discrimination. With
Next Generation Sequencing being used in research and some forensic casework laboratories the scope of
mtDNA analysis in forensic casework may expand in the near future. Currently, however, most casework
laboratories rely on Sanger sequencing and an established method for analyzing the hypervariable sequence
regions is described.

Key words Mitochondrial DNA, Hypervariable sequence region I (HVS-I), Hypervariable sequence
region II (HVS-II), Hypervariable sequence region III (HVS-III)

1 Introduction

Mitochondria are distinct organelles within the cell cytoplasm that
play a crucial role in cellular respiration. Mitochondria have their
own DNA content independent of the cell’s nuclear DNA, com-
prising of approximately 16,569 base pairs arranged in a circular
double stranded configuration [1]. The first mitochondrial
sequence was published in 1981 by Anderson et al. [1], and can be
found referred to as either the Anderson sequence or Cambridge
Reference Sequence (CRS) while a subsequent reanalysis in 1999
resulted in 11 minor changes to this reference sequence. All human
mitochondrial genomes are now compared with this Revised
Cambridge Reference Sequence (rCRS) [2].

Unlike nuclear DNA, which is generally present in cells in just
two copies (one copy of each chromosome from each parent), the
copy number of mitochondrial DNA is much higher. In 1991,
Satoh and Kuroiwa [3] experimentally determined that each
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mitochondrion within a cell contained 1-15 copies of the mito-
chondrial genome, at an average of 4-5 copies. Additionally each
cell contains multiple mitochondria, giving an average copy num-
ber of 200-1700 [4] mitochondrial genomes per cell, although
this is known to be tissue specific, varying between 50 and 75 cop-
ies in a spermatozoon [ 5] up to the order of 100,000 in a maturing
primary oocyte [6]. The presence of multiple copies of the mito-
chondrial genome helps to explain why it can often be analyzed in
situations where nuclear DNA has degraded (e.g., ancient bones).
Furthermore, the cellular location of the mitochondrial DNA (in
the mitochondria organelles) also has a strikingly protective func-
tion in regard to DNA degradation [7].

In a forensic scenario, mitochondrial analysis is most com-
monly performed in cases where nuclear DNA is unlikely to be
present, notably in analysis of shed hairs and bones. Given the
strictly matrilineal inheritance of the mitochondrial genome [5, 8],
it can also be used to help resolve complex relationship cases where
there is a common maternal link.

The more bases within the mitochondrial genome that are ana-
lyzed, the more discriminating the results will be. The advent of
newer, so called, next generation sequencing technologies (e.g.,
Illumina’s MiSeq or Life Technologies’ lon PGM) means that it is
now relatively easy to sequence the entire mitochondrial genome
of an individual, for example, using the PCR strategy described by
Lyons et al. [9] (also see Chapter 12). Amplification of such long
PCR amplicons relies on having reasonable quality DNA; however,
this is still a feasible approach for some case samples, in addition to
being a valid strategy when analyzing reference samples or for use
in complex relationship cases.

A disproportionate amount of variation is centered within the
1.1 kb control region of the mitochondrial DNA and is even more
concentrated around three areas within this control region termed
hypervariable region I (HVS-I), hypervariable region II (HVS-II),
and hypervariable region III (HVS-III). This is the area most tradi-
tionally sequenced for forensic analysis because a reasonable amount
of information can be obtained while only sequencing a smaller
fraction of the mitochondrial genome, saving time and money
when using a traditional Sanger sequencing method, and providing
a more relevant amplification target for degraded DNA samples.

While it is possible to amplify HVS-I alone, or additionally
HVS-II and HVS-1I11, it is of most benefit to analyze the entire
control region due to the increased information content contained
within the whole genome. The amplification strategy for this will
depend on the quality of the mitochondrial DNA extracted. Listed
below are two protocols for amplifying the control region either in
a single 1.1 kb amplicon or in 5~300 bp overlapping amplicons.
Should the DNA be too degraded for even this approach to pro-
duce results, then it is possible to amplify the region in ten
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amplicons ranging in size from 101 to 190 bp, details of which can
be found in Eichmann et al. [10].

2 Materials

21 PCR

2.2 Gel
Electrophoresis

2.3 Sequencing

. Extracted DNA (see Note 1).

2. MyTaq HS Red Mix 2x (Bioline B10-25047) (se¢ Note 2).

. Primers

(a) Full control region.
e 115977 [11] - cac cat tag cac cca aag ct
e H599[12] - ttg agg agg taa gct aca ta
(b) Control region in ~300 bp amplicons [10].
e 115989 — ccc aaa get aag att cta at
e H16248 — gtt gca gtt gat gtg tga tag
e 116197 — ctt aca agc aag tac agc aat caa ¢
e HI16509 - agg aac cag atg tcg gat ac
e 116450 — gct ccg gge cca taa cac ttg
e HI180 —aat att gaa cgt agg tgc gataaa t
e L1109 — gca ccc tat gtc gea gta tct gtc
e H389 — gca ccc tat gtc gea gta tct gtc
e L317 —cttctg gccaca geacttaaa c
e H619 —aacatt ttc agt gta ttg ctttga g

4. DNA-free water.

ul

N I S

. 2800M positive control DNA (Promega DD7101) (see Note 3).

. Analytical grade agarose (e.g., Promega V3125).

. 10x TBE (e.g., Sigma T4415-1 L).

. Gel Red nucleic acid stain (VWR 730-2958) (see Note 4).

. DNA size ladder (e.g., HyperLadder 100 bp, Bioline

BIO-33056).

. BigDye terminator cycle sequencing v3.1 ready reaction kit

(Life Technologies).

. Sequencing primers. For the full control region PCR strategy,

the following additional primers are required [12]:

(a) HI16401 - tga ttt cac gga gga tgg tg
(b) L16450 - gct ccg gge cca taa cac ttg
(c) H274 - tgt gtg gaa age ggce tgt ge
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(d) L314 - ccg ctt ctg gece aca gea ct
(e) H16175 - tgg att ggg ttt tta tgt a
3. Hlustra ExoStar 1-Step (VWR US77705).

4. 125 mM EDTA—made up from EDTA disodium salt dihy-
drate (MW 372.24) powder (Sigma-Aldrich E4884). Dissolve
93 mg in 2 ml H,O.

5. 100 % ethanol.

6. 70 % ethanol-—made by combining absolute ethanol (100 %)
with water in a ratio of 7:3.

7. Deionized formamide (Life Technologies).

3 Methods

3.1 Initial PCR

3.1.1  Full Control Region
Strategy

An initial PCR must be performed to amplify the region of inter-
est: one of the two following PCR strategies should be
followed.

If DNA is believed to be of reasonable quality then the full
control region strategy (see Subheading 3.1.1) should be fol-
lowed—this amplifies the entire control region in a single reaction
with a 1.1 kb amplicon. If DNA is believed to be of poor quality,
or the full control region strategy fails, then the Midi-Mito strategy
(see Subheading 3.1.2) should be followed—this requires the use
of two multiplex PCRs that amplify the control region in five
smaller, overlapping, fragments.

It is possible to specifically quantify the amount of mitochon-
drial DNA present within the sample to analyze [11]; however, in
the absence of a commercial solution, implementation of this
method can be challenging. While specific mitochondrial DNA
quantification is desirable, a viable alternative is to proceed to PCR
without quantification, adding variable amounts of DNA depend-
ing on the sample type and expected cleanliness of the extract. It is
assumed here that mitochondrial quantification has not been
performed.

1. PCR should be setup using DNA-free consumable in a pre-
PCR laboratory environment. Reactions can be carried out in
0.2 ml PCR tubes or 96-well PCR plates as desired.

2. The required components and quantities for setting up the
PCR are listed in Table 1. Reactions are performed in a 20 pl
final volume.

3. A master mix should be prepared containing all the compo-
nents except the DNA and water; 11.6 pl of this master mix
can then be aliquoted into each PCR tube or well.
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Table 1
Polymerase chain reaction reagent concentrations and volumes for
amplification of the control region in one reaction
Reagent Amount added per reaction (pL)
MyTaq HS Red Mix 2x 10.0
L15977 primer (5 pM) 0.8
H599 primer (5 pM) 0.8
DNA extract and water 8.4
Total 20.0

. Up to 8.4 pl of extracted DNA can then be added to the reac-

tion. For good quality samples or those likely to contain inhibi-
tors, adding 2 pl of DNA and 6.4 pl of water is
recommended.

. A positive and negative control should be included with each

batch: for the positive control add 1 ng of 2800 M DNA (see
Note 5) while for the negative control substitute sample DNA
with DNA-free water.

. PCR should be carried out in a PCR machine with a heated lid

using the following program: an initial activation of 95 °C for
3 min followed by 36 cycles of 94 °C for 15 s, 56 °C for 1 min,
and 72 °C for 2 min.

. Two multiplex PCR reactions must be setup for each sample.

PCR should be carried out using DNA-free consumable in a
pre-PCR laboratory environment. Reactions can be prepared
in 0.2 ml PCR tubes or 96-well PCR plates as desired.

. The required components and quantities for setting up Midi-

Mito PCR A are listed in Table 2. Reactions are performed in
a 20 pl final volume.

. A master mix should be prepared containing all the compo-

nents for Midi-Mito PCR A except the DNA and water; the
appropriate volume (14.8 pl) of this master mix can then be
aliquoted into each PCR tube or well.

. Up to 5.2 pl of extracted DNA can be added to the reaction.

For good quality samples or those likely to contain inhibitors,
adding 2 pl of DNA and 3.2 pl of water is reccommended.

. For each sample, repeat steps 2—4 above to setup Midi-Mito

PCR B by using the PCR recipe detailed in Table 3 that pro-
duces a master mix volume of 13.2 pl and allows a maximum

of 6.8 pl of DNA to be added for each sample.
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3.2 PCR
Quality Check

Table 2

Polymerase chain reaction reagent concentrations and volumes for
Midi-Mito PCR A amplifying three of the five Midi-Mito reactions

Reagent

Amount added per reaction (pL)

MyTaq HS Red Mix 2x 10.0
L15989 primer (5 pM) 0.8
H16248 primer (5 pM) 0.8
116450 primer (5 pM) 0.8
H180 primer (5 pM) 0.8
L317 primer (5 pM) 0.8
H619 primer (5 pM) 0.8
DNA extract and water 5.2
Total 20.0
Table 3

Polymerase chain reaction reagent concentrations and volumes for
Midi-Mito PCR B amplifying two of the five Midi-Mito reactions

Reagent Amount added per reaction (uL)
MyTaq HS Red Mix 2x 10.0
L16197 primer (5 pM) 0.8
H16509 primer (5 pM) 0.8
L109 primer (5 uM) 0.8
H389 primer (5 pM) 0.8
DNA extract and water 6.8
Total 20.0

6. A positive and negative control should be included with each
batch for both PCR A and PCR B: for the positive control add
1 ng ot 2800 M DNA while for the negative control substitute
sample DNA with DNA-free water.

7. PCR should be carried out in a PCR machine with a heated lid
using the following program: an initial activation of 95 °C for
3 min followed by 34 cycles of 94 °C for 15 s, 57 °C for 10 s,

and 72 °C for 20 s.

Before proceeding to the sequencing stage, PCR products are first
visualized on an agarose gel to check PCR success (see Note 6).
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1.

Make a 0.5x TBE working solution by diluting the 10x TBE
stock 1 in 20 with water.

. Prepare a 1.5 % agarose gel by dissolving analytical grade aga-

rose into 0.5x TBE, e.g., to prepare 100 ml gel, dissolve 1.5 g
agarose in 100 ml 0.5x TBE. Add 1 pl of Gel Red stain per 10
ml, e.g., in the above example add 10 pl of Gel Red stain.

. Heat in a microwave on a medium-high power setting until all

the agarose has dissolved.

. Pour into a gel cast that has been sealed at both ends, add a

comb (a comb producing 1 mm length wells will be sufficient).
Leave to set (see Note 7).

. Once the gel has set, unseal the ends, remove the comb, and

place in a gel tank containing 0.5x TBE.

. For each PCR prepared in Subheading 3.1, load 8 pl onto the

gel in individual wells. In a separate well, add 5 pl of DNA size
ladder.

7. Run the gel at 100 V for 45 min with an unlimited current.

10.

. Visualize the gel under UV light. The DNA size ladder should

be sharp, well separated, and bright against the background of
the gel. For the entire control region PCR, a visible band at
about 1100 bp indicates successful amplification while if the
shorter amplicon protocol has been followed then bands
should be visible around the 300 bp mark (there should be
three bands present for the first Midi-Mito reaction and two
present for the second Midi-Mito reaction; however, due to
the similarity in amplicon size between two of the products in
the first Midi reaction it is probable that only two bands will be
casily differentiated).

. Should there be bands in the negative control reactions match-

ing the size expected for the product then all relevant PCR
products should be disposed of and the protocol restarted
from the PCR step.

Providing the PCR positive has worked, should it be evident
that PCR has failed for one or more samples then processing of
those particular failed PCRs should stop and the PCR stage be
repeated using the Midi-Mito strategy for those samples.

1 For each reaction shown to have viable amplified products in

the previous step, add 1.5 pl of ExoStar 1-Step to the remain-
ing 10-12 pl of PCR product (see Note 8). Additionally pro-
cess the negative PCR control in the same way.

2 In a thermal cycler, incubate at 37 °C for 45 min followed by

80 °C for 15 min.
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3.4 Sequencing Sequencing reactions can be undertaken using PCR tubes; how-
ever, it is more convenient to use a semiskirted 96-well plate that
can be directly loaded onto a capillary electrophoresis machine fol-
lowing the sequencing cleanup stage.

1. Separate sequencing reactions in the forward and reverse direc-
tion must be setup for every sample. A single primer is included
in each sequencing reaction, and hence multiple sequencing
reactions are needed for every PCR amplicon. The sequencing
primers used depend on the PCR strategy undertaken, such
that:

(a) Full control region strategy—seven sequencing reactions
are carried out on each single 1.1 kb PCR product using
primers 115977, H16175, H16401, 116450, H274,
L1314, and H599.

(b) Midi-Mito strategy:
e Midi-Mito PCR A—six sequencing reactions are car-

ried out using primers 115989, H16248, 1.16450,
H180, 1.317, and H619.

¢ Midi-Mito PCR B—four sequencing reactions are car-
ried out using primers L16197, H16509, L109, and
H389.

2. Sequencing reactions should be setup in accordance with the
components and volumes detailed in Table 4 using the primers
specified above such that there are seven sequencing reactions
for each sample amplified using the full control region strategy
and ten sequencing reactions for each sample amplified using
the Midi-Mito strategy. Sequencing reactions are carried out in
a total reaction volume of 6.8 pl.

3. Multiple master mixes can be prepared and aliquoted into the
plate for components that are identical between multiple wells,
e.g., a different master mix could be prepared for each sequenc-

Table 4
Sequencing reaction reagent concentrations and volumes

Reagent Amount added per reaction (pL)
ABI Prism® BigDye™ terminator cycle sequencing v3.1 0.68
ready reaction kit
ABI Prism® BigDye™ terminator cycle sequencing v3.1 1.02
dilution buffer
Sequencing primer (5 pM) 0.408
Water 3.6
Purified PCR product 1

Total 6.8




3.5 Sequencing
Cleanup
and Electrophoresis

Analysis of Mitochondrial Control Region Using Sanger Sequencing 151

ing primer such that each master mix contains the BigDye
ready reaction mix, BigDye dilution buffer, a single specific
sequencing primer, and water.

. By default, 1 pl of purified PCR product is added to the

sequencing reaction. Should the gel electrophoresis stage have
shown poor amplification (weak bands) then additional puri-
fied PCR product can be added to the reaction at the expense
of the water. Purified PCR products should not be brought
into a pre-PCR area.

. The positive and negative controls from the PCR stage should

be taken the whole the way through the process, and hence the
purified PCR products for the positive and negative PCR con-
trols should be sequenced now alongside the rest of the
samples.

. Seal the plate with either PCR caps or a PCR seal.

. Sequencing should be carried out in a PCR machine with a

heated lid using the following program: an initial activation of
96 °C for 4 min followed by 25 cycles of 96 °C for 15 s, 50 °C
for 10 s, and 60 °C for 2 min.

. Add 1.7 pl of 125mM EDTA to each amplified sequencing

reaction in the plate. Vortex the plate.

. Add 20 pl of 100 % ethanol into the same wells now containing

sequencing product and EDTA (see Note 9).

. Vortex briefly then leaves at room temperature for a minimum

of 15 min and a maximum of 24 h to precipitate sequencing
products.

4. Centrifuge the plate at 2250 x4 for 30 min.

10.

11.

. Remove all supernatant by unsealing the plate, inverting it

onto a wad of folded paper towels and then centrifuging in this
inverted orientation for 30 s at 400 rpm.

. Add 120 pl of 70 % ethanol, reseal the plate, and spin in a nor-

mal orientation for 10 min at maximum speed (or 4000 rpm if
this is lower) (see Note 10).

. Repeat step 5 to remove the supernatant.

. Leave the plate at room temperature until all residual ethanol

has evaporated (under normal circumstances, 5 min should
suffice).

. Add 10 pl of deionized formamide to each well containing

sequencing product.

Heat at 95 °C for 3 min and then snap-cool (for example, by
putting the plate in ice).

The sequencing products can now be run on a capillary elec-

trophoresis instrument such as the 3130xI or 3500 (both Life
Technologies).
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3.6 Sequence
Analysis

The mitochondrial control region sequence obtained from each
sample needs to be compared to the revised Cambridge Reference
Sequence (rCRS) and any differences between the reference
sequence and the sample noted. To accomplish this, the multiple
sequences produced for each sample from the different sequenc-
ing reactions must first be aligned to the reference sequence.
There are various software solutions that will facilitate this align-
ment, such as SeqScape (Life Technologies) or Sequencer (Gene
Codes). Once this alignment is complete, there are some impor-
tant points to note.

1. It is ideal to have sequence coverage in both the forward and
reverse direction for the entire control region, although this
may be difficult to achieve in some circumstances, such as fol-
lowing homopolymeric stretches.

2. In almost all samples, there will be a difference to the reference
sequence at base 263 (A>G) and an insertion of a C base fol-
lowing nucleotide 315. Full details regarding the nomencla-
ture to use for reporting such changes can be found in the
International Society for Forensic Genetics’ guidelines
[13-17].

3. The mitochondrial control region sequence of the 2800 M
positive control has changes with respect to the rCRS at the
following positions: 16519 (T>C), 152 (T>C), 263 (A>QG),
315.1C, 477 (T>C).

4. Length heteroplasmy (the presence of multiple similar
sequences that differ only in length due to the insertion or
deletion of a base) is a common occurrence in mitochondrial
analysis and is especially problematic in three regions:

(a) If there is T>C change at base 16189 then this creates a
poly-C stretch between bases 16184 and 16193 and
almost inevitably results in multiple mitochondrial
sequences with differing numbers of C nucleotides in this
stretch. The consequence of this is that any sequencing
reactions covering this area will be unreadable following
the poly-C stretch because there will be multiple different
sequences (offset by a few bases) displayed concurrently.

(b) There are two more poly-C stretches between 303-309
and 311-315, and it is possible to observed length hetero-
plasmy here as well.

(c) There is another poly-C stretch between bases 568 and
573, and in some individuals, there can be length hetero-
plasmy following this stretch of C nucleotides if additional
C bases have been inserted into the sequence. This can
result in failure of the H599 or H619 sequences.
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5. Point heteroplasmy (two different bases at a single position)

can also be observed, albeit at a lower frequency than length
heteroplasmy. More detail on heteroplasmy can be found in
the literature [17].

. It is possible to observe mitochondrial sequence differences

(usually at a single nucleotide position) between different tis-
sues in an individual, and even between different hairs from the
same individual. This usually manifests as point heteroplasmy
but can be seen as a complete base change.

. Using a web-based portal called EMPOP (www.empop.org), it

is possible to obtain a frequency for the generated sequence
(see Note 11).

. Phylogenetic analysis can help to identify any errors in the final

result; however, this can be difficult to undertake manually
using phylotree (http://www.phylotree.org/tree /main.htm)
unless relatively experienced. Alternatively, when examining
the results from EMPOP, the program will display all those
sequences that match closely, but not exactly, to your queried
sequence. Here, for example, it may highlight that most similar
sequences have a change at position 489 while your queried
sequence has a change at 498, raising the possibility of a tran-
scription error with the last two digits.

4 Notes

. The DNA extraction method chosen will depend on the sub-

strate, for example, specialized extraction methods are required
for hair or bone. Normal DNA quantification methods are not
very useful due to the types of samples used—total DNA quan-
tification may be predominantly comprised of bacterial DNA
while human specific methods target only the nuclear DNA
whose concentration may bear no relation to the mitochon-
drial DNA concentration.

. We notice no significant base misincorporation when using the

MyTaq HS premix; however, it is also possible to use a proof-
reading polymerase such as Advantage HF 2 (Clontech).

. It is possible to use any DNA sample as a positive control if it

contains a consistent level of mitochondrial DNA and the
mitochondrial sequence is known. 2800 M is stated here in
order to provide a known set of mutations that can be referred
to when undertaking analysis for the first time.

. This is a nontoxic, although more expensive, alternative to

using ethidium bromide to visualize the DNA bands. Ethidium
bromide staining would also be acceptable, as would other
nontoxic dyes.
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. Any characterized positive control can be used.

6. It is recommended to perform the PCR quality check stage

10.

11.

(using gel electrophoresis) in order to gauge whether there is
sufficient product to proceed with sequencing and estimate
how much product to use in the sequencing reaction; however,
it is possible to skip this stage and move straight to the
sequencing stage entering an arbitrary amount of PCR ampli-
con into the sequencing reaction.

. The time taken for the gel to set will depend on a number of

factors including the ambient temperature and thickness of the
gel; however, most gels will set within 20 min.

. The PCR cleanup is performed to remove any unincorporated

dNTDPs and primers left over from the PCR stage. The method
employed here utilizes two enzymes to accomplish this task;
however, it is alternatively possible to achieve this end using a
column cleanup approach.

. The EDTA must be added to the amplified sequencing reac-

tion before the 100 % ethanol because any direct contact
between the EDTA and ethanol will result in precipitation of
the EDTA—if a white precipitate /deposit is observed in any
wells then either this EDTA/ethanol step was performed
incorrectly or the EDTA used was too concentrated.

Care should be taken not to disturb the pellet when adding the
70 % ethanol, and the plate should not be vortexed after the
ethanol has been added. The use of a 70 % ethanol concentra-
tion is important to keep the sequencing products precipitated,
and hence 70 % ethanol should be made up fresh from abso-
lute ethanol if the previous dilution is over 2 weeks old.

Reports should state the sequence range analyzed (e.g.,
16,024-576) and all changes from the rCRS. Sequence fre-
quency estimations can be obtained from EMPOP along with
a 95 % confidence interval, for example, the 2800 M control
region sequence is currently observed ten times out of 26,127
samples giving a frequency of 0.00038 with a 95 % confidence
interval for this frequency between 0.00018 and 0.00070.
Depending on the particular case circumstances it may be
appropriate to report the frequency within the entire database,
or more typically report the frequencies in one or more meta-
populations (e.g., African, Westeurasian, and East Asian).
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Chapter 13

Whole Human Mitochondrial DNA Sequencing

Igor V. Ovchinnikov, Mathew J. Malek, Katelyn Kjelland,
and Kenneth Drees

Abstract

Mitochondrial DNA (mtDNA) can help in the identification of biological evidence recovered from crime
scenes and human remains. Typically the hypervariable regions are targeted for sequencing; however, more
discriminating profiles are obtained if the whole genome is sequenced. Different approaches exist as to
how best amplify and sequence whole mtDNA from forensic specimens. Here, we describe a method based
on two-round PCR, combining multiplex and simplex PCRs. This method has been used in the analysis of
mitochondrial genomes from archival saliva samples applied to FTA® cards after 10 years of transportation
and preservation, without special protection. It is expected that this technique can be also used for the
analysis of other old biological specimens directly or with modifications related to the level of DNA
degradation.

Key words Whole mtDNA, DNA sequencing, Multiplex PCR, Simplex PCR

1 Introduction

Mitochondrial DNA (mtDNA) is a trace evidence of biological ori-
gin used for identifying perpetrators. It is also valuable for the
identification of human remains based on linkage to maternal rela-
tives. Since the first publications on isolation and sequencing of
mtDNA from a variety of biological specimens [1, 2], it became
clear that this molecular marker can be of crucial significance in
forensic identifications, particularly when samples with low
amounts of DNA and/or degraded DNA are available.

The first application of mtDNA in forensics was based on the
sequencing of hypervariable sequence regions I and IT (HVS-I and
HVS-II) [3]. These segments are relatively small (about 400 bp
each) and accumulate far more nucleotide polymorphisms than
other regions of the mitochondrial genome due to a comparatively
high mutation rate. However, power of discrimination using solely
this region can be low, as many people share identical sequences,
otherwise known as haplotypes, in HVS-I and HVS-II.

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
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Additionally, it is sometimes difficult to correctly determine an
individual’s haplogroup because similar polymorphisms in HVS-I
and HVS-II may found in different haplogroups, or the nucleotide
polymorphisms are noninformative. To overcome this limitation of
partial DNA analysis, the whole mitochondrial genome sequences
can be amplified and sequenced. In the majority of cases, this
allows for the unambiguous placement of a given mtDNA genome
into a haplogroup.

There are two approaches to whole human mtDNA sequenc-
ing. The first traditional approach is based on amplification of
overlapping segments covering the entire genome, followed by
Sanger sequencing. The second method was recently developed,
based on a next-generation sequencing technology. Because the
latter approach is currently under evaluation and may not yet meet
forensic standards [4, 5], this chapter focuses on the multiplex
PCR and Sanger sequencing technique, which is achievable in the
majority of forensic laboratories.

Numerous PCR-based protocols have been developed to
sequence the whole human mtDNA. These protocols differ in the
number of PCR primers encompassing amplicons of varying size
or in the amount of sequencing primers annealing to large PCR
fragments (up to approximately 8.5 kb) [6-11]. Procedures are
optimal for different applications depending on the quality and
quantity of biological specimens and DNA isolated from them. In
general, whole mtDNA sequencing protocols applicable for foren-
sics should pursue the following criteria developed in [11] and
supplemented in this chapter:

1. Each nucleotide should be determined from at least two inde-
pendent sequencing reactions using different primers [11].

2. The number of PCR amplicons or sequencing primers required
to cover the entire mitochondrial genome should be kept min-
imal [11].

3. Primers should produce an optimal signal-to-noise ratio, allow-
ing for heteroplasmy detection [11].

4. When analyzing degraded samples primers should encompass
relatively short PCR segments to permit stable amplification of
mtDNA amplicons from degraded DNA and samples with low
amounts of DNA.

Old and partially degraded samples are frequently met in
forensic investigations. However, no approach has been specifically
designed for the reconstruction of whole mtDNA from such sam-
pling. In this chapter, we demonstrate that the human whole
mtDNA can be efficiently amplified and sequenced from saliva
specimens collected in 1997 in Central Asia. These samples were
placed in 1.5 ml tubes and transported at ambient temperature.
Tubes were then stored in a freezer at —20 °C for 10 years before
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applying the saliva samples to FTA cards. Some recent protocols
suggest carrying out amplification of the whole mitochondrial
genome with only two overlapping amplicons of about 8.5 kb each
[10, 11]. This technique is useful for relatively fresh blood and
biopsy samples, but it was unable to produce results for old saliva
samples with degraded DNA. Such difficult samples require an
approach based on multiplex PCR followed by simplex PCRs with
specific primer pairs and DNA sequencing of purified amplicons.
We found that the primers published in [7] are better suited for
successful reconstruction of whole mtDNA sequences from archi-
val saliva specimens. Primers used for the first-round and second-
round PCRs are listed in Table 1.

2 Materials

2.1 DNA Extraction

22 PCR

2.3 Agarose Gel

2.4 PCR Purification

. FTA Purification Reagent (Whatman).
. Puncher for making 1.2 mm or 2.0 mm FTA disks (Whatman).
. Two 100 ml beakers.

. 0.2 ml PCR tubes or 96-well PCR plates (Fisher Scientific, or
any vendor).

. 10 % bleach solution (Clorox).

[ SO ST NS ]

92}

. GoTaq DNA Polymerase (Promega).
. 5x Colorless GoTaq Flexi Buffer (Promega).
. 5x Green GoTagq Flexi Buffer (Promega).

s ST S ]

.25 mM MgCl, solution (Promega; lots of alternative are
available).

. dNTPs.

. Assorted forward and reverse primers (Tables 1 and 2).
. Nuclease-free water.

. 0.2 ml PCR tubes or 96-well PCR plates.

o N O u

1. Quick Dissolve Agarose (BioExpress) or identical agarose from
any vendor.

2. 10x TAE bufter (Fisher Scientific, or any vendor).

3. Ethidium bromide solution at concentration 10 mg,/ml (Fisher
Scientific or any vendor; alternative stains as GelRed and
GelGreen from Biotium are available).

4. 100 bp PCR DNA ladder (Fisher Scientific).
5. 6x Blue/orange loading dye (Promega).

1. DNA Clean & Concentrator-5 capped columns with DNA
Binding Buffer and DNA Wash Buffer (Zymo Research).
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Table 2

Appropriate primer mixing for the first-round PCRs

First-round PCR Primer pairs mixed in first- Primer pairs used in second-round

mixtures round PCR (simplex) PCRs

1 (multiplex) SC-A, SC-D, SC-F, SC-H 1,2,3,10,11, 12,16, 17,18, 22, 23,24

2 (multiplex) SC-C, SC-E, SC-G, SC-I 7,8,9,13, 14, 15,19, 20, 21, 25, D1,
D2, D3

3 (simplex) SC-B 4,5,6

2.5 DNA Sequencing

2.6 DNA Sequencing
Purification

2. ZR-96 DNA Clean-up Kit with DNA Binding Bufter, Wash
Buffer, Silicon-A Plate, Collection Plate, and Elution Plate
(Zymo Research).

3. Nuclease-free water.

1. BigDye Terminator v.3.1 Cycle Sequencing Kit with 5x
Dilution Buffer and the BigDye reaction mixture (Life
Technologies).

2. Sequencing primers corresponding to the forward and reverse
PCR primers.

3. Nuclease-free water.

1. BigDye XTerminator Purification Kit with XTerminator solu-
tion and SAM solution (Life Technologies).

3 Methods

At all times during the extraction and amplification of human
mtDNA, rigorous precautions must be followed in order to mini-
mize the possibility of cross-transfer of mtDNA molecules
between different samples. Negative extraction and amplification
controls should be included to detect such cross-transfer and
contamination. Pre-PCR and post-PCR procedures are to be
divided between separate, isolated lab rooms and performed
inside DNA workstations specially dedicated for each technologi-
cal step such DNA isolation, PCR setup, and preparing DNA
sequencing reactions after at least 2 h of irradiation under UV
light in the hood to be used. After amplification, PCR tubes
should be opened and agarose gel electrophoresis runs in a spe-
cialized electrophoresis room. Lab coats, reagents, and supplies
must not be brought to DNA isolation and pre-PCR room from
post-PCR /electrophoresis room.



3.1 Puncher
and Gutting Square
Cleaning Procedure

3.2 DNA Extraction
from FTA Discs
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. Set out two 100 ml beakers. Place 15 ml of 10 % bleach solu-

tion into one of the beakers and 20 ml of deionized water into
the other beaker.

. Briefly dunk the puncher into the bleach and remove. Follow

quickly with dunking the puncher into the water. Do not let
the puncher sit in the liquids.

. Click the end of the puncher onto a clean paper towel to rid

the inside of any liquid.

4. Let puncher stand to air dry.

10.
11.

12.

. Pour a small amount of 10 % bleach solution onto the cutting

square.

. Wipe bleach across the cutting square with a clean paper towel.

Be sure to wipe entire surface of the cutting square. Let stand
to air dry.

. In a biosafety cabinet, remove FTA card from packaging.

Unfold and lay on clean cutting square. Hold the card only on
its edge, being sure to not touch the card directly.

. Using a clean puncher for making 1.2 mm or 2.0 mm disks,

press firmly with puncher on area where the specimen is dis-
tributed on card.

. Place FTA disc in 0.2 ml PCR tube by clicking end of puncher

to release the disc. Clean puncher and cutting square (see
above) and repeat process (steps 1-3) until all specimens have
been punched.

. Finally, make a final card punch with a cleaned puncher in the

area outside of the specimen area. Place this disc into a PCR
tube labeled as a negative extraction control.

. Add 200 pl of FTA purification reagent to each PCR tube.

. Incubate at room temperature for 5 min, then remove and

discard spent FTA reagent.

. Repeat steps 5 and 6 twice for a total of three washes with

FTA reagent.

. Add 200 pl nuclease-free water to each PCR tube.

. Incubate for 5 min at room temperature, then remove and

discard water.
Repeat steps 8 and 9 once for total of two washes with water.

Dry samples at 56 °C in heat block or incubation chamber
with caps open until the discs are dry (approximately 30 min).

Setup PCR as shown below; reaction will take place in same
tube and will include FTA disc.
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3.3 Polymerase
Chain
Reactions (PCRs)

3.3.1 First-Round
(multiplex) PCR

3.3.2 Second-Round
(Simplex) PCR

3.4 Agarose Gel
Electrophoresis

1.

In a PCR workstation, prepare the primer mixture by pipetting
the pairs of forward and reverse primers (5 pM) together into
one tube to obtain a primer solution in which each primer has
a concentration of 1 pM. Primer pairs should be mixed in com-
binations according to Table 2 (see Note 1).

. Prepare the multiplex PCR master mix as indicated in Table 3.

After each master mix has been made, pipette 50 pl of master
mix into each PCR tube (or the specific wells of a 96-well
plate) that contain FTA disks, one PCR tube /well with a blank
extraction control, and one empty PCR tube/well for a nega-
tive PCR control.

. Place PCR tubes or plate in thermocycler using parameters

specified for a particular thermostable DNA polymerase and
PCR primers. Thermal cycling conditions optimal for GoTaq
DNA Polymerase included an initial denaturation at 95 °C for
2 min, followed by 30 cycles of denaturation for 1 min at
95 °C, primer annealing for 1 min at 58 °C, and extension for
2 min at 72 °C. After the last cycle, the final extension for
5 min at 72 °C was added (see Note 2).

. In a PCR workstation after UV treatment lasting two hours,

separately prepare the master mixtures for each primer pair
used in second-round PCR according to the recipe indicated
in Table 4.

. After each master mix is made, pipette 20 pl of the appropriate

master mix into PCR tubes or specific wells of a 96 well plate.

. Add 5 pl of the appropriate template from the first-round PCR

into the appropriate tube /well.

. For every primer pair, pipette 20 pl of master mix into a new

PCR tube or an empty well, adding 5 pl of nuclease-free water
instead of DNA template. This will be your second-round PCR
negative control.

. Place PCR tubes or plate in thermocycler using parameters

specified for a particular thermostable DNA polymerase and
PCR primers. Thermal cycling conditions optimal for GoTaq
DNA Polymerase included an initial denaturation at 95 °C for
2 min, followed by 30 cycles of denaturation for 1 min at
95 °C, primer annealing for 1 min at 58 °C, and extension for
1 min at 72 °C. After the last cycle the final extension for 5 min
at 72 °C was added (see Note 2).

. In an electrophoresis room, prepare a 1 % agarose gel by add-

ing 1 gagarose to 100 ml of 1x TAE buffer in a 250 ml Pyrex
glass bottle. Melt the agarose in a microwave oven by heating
the mixture for 1-2 min (depending on the oven’s power)
until dissolved, with the bottle’s lid placed ajar on top to reduce
buftfer evaporation. Do NOT seal the lid on the bottle!
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Table 3
First-round (multiplex) PCR recipe

Reagent Volume per sample (ul) Concentration in PCR

Nuclease-free water Add to a final reaction volume of 50 pl ~ —

5x colorless GoTaq Flexi Buffer 10 1x
25 mM MgCl, 3 1.5 mM
dNTPs, 5 mM each 2.5 0.25 mM each
Primer mix, 1 pM each primer 5 0.1 pM each primer
GoTaq DNA Polymerase, 5 units/pl 0.25 1.25 units
FTA disk (DNA template) 0 =

Table 4

Second-round (simplex) PCR recipe

Concentration in

Reagent Volume per sample (pl) PCR
Nuclease-free water Add to a final reaction volume of -
25 pl

5x green GoTaq Flexi Buffer 5 1x

(see Note 3)
25 mM MgCl, 1.5 1.5 mM
dNTPs, 5 mM each 1.25 0.25 mM each
Forward primer, 5 pM 2.5 0.5 pM
Reverse primer, 5 pM 2.5 0.5 M
Go Taq DNA Polymerase, 5 units/pl ~ 0.25 1.25 units

First-round PCR product 5 -

2. Warning: the bottle will be hot! Carefully remove bottle and
let cool on bench to approximately 65 °C. Add 1 pl of ethid-
ium bromide with a concentration of 10 mg/ml. Swirl bottle
2-3 times to mix solution. Ethidium bromide is considered to
be a hazardous chemical; practice caution in handling using
protective wear, such as gloves and a lab coat. Properly dispose
of ethidium bromide-containing gels and buffers according to
your institution’s biosafety regulation.

3. Pour into a gel tray with a comb corresponding to the number
of your samples. Let the gel solidify for at least 30 min for
complete polymerization.
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3.5 PCR Purification

3.5.1  Zymo-Spin Column
PCR Furification

4. Add 1 pl of a 100-bp DNA Ladder solution to the first well.

Starting with the second well, pipette 3-5 pl of each second-
round simplex PCR reaction and each negative control (FTA
extraction, first-round, and second-round negative controls)
into individual wells (se¢ Note 3). Be sure each sample is loaded
into the appropriate well and not drifting into the well next to it.

. Run electrophoresis for approximately 30-60 min at 80-100 'V,

remove the gel from tray, and view with UV light using a UV
transilluminator or gel documentation system (see Note 4). In
the image, find DNA bands analogous to the expected size as
determined from the positions of primers on the human
mtDNA. Second-round PCR products should generate a sin-
gle bright band. If the negative controls do not produce bright
or faint PCR bands (Fig. 1), move on to purification of the
simplex PCR mixture remaining in the corresponding PCR
sample tubes or plate’s wells (Subheading 3.5).

. If DNA products of the expected length are present in the

negative extraction and the first-round PCR negative controls,
dispose of the tubes or wells with corresponding PCRs and
repeat the first- and second-round PCRs for the particular
primer pairs. If DNA bands of the expected size are present
only in the second-round negative controls, discard the sec-
ond-round PCR tubes or wells with the particular primer pair
and setup new second-round PCRs with the same primer pair.

We recommend using the Zymo-Spin Column Purification for
PCR products in individual tubes and the Zymo Silicon-A Plate
protocol when there are PCR samples in a plate to clean.

1.

Label a 1.5 ml reaction tube and spin column with specimen
code.

. Add 100 pl of DNA Binding Buffer to each PCR reaction

tube.

. Pipette PCR reaction mixture into Zymo-Spin Column in a

collection tube and centrifuge at 13,000 rpm for 30 s.

4. Discard flow through and place column back into collection tube.

. Add 200 pl Wash Buffer to the column and centrifuge at

14,549 x g for 30 s.

. Discard flow through, place column back into collection tube

and repeat step 5 for a total of two washes.

. Discard flow through and collection tube. Place column into

appropriate 1.5 ml reaction tube from step 1.

. Add 40 pl of water and let column stand for 1 min.

. Centrifuge at 13,000 rpm for 30 s and discard spin column.

Store products in a freezer.
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Plate PCR Purification
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1 2 3 4 5 6 7 8

Fig. 1 Agarose gel electrophoresis showing PCR results. Five second-round PCR
products obtained with the D1F and D1R primers are in lanes 2—6. The exACT-
Gene ladder (Fisher BioReagents) is in /ane 1. The negative extraction and PCR
controls containing no PCR fragments are in /anes 7 and 8, respectively

1. If you carried out PCRs in the 96-well PCR plate, add 100 pl
of DNA Binding Buffer to each DNA sample that is ready for
clean up.

2. Transfer sample mixtures to wells of the Silicon-A Plate, which
should be mounted on a collection plate.

3. Place specimen plate on scale and measure. Place balance plate
on scale and add or remove water to balance both plates.

4. Centrifuge at 4,000 x4 for 5 min until sample mixtures have
been completely filtered. Discard flow through.

5. Add 300 pl of Wash Buffer to each well of the Silicon-A Plate.
Rebalance the plates using the scale. Centrifuge at 4,000 x g for
5 min. Discard flow through. Repeat this step again for a total
of two washes.

6. Add 40 pl of nuclease-free water directly to the column matrix
in each well. Transfer the Silicon-A Plate onto an elution plate
or a new 96-well plate, balance on the scale, and centrifuge at
4,000 x4 for 5 min.

7. Products in the 96-well plate are ready for sequencing reac-
tions. Label the plate and place in a fridge until sequencing.
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3.6 DNA Sequencing

3.7 Sequencing
Reaction Cleanup

3.8 Data Analysis

1.

Using a NanoDrop Spectrophotometer, determine the con-
centration of PCR amplicons after purification of the PCRs.
(The concentration of PCR amplicons can be also quantified
based on comparison with a DNA ladder as 100 bp exACT-
Gene DNA ladder, Fisher Scientific using an agarose gel.)

. From Table 5 and the actual concentration of the PCR ampli-

cons, estimate the volume of PCR fragments that should be
added to the sequencing reactions.

. Using the master mix protocol shown in Table 6, prepare the

sequencing reactions with the correct amount of each reagent.
Vortex and pipette the sequencing master mix into new 0.2 ml
PCR tubes or in the appropriate wells of a 96-well plate.

. Pipette correct volume of DNA template (PCR purification

product) into each tube or well, ensuring the master mix being
added contains the appropriate primer.

. Place in thermal cycler and perform the sequencing reaction

using an initial denaturation at 95 °C for 1 min, followed by 25
cycles of 10 s at 95 °C, 5 s at 53 °C, and 4 min at 60 °C. The
temperature of primer annealing can be adjusted to the actual
annealing temperature of a particular sequencing primer.

. After cycle sequencing, centrifuge the PCR tubes or the

96-well plate briefly, then pipette 20 pl of SAM Solution into
every tube /well with the DNA sequencing products.

. Vortex the XTerminator Solution until homogeneous. Using

wide-bore pipette tips, pipette 5 pl of XTerminator Solution
into each PCR tube/well.

. Vortex for 30 min.
. Centrifuge the PCR tubes or the 96-well plate briefly to sepa-

rate out the XTerminator Solution.

. The products can be analyzed on any Genetic Analyzer (Life

Technologies) for Sanger sequencing (see Note 5). The reac-
tion tubes or plate can also be kept in a fridge at 4 °C.

. Sequence each PCR fragment in both forward and reverse

directions.

Table 5
Quantity of PCR amplicons of different size that are added to the
sequencing reaction

Template (PCR amplicon size) Quantity in the sequencing reaction

200-500 bp 3-10 ng

500-1000 bp 5-20 ng
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Table 6
DNA sequencing reaction recipe?

Reagent Volume per sample (1) Concentration in reaction
Nuclease-free water Add to a final reaction volume of 6 pl —
5x Dilution Buffer 1.5 1.25x%
BigDye Reaction Mixture 1 =
Sequencing primer, 0.8 pmole 2 1.6 pmole
PCR product with concentration 1-1.5 4.5-20 ng
3-20 ng/pl

*One eighth of the cycle sequencing reaction mixture recommended by Life Technologies is used.

2. Open resulting electropherogram files and perform visual
inspection of the mtDNA sequences by two researchers inde-
pendently with BioEdit [12] or 4Peaks (http://www.nucleo-
bytes.com). Many commercial softwares are available, but
these are freeware that can be downloaded from the internet.

3. Align sample sequences to the revised Cambridge Reference
Sequence [13] using MEGAS [14] and identify variant sites in
the sequences. MEGAS can be replaced with any other soft-
ware that can process DNA sequences including alignment,
trimming, and assembling.

4. Submit mtDNA HVS1] and HVS2 polymorphisms to
HaploGrep [15], an online application that associates mtDNA
haplotypes with specific haplogroups by comparison to a phy-
logenetic tree of global human mtDNA variation (mtDNA
tree Build 16 on PhyloTree.org) [16], to make a preliminary
estimation of haplogroup association.

5. Verify the haplogroups determined through the HVS1 and HVS2
sequences by searching for the association of particular mutations
found in your whole mtDNA sequence with the mtDNA tree
Build 16 using the “Find” function in PhyloTree.org.

4 Notes

1. Do not amplify overlapping fragments of mtDNA in the same
PCR, as it can lead to accumulation of short amplicons flanked
by the reverse primer of the upstream fragment and the for-
ward primer of the downstream fragment.

2. Each primer pair for the first-round and second-round PCRs
was designed to anneal at 58 °C [7]. If different primers are
used for the amplification of shorter amplicons, adjust anneal-
ing temperature according to the melting temperature for new
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primers using a 7, (melting temperature) Calculator on the
BioMath page of the Promega web site at www.promega.com/
biomath. The annealing temperature of the primer pair equals
the lowest T}, of any individual primer in the mixture, minus
3 °C. The time of extension for GoTaq DNA Polymerase is
1 kb/min. If a different thermostable polymerase is used,
modify the cycling parameters according to the manufacturer’s
recommendations.

. The Green and Colorless GoTaq Flexi Buffers give approxi-

mately equivalent yields. For PCRs containing the 5x Green
GoTaq Flexi Buffer, load the reaction onto the agarose gel
directly after amplification. Reactions containing the 5x
Colorless GoTaq Flexi Buffer may also be loaded directly onto
the agarose gel, but a tracking dye (e.g., 6x blue /orange load-
ing dye) must be added to monitor the progress of electropho-
resis [17]. Add a tracking dye to the DNA ladder solution.

. UV transilluminator produces potentially harmful UV light.

Protect eyes and skin from exposure to UV light. For safety, a
gel documentation system has an automatic shut off for UV
light when door is opened.

. Each sequencing run results in a electropherogram file in .abl

format.
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Board (Protocol number IRB-201307-009) and the University of
North Dakota’s Institutional Biosafety Committee (Registration
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Chapter 14

In-Solution Hybridization for the Targeted Enrichment
of the Whole Mitochondrial Genome

B. Bekaert, R. Ellerington, L. Van den Abbeele, and R. Decorte

Abstract

A detailed protocol is presented for the targeted enrichment of whole mitochondrial genomes based on an
in-solution hybridization strategy. Bait is produced in-house by sonication of two long-range PCR ampli-
cons and ligation of biotinylated double-stranded adapters. Indexed target DNA is hybridized with the
bait in a multiplex enrichment reaction and pulled down using magnetic streptavidin beads followed by
subsequent post-enrichment PCR and sequencing on an Illumina MiSeq. This strategy removes the need
for expensive commercial bait probes while allowing enrichment of multiple samples in a single hybridiza-
tion reaction. The method is particularly suitable for degraded DNA as it is able to enrich short DNA
fragments and is not susceptible to polymerase artifacts introduced during PCR-based assays.

Key words In-solution hybridization, Targeted enrichment, Mitochondrial DNA, Illumina MiSeq

1 Introduction

In most laboratories mitochondrial DNA (mtDNA) typing is still
based on Sanger sequencing using a capillary electrophoresis-based
platform. Usually this is limited to three polymorphic regions,
called HVS-1, HVS-II, and HVS-III, which are located in the
noncoding part of the mitochondrial genome despite the fact that
more genetic information can be gained from the coding part of
the mtDNA genome [1]. While the Sanger sequencing workflow is
universally well established, it is laborious and has low throughput;
therefore it is expensive to sequence larger regions such as the
whole mtDNA genome. The advent of high-throughput sequenc-
ing (HTS) technologies has changed the field of genetics dramati-
cally by providing greater throughput at reduced cost. In addition,
Sanger sequencing can only provide a low resolution (10-20 %) on
heteroplasmic variants while deep sequencing for variants can help
investigate low frequency mutations in human disorders or inter-
pret mixture samples for forensic purposes [2]. Despite advances in
technology, whole genome sequencing is still very costly especially

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_14, © Springer Science+Business Media New York 2016
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when only a part of the genome is of interest to the investigator.
The enrichment of particular regions of the genome allows effi-
cient sequencing of targets while omitting irrelevant sequences
thereby allowing more samples to be multiplexed during a single
run on a HTS instrument. Several techniques are available to
enrich samples for specific genomic regions, with PCR being the
most traditionally used technique. Published protocols for mtDNA
sequencing with HTS instruments have used either singleplex or
multiplex PCR-based enrichment methods followed by adaptor
ligation [ 3-8]. This strategy, however, has some severe drawbacks:
a high PCR cycle number for low quantity samples can lead to mis-
incorporation of bases by DNA polymerases, PCR inhibition is a
frequent occurrence especially for samples recovered from soil,
short fragment sizes from degraded DNA require many short
amplicons, and jumping PCR can create chimeric amplicons [9].
PCR has therefore lost popularity in favor of other strategies that
do not require amplification of the target DNA. Capture methods
use hybridization probes immobilized on a surface or in solution
that bind to their complementary target sequences.

The tiling design of the bait probes makes sure that there are
several fragments available that cover the target region for efficient
enrichment. Commercial kits are available from several companies,
but are expensive and difficult to customize. An in-house protocol
for targeted sequencing by in-solution hybridization was devel-
oped by Maricic and colleagues for the simultaneous analysis of 46
whole mtDNA genomes [10]. We have updated this protocol to
simplify the indexing of target samples by making use of a com-
mercially available indexing kit. In short, the protocol uses bait
produced by long-range PCR, sheared to fragments between 150
and 850 bp, and ligated to biotinylated adaptors, to enrich target
DNA from a sonicated (in the case of modern DNA samples) and
indexed input sample during a 48-h hybridization reaction.
Magnetic streptavidin beads are used to capture the bait-target
complex, and heat in combination with NaOH separates both
DNA strands for subsequent sequencing after low cycle post-
enrichment PCR.

2 Materials

2.1 Bait Preparation

. DNA extracts.

. PCR-grade water.

. GoTaq® Long PCR kit (Promega).
. Thermocycler.

. Bioruptor plus (Diagenode).

. Heat block.

(@)W 2 W<~ S T NS R ]
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2.2 Library
Preparation

2.3 Enrichment
of Target

2.4 Bait-Library-
Enrichment

7. Agarose gel electrophoresis equipment.

. Quick-Load® 1 kb extended DNA ladder (NEB).
. 25 bp DNA step ladder (Promega).

10.
11.
12.
13.
14.
15.
16.
17.

SYBRsafe (Life Technologies).

Agilent 2100 Bioanalyzer (Agilent Technologies).

High Sensitivity DNA analysis kit (Agilent Technologies).
Qubit® dsDNA HS Assay Kit (Life Technologies).
Qubit® (Life Technologies).

Quick Blunting™ Kit (NEB).

Quick Ligation™ Kit (NEB).

Primers (and blockers) (see Table 1).

. NEBNext® Ultra™ DNA Library Prep Kit (NEB).
. NEBNext® Multiplex Oligos for Illumina® (Index Primers Set

1/Set 2) (NEB).

. Optional: SYBRgold (Life Technologies).

. Incubator with rotator.

2. 20 % acetic acid.

. Agilent gene expression hybridization kit (#5188-5242;

Agilent).

4. Dynabeads® M-270 (#65305; Life Technologies).
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. Parafilm®.

. MinElute® PCR purification kit (Qiagen).

. Agencourt® AMPure® XP beads (Beckman-Coulter).

. 96-100 % ethanol.

. Q5® Hot Start High-Fidelity DNA Polymerase (NEB).
. Vortex.

. Centrifuge.

. Real-Time PCR machine.

. Magnetic rack (Life Technologies).

. 1.5 ml DNA LoBind Tubes (Eppendortf).

. 0.2 ml tubes (Eppendorf).

. 10x Oligo hybridization buffer (500 mM NaCl; 10 mM Tris—

CL pH 8; 1 mM EDTA, pH).

. BWT Buffer (10 mM Tris-HCI, pH 8; ImM EDTA; 1 M

NaCl; 0.1 % Tween-20).

. TET Buffer (10 mM Tris—CIL, pH 8; 1 mM EDTA, pH 8; 0.05

% Tween-20).
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Table 1
Primers used for targeted enrichment of mtDNA

Long-range PCR primers
BlockedA-F12186
BlockedA-R3005
BlockedB-F2583
BlockedB-R12337
F12186
R3005
F2583
R12337

Bait adaptors
Primer-Bio-T

Primer B

Sequence
C6Amino-GGCTTTCTCAACTTTTAAAGGATA
C6Amino-TGTCCTGATCCAACATCGAG
C6Amino-CCGTGCAAAGGTAGCATAATC
C6Amino-TTACTTTTATTTGGAGTTGCACCA
GGCTTTCTCAACTTTTAAAGGATA
TGTCCTGATCCAACATCGAG
CCGTGCAAAGGTAGCATAATC
TTACTTTTATTTGGAGTTGCACCA

Sequence

Biotin-TCAAGGACATCC*G
CGGATGTCCTT*G

* indicates a phosphorothioate bond to prevent nuclease degradation of the oligos.

Hybridization blockers

BO1.P5.Forward

BO2.P5.Reverse

BO3.P7.PART1.Forward

BO4.P7.PART1.Reverse

BOS5.P7 . PART2 .Forward
BO6.P7.PART2.Reverse

Sequence

AATGATACGGCGACCACCGAGATCTACACT
CTTTCCCTACACGACGCTCTTCCGATCT-
phosphate

AGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGTAGATCTCGGTGGTCGCCGTATCATT-
phosphate

AGATCGGAAGAGCACACGTCTGAACTCCAG
TCAC-phosphate

GTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCT-phosphate

ATCTCGTATGCCGTCTTCTGCTTG-phosphate
CAAGCAGAAGACGGCATACGAGAT-phosphate

Blockers for the index-adaptor region of the pooled DNA samples are used to prevent unspecific
hybridization of sample fragments to one another. Blockers are phosphorylated at the 3’ end thus
preventing their inadvertent use as primers in the amplification step.

Enrichment PCR primers
ImmortF

ImmortR

Sequence
AATGATACGGCGACCACCG
CAAGCAGAAGACGGCATACGAGAT
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Table 2
Buffer composition

10x Oligo hybridization buffer
500 mM NaCl
10 nM Tris—CL, pH 8
1 mM EDTA, pH 8
HWT buffer
2.5 mM MgCl
50 mM KCl
15 mM Tris—HCI pH 8
0.1 % Tween-20
BWT buffer
10 mM Tris—=HCI pH 8
1 mM EDTA
1 M NaCl
0.2 % Tween-20
TET buffer
10 mM Tris—Cl pH 8
1 mM EDTA pH 8
0.05 % Tween-20

14. 2x BWT Bufter (20 mM Tris—-HCI, pH 8; 2 mM EDTA; 2 M
NaCl; 0.1 % Tween-20).

15. HWT Bufter (2.5 mM MgCl; 50 mM KCl; 15 mM Tris-HCI,
pH 8; 0.1 % Tween-20).

16. 125 mM NaOH.
17. Rox Reference dye (Life Technologies).
Primer sequences and buffers used in this protocol can be

found in Tables 1 and 2 respectively. Treat all buffers with UV
before use to prevent contamination.

3 Methods
3.1 Preparation 1. Produce two long-range PCR products that together encom-
of Bait pass the entire mitochondrial genome using the GoTaq® Long

PCR kit in separate singleplex reactions. To avoid overrepre-

3.1.1 Long-Range PCR sentation of overlapping sequences, blockers identical to the
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3.1.2 Annealing
of Biotinylated Adapters

3.1.3 Blunt-End Repair
of Bait

3.1.4 Ligation
of Adaptors to Bait

primers with the exception of an amino group at the 5’ end are

used (Table 1).

. Each 25 pl reaction contains 2x GoTaq® Long PCR master

mix, 1 pM of each forward and reverse primer, 1 pM of each
blocker, and 10 ng DNA (see Note 1). Use the following PCR
conditions: 95 °C initial denaturation 2 min, 30 cycles of 94 °C
15 s, 58 °C 30 s, and 65 °C for 9 min, final extension for
10 min at 72 °C. Confirm the amplification was effective by
performing electrophoresis of the products on a 0.5 % agarose
gel with Quick-Load® 1 kb extended DNA ladder. To visualize
the DNA bands add 1 pl SYBR safe to every 10 ml of molten
gel. Run the gel for 2-3 hat 6 V/cm.

. Purify the remaining product using the MinElute purification

kit and quantify a 1 /10 dilution using Qubit (dsDNA HS kit).

. Pool both products in equimolar concentrations, and divide

into aliquots of 1.5 pg of bait DNA in 100 pl by diluting with
PCR-grade water.

. Fragment the pooled sample using the Bioruptor plus sonication

system from Diagenode. Set at (H)igh for 10 cycles, 30 s on,
90 s off to produce fragments of 300-500 bp length (see
Note 2). Briefly spin down the sample every 3—4 cycles.

. Confirm fragmentation was eftective by determining the mean

fragment size using a Bioanalyzer HS chip (see Note 3).

. Each annealing reaction contains 50 pM of each oligo

(Primer-Bio-T and Primer B) (see Table 1) and 10x
Hybridization bufter in a 30 pl reaction.

. Heat the mixture to 95 °C for 5 s and then ramp to 15 °C ata

rate of -0.1 °C per s.

. Dilute the reaction mixture with 210 pl of PCR-grade water.

4. At this point the mixture can be frozen at —-20 °C until the next

steps are carried out.

. Perform blunt-end repair on the bait fragments using the NEB

Quick Blunting™ Kit with 76 pl sheared mtDNA bait, 10x
Blunting buffer, 4 pl Blunting enzyme mix, and 0.1 mM of
dNTP mix for a total reaction volume of 100 pl. Alternatively,
the End Repair module (NEB) can be used.

. Incubate for 30 min at room temperature, purify using 1.6x

AMPure XP beads, and elute in 15 pl of PCR-grade water.

. Ligate 1.25 pM of annealed adapters Bio-T/B to 15 pl of

blunt-end repaired bait using 2x Quick ligase buffer and
4 pl of Quick ligase (Quick Ligation™ Kit) in a total reac-
tion of 40 pl.
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3.2 Library
Preparation

3.2.1 Fragmentation

3.2.2 End Repair,
Ligation of Adaptors,
and Indexing

2. Incubate the reaction at room temperature for 15 min, purify

the product using 1.6x AMPure XP beads, and elute in a final
volume of 50 pl PCR-grade water.

. Quantify a 1/10 dilution of the bait using Qubit (dsDNA

HS kit).

. Keep at =20 °C until needed in the “Enrichment” step.

. Dilute 10 ng to 2 pg of target DNA in 100 pl of PCR-grade

water.

. Use the Bioruptor plus sonication system on the (H)igh set-

ting for 10 cycles 30 s on, 90 s off, stopping every 3—4 cycles
to briefly spin down the sample to produce fragments between
150 and 800 bp in length. The insert size required during size
selection is dependent on the cycle sequencing kit used.

. Use Bioanalyzer (HS chip) to confirm fragmentation was suc-

cessful and to check that fragment lengths are between 150
and 800 bp.

The NEBNext® Ultra™ DNA Library Prep Kit is used for indexing
of the samples. This kit has an input range for starting material
between 5 ng and 1 pg of fragmented DNA. Up to 24 different
samples can be indexed using the NEBNext® Multiplex Oligos Set
1 and Set 2 for Illumina (se¢ Note 4).

1.

Add 55.5 pl of fragmented DNA to 3 pl of End Prep Enzyme
Mix and 10x End Repair Reaction Buffer in a final reaction
volume of 65 pl. Incubate at 20 °C for 30 min, 65 °C for
30 min, and hold at 4 °C.

. Add 15 pl of Blunt/TA ligase Master Mix, 2.5 pl of NEBNext®

Adaptor for Illumina, and 1 pl of Ligation Enhancer for a total
reaction volume of 83.5 pl.

. Incubate this reaction mixture for 15 min at 20 °C.

4. Add 3 pl of USER™ enzyme, mix well, and incubate at 37 °C

for 15 min.

. Purify the sample with AMPure® XP beads using an adjusted

bead /insert ratio according to the manufacturer’s instructions.
Elute in 28 pl of 0.1x TE bufter.

. For indexing, add 25 pl of NEBNext® High Fidelity 2x PCR

Master Mix to 23 pl of adaptor ligated target DNA, 1 pl of
index primer, and 1 pl of universal primer (NEBNext®
Multiplex Oligos Set 1,/2). Use the following PCR conditions:
98 °C for initial denaturation and between 6 and 15 cycles of
98 °C tor 10 s, 65 °C for 30 s, and 72 °C for 30 s. Finale exten-
sion of 5 min at 72 °C (see Note 5).

. Freeze the indexed target at —20 °C until needed.
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3.2.3 Optional (See
Note 7)

3.3 Enrichment

3.3.1 Bead-Bait Complex
Preparation

3.3.2 Prepare Target
DNA for Enrichment

. Once the indices are added, purify the samples using 1.6x

AMPure XP beads and elute in 33 pl of 0.1x TE buffer and use
Qubit to quantify each sample. Run a 1/5 dilution of an ali-
quot of the sample on a Bioanalyzer High Sensitivity chip to
check the size distribution (see Note 6).

. Carry out a second “immortalizing” PCR to increase yield in

separate aliquots (#=4 or 5) using primers ImmortF and
ImmortR (see Table 1): 5x Q5 HF Buffer, 1.25 pM of primers
ImmortF and ImmortR, SYBRgold (1,/100.000), 0.25 pl
ROX dye, and 2 pl indexed target with PCR conditions 98 °C
for 30 s initial denaturation, 5-8 cycles of 98 °C 10 s, 65 °C
30 s,and 72 °C for 34 s, final extension for 5 min at 72 °C just
before reaching the plateau phase.

. Pool all 4-5 aliquots and purify using 1.6x AMPure XP. Elute

in a final volume of 15 pl of 0.1x TE buffer.

. Dilute an aliquot 1/5 for quantification using Qubit (HS

dsDNA kit).

. Wash 5 pl of streptavidin-coated magnetic beads in 200 pl of

BWT butffer and again in 200 pl of TET buffer.

. To 500 ng of adapter-ligated bait, add an equal volume of 2x

BWT bufter.

. Heat the bait/BWT mixture for 1 min at 98 °C to denature

the fragments and hold on ice until needed.

4. Add bait to the dry beads to resuspend.
. Immobilize the biotinylated mtDNA fragments on the

streptavidin-coated magnetic beads by rotating (or vortexing
occasionally to ensure beads remain immobilized) for 20 min
at room temperature.

. Attract beads/bait to one end of the tube using a magnet

and remove supernatant containing any un-reacted frag-
ments, wash beads twice with 200 pl BWT which has been
heated to 50 °C.

. Resuspend the bait/beads in 50 pl of TET. (At this point the

beads/bait can be stored at 4 °C until needed.)

. While the beads/bait incubate mix the blockers with the

pooled samples: 2 pg of pooled DNA, 2 pM of oligo’s BO1.
P5.F, BO1.P5.R, BO3.P7.PART1.Forward, BO4.P7.PARTI.
Reverse, BO5.P7.PART2.Forward and BO6.P7.PART2.
Reverse, 10x Agilent blocking agent and 2x Agilent hybridiza-
tion buffer (Agilent gene expression hybridization kit) and
make with 0.1x TE to a total volume of 52 pl.

. Incubate the target/blockers mixture to 95 °C for 3 min to

denature fragments. Then cool to 37 °C for 30 min and spin
down briefly.
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3.3.3 Prepare Bait-Target 1.

Mixture
2
3
3.3.4  After Hybridization 1

Use a magnetic rack to collect the beads from the bead/bait
mix and remove them from the TET buffer.

. Add the indexed DNA samples and blockers mix to the dry

beads/bait complex.

. Heat this mixture at 65 °C in a rotating oven for 48 h. Use

Parafilm® to secure the lid.

. Incubate 200 pl of HWT buffer at 60 °C.

2. Remove hybridization mixture from the rotating oven.

. Attract bait/beads to one end of the tube using a magnet and

discard the supernatant containing any un-reacted fragments,
wash beads with 200 pl BWT three times.

. Add 200 pl of HWT bufter which has been preheated to 60 °C,

incubate with beads at 60 °C for 2 min before collecting the
beads magnetically and discarding supernatant. Repeat this
once more.

. Wash the beads with 200 pl BWT butffer.

6. Resuspend the beads in 100 pl TET buffer and remove the

10.

11.

12.

3.3.5 Enrichment PCR 1.

suspension into a new tube.

. Remove the supernatant and resuspend the beads in 50 pl

125 mM NaOH and vortex for 10 s.

. Attract the bait/beads to one end of the tube and remove sus-

pension now containing the enriched DNA samples.

. Add the NaOH supernatant to a neutralizing buffer of 500 pl

PBI buffer (as outlined in the online MinElute handbook, add
120 pl of pH indicator to 30 ml of PB, both from MinElute
PCR purification kit, to make PBI) and 3.8 pl 20 % acetic acid.

To the beads add 50 pl 125 mM NaOH that has been pre-
heated to 95 °C. Heat the bead/NaOH mixture at 95 °C for
3 min. Remove suspension and add to the first suspension and
PBI.

If the neutralizing buffer turns violet or orange (because it is
alkaline), add more acetic acid, until the solution turns yellow
(neutral) again.

Purity the two pooled supernatants and PBI using a MinElute
column. Elute in a final concentration of 35 ul EB buffer.

Amplity the enriched sample using QPCR with the Q5® High-
Fidelity 5x Master Mix with 1.25 pM primers ImmortF and
ImmortR, 2 pl ROX reference dye, 32 pl enriched DNA, and
4 pl 1:2000 diluted SYBRgold in a 200 pl reaction. Divide the
reaction into 8 wells (25 pl each) of a QPCR plate and run
with the following parameters: 94 °C for 2 min initial denatur-
ation, 10-14 cycles of 95 °C 10 s, 60 °C 30 s, and 72 °C for
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34 s, final extension for 10 min at 72 °C just before reaching
the plateau phase. Alternatively, a standard PCR machine can
be used for a 12 cycle amplification reaction in which ROX
reference dye and SYBRgold can be left out of the reaction
mixture.

. Pool aliquots of the same sample and purify with 1.8x AMPure

XP beads, elute in 20 pl PCR-grade water.

. Quantify a 1/10 dilution of the enriched sample using Qubit

(dsDNA HS kit) and run a HS Bioanalyzer chip to check the
size distribution.

. Dilute to a concentration of 2 nM.

. Sequence the enriched sample using [llumina MiSeq using the

standard protocol from the manufacturer with 1 % PhiX spike-
in control (see Note 8).

4 Notes

. Any human DNA sample can be used as bait.

. No sonication is needed to shear the fragments to the appro-

priate size if the input DNA is degraded or low-quality material
is used. This protocol has successfully been used for the simul-
taneous analysis of ancient DNA samples (A.D. 300—400; no
sonication) and pristine DNA samples (with sonication).

. Analyze the samples on the Bioanalyzer according to the

manufacturer’s instructions.

. Previous studies have hybridized and sequenced up to 46

samples simultaneously using custom primers compatible with
Tllumina’s chemistry [10].

. The indexing PCR can be performed either on a regular PCR

machine or on a real-time PCR machine. When using a real-
time PCR machine, remove the sample before the stationary
phase begins and immediately incubate for 5 min at 72 °C on
a preheated regular PCR machine. Add SYBRgold
(1/100.000) and 0.25 pl ROX dye to each 25 pl RT-PCR
reaction. Size selection of the target inserts and enriched
material can be carried out using the AMPure XP magnetic
beads according to the instructions of the NEBNext® Ultra™
DNA Library Prep Kit.

. The size range of the indexed product depends on the insert

size but you should see a single broad peak in the range of
300-800 bp.

. This step can be used to store indexed library material for

secondary testing if needed. But beware: increasing PCR
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cycles might produce unwanted duplicates of the indexed
molecules and might introduce additional PCR artifacts by

polymerase errors.

8. Follow the standard instructions from Illumina to prepare the
run. The Illumina-specific adaptors can be used on the HiSeq
instrument as well. When sequencing on other platforms the
adaptors should be changed accordingly.
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Chapter 15

Enhanced DNA Profiling of the Semen Donor in

Late Reported Sexual Assaults: Use of
Y-Chromosome-Targeted Pre-amplification and Next
Generation Y-STR Amplification Systems

Erin K. Hanson and Jack Ballantyne

Abstract

In some cases of sexual assault the victim may not report the assault for several days after the incident due
to various factors. The ability to obtain an autosomal STR profile of the semen donor from a living victim
rapidly diminishes as the post-coital interval is extended due to the presence of only a small amount of male
DNA amidst an overwhelming amount of female DNA. Previously, we have utilized various technological
tools to overcome the limitations of male DNA profiling in extended interval post-coital samples including
the use of Y-chromosome STR profiling, cervical sample, and post-PCR purification permitting the recov-
ery of Y-STR profiles of the male DNA from samples collected 5-6 days after intercourse. Despite this
success, the reproductive biology literature reports the presence of spermatozoa in the human cervix up to
7-10 days post-coitus. Therefore, novel and improved methods for recovery of male profiles in extended
interval post-coital samples were required. Here, we describe enhanced strategies, including Y-chromosome-
targeted pre-amplification and next generation Y-STR amplification kits, that have resulted in the ability to
obtain probative male profiles from samples collected 6-9 days after intercourse.

Key words Extended interval post-coital samples, Sexual assault evidence, Y-chromosome short
tandem repeat (STR) analysis, Y-chromosome-targeted pre-amplification, Next generation Y-STR
amplification kit, Forensic science

1 Introduction

For a variety of reasons, some victims of sexual assault provide vagi-
nal samples more than 3648 h after the incident. In these cases,
the ability to obtain an autosomal STR profile of the semen donor
from the living victim diminishes rapidly as the post-coital interval
is extended [1]. Autosomal STR profiles (the gold standard for
current DNA profiling) of the male donor are frequently not
obtained from vaginal samples taken 24-36 h after intercourse due
to technological impediments and limitations, such as analytical
detection sensitivity limits or the “masking” of male DNA profile

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_15, © Springer Science+Business Media New York 2016
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due to the overwhelming amount of female DNA present in these
samples [1, 2]. While the ability to recover a male autosomal STR
may not be possible, this failure is often not due to a complete
absence of male cells (sperm and /or male epithelial cells). Classical
forensic serology studies have shown consistently that spermatozoa
(although few in number) persist in the vaginal canal three or more
days after intercourse, and the reproductive biology literature also
demonstrates that spermatozoa can be detected in the human cer-
vix up to 7-10 days post-coitus [3-9]. Therefore, it is critical that
ultrasensitive profiling strategies be developed for the analysis of
the few sperm recoverable from extended interval post-coital sam-
ples to permit the recovery of critical probative information (i.e.,
DNA profiles of the male donor) for criminal investigations.
Y-chromosome STR (Y-STR) profiling has provided a valuable
alternative to autosomal STR analysis for use with the analysis of
sexual assault evidence as it targets only the male DNA present in
admixed samples, even amongst an overwhelming amount of
female DNA [2, 10-24]. We demonstrated the ability to utilize
Y-STR profiling (commercially available Y-STR kits) for the analy-
sis of post-coital samples collected 3—4 days after intercourse [2, 19].
While this was an improvement in the interval in which probative
genetic information could be recovered from post-coital samples,
we sought to further extend the interval in which a male Y-STR
profile could be obtained. With the use of technical enhancements
such as cervical sampling and post-PCR purification, we were able
to obtain probative male profiles from samples collected 5-6 days
after intercourse [2]. Despite this improvement, this was still well
below the reported 7-10 day time frame reported in reproductive
literature in which sperm were identified. We hypothesized that a
pre-amplification of the small amount of male DNA present prior
to standard Y-STR profiling would provide the necessary sensitiv-
ity increase to surpass the analytical detection limits of the existing
Y-STR methods. We therefore developed a targeted genome pre-
amplification system (Y-chromosome-targeted pre-amplification,
Y-TPA) that specifically amplifies multiple STR loci on the
Y-chromosome using a nested PCR approach [25, 26]. With
nested PCR, first round amplification is performed with a single
primer set for each target [27]. As with any standard PCR method,
it is possible during this initial amplification to obtain unwanted
amplification products (i.e., primer dimers and nonspecific amplifi-
cation artifacts due to mis-priming), which can reduce the effi-
ciency of amplification of intended targets. However with a nested
PCR approach, the resulting first round amplification product is
subjected to a secondary amplification with a second set of primers
(nested primers, binding sites contained within the first round
amplification products). If incorrect (i.e., nonspecific) amplifica-
tion products were obtained in the first round amplification, they
would not be amplified using the specific “nested” primers required
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for the second round amplifications. This improved specificity
therefore can increase sensitivity as the targets of interest are ampli-
fied more efficiently (i.e., enhancement of the desired targets,
Y-STRs in this case). This improvement in specificity and sensitivity
may not be observed with amplifications that, for example, simply
increase the number of amplification cycles of a single reaction
using single primer sets. Additionally, increased cycle number reac-
tions can result in depletion of critical PCR reagents, thereby
reducing the efficiency of the amplification in higher cycle num-
bers. This can result in little, if any, improvement in sensitivity. The
developed Y-chromosome-specific pre-amplification method
includes suitable first round amplification primers (Table 1) to
allow for a multiplex pre-amplification of all 17 loci contained in
the Yfiler® amplification system. It should be noted that 12 of these
17 loci are contained in the Promega Y-STR product, PowerPlex®
Y System. The DYS389 outer or first round amplification primers
encompass both products and therefore only a single amplification
product is obtained after first round amplification unlike standard
Y-STR typing using only the commercial multiplexes where two
separate products are obtained. The results of our studies involving
the use of Y-TPA demonstrate the ability to obtain male donor
profiles in extended interval post-coital samples collected 6-9 days
after intercourse [25, 26]. This represents a significant improve-
ment in the time frame in which male profiles can be successfully
recovered from post-coital samples.

While the results of our studies using Y-TPA clearly demonstrate
that the use of enhanced Y-STR typing strategies is an effective
strategy for the improved recovery of male DNA profiles from
extended interval post-coital samples, operational crime laborato-
ries may be reluctant to utilize such an approach in casework due
to concerns regarding the increased risk of contamination due to
an increase in cycle number and the need for additional sample
manipulation during purification and secondary amplification
steps. While these issues can be addressed with proper laboratory
protocols, there is no commercial kit available for the pre-amplifi-
cation multiplex, which is also not ideal for operational crime labo-
ratories. Additionally, Y-TPA is limited to the recovery of 17-locus
profiles, the number of loci routinely used during the time of
development of this approach.

Since the time of development of the Y-TPA method, new
“next generation” Y-STR kits have become available (PowerPlex®
Y23, Promega and Yfiler® Plus, Life Technologies) which, apart
from the incorporation of a more robust buffer chemistry, incorpo-
rate additional loci. The Promega PowerPlex® Y23 amplification
kit contains 23 loci (six additional loci compared to Yfiler®), which
could provide additional discriminatory potential particularly when
partial profiles are obtained. The kit is reported to have a high sen-
sitivity in the presence of female DNA (<0.1 ng, 1:6000 male:
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Table 1
Primer sequences and concentrations for Y-chromosome-targeted pre-amplification (Y-TPA)

Final primer
Locus conc (M) Primer sequence (5'-3")
DYS19 0.35 F: TGAAATCAAAAAATAATCACAGTCA
R: AGGACTCAGGAATTTGCTGG
DYS385 0.15 F: CTAAAGTTCTACCCAAATTTTGTCAC
R: GTAATTGTTTGAACCTGAAATGT
DYS389 0.20 F: AACAGCAGGTTCTCCGCTAC
R: ACCTAATCTGTCAATGATTTTCTGTC
DYS390 0.60 F: AGTGTATCCGCCATGGTAGC
R: GCAAGTGAACCAATAAATGAA
DYS391 0.06 F: CTAACCTATCATCCATCCTTATCTCTTG
R: ATAGATGGATACATAAGACATTAGAATGG
DYS392 0.12 F: AGACAGCTGGTGTGCTCCTT
R: TAGAGGCAGTCATCGCAGTG
DYS393 0.05 F: CGACCATGTGGCTGTGAGTC
R: GCCAGATAACGTGTGTGGAA
DYS437 0.04 F: CAGCCTCAATTTCCTGGTCT
R: TGCAGCCTGAGGAACAGA
DYS438 0.06 F: GAAGGAAATAGAGTAACACCATTAGAG
R: ATCACCCAGGGTCTGGAGTT
DYS439 0.60 F: CGGTAGTTTCCTTTGCTGTA
R: ATGCCTGGCTTGGAATTCTT
DYS448 0.13 F: CACCCGTGTAGGGAGATGTT
R: CTCTTTCCTGAGTGGAGGTT
DYS456 0.10 F: CAGGTGCCAGTGCAACTAGA
R: CCATCAACTCAGCCCAAAAC
DYS458 0.04 F: CATGGTGAAACATTGTCTCTTT
R: TTCCTGCCACCACGC
DYS635 0.20 F: CTTAAACCCAGGAGGCAGAG
R: GCGTGTCTGTATGTATATGAAAATGTG
H4 0.14 F: TGGTCAAAACACCATTTCCTC

R: GGACAGAGTGGGTTCTGAAG

female DNA ratio) and a high tolerance for inhibitors. This
“enhanced” kit, therefore, may be ideally suited for use with the
extended interval post-coital samples in which trace amounts of
male DNA are present admixed with an extremely high amount of
female DNA. Alternatively, another next generation Y-STR system
is available which includes both a new quantitation system
(Quantifiler® Trio) and an amplification system (Yfiler® Plus) (Life
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Technologies). The Quantifiler® Trio quantitation kit is designed
as a fast and accurate decision tool, providing an indication of
whether there is sufficient amounts of male DNA for analysis and
also whether the sample should be processed using autosomal or
Y-STR analysis (using the included M:F ratio). It has a shorter
analysis time and increased sensitivity and accuracy compared to
the company’s previous products. The quantitation kit permits a
determination of the amount of male DNA as well as total human
DNA, and includes both a small and large autosomal target to pro-
vide an indication of sample quality (i.e., degradation index). The
Yfiler® Plus amplification system is a 27-locus multiplex that con-
tains all 17 loci from the original Yfiler® system plus ten new Y-STR
loci including seven rapidly mutating Y-STR loci [28]. Itis reported
to have improved performance with challenging casework samples.
Our results from the evaluation of these next generation
Y-STR systems demonstrate the ability to obtain probative Y-STR
profiles from sexual assault samples collected 4-9 days after inter-
course [29].

With our successful use of Y-TPA and next generation Y-STR
amplification systems for improved male profile recovery from
extended interval post-coital samples, here we provide detailed
protocols for these enhanced typing strategies. The experimental
schema for the enhanced strategies is relatively straightforward: (1)
isolation of male DNA from extended interval post-coital samples
using a non-differential manual organic extraction with ethanol
precipitation, (2) purification and isolation of the isolated male
DNA, (3) simultaneous quantification of male and human DNA,
and (4) amplification using Y-TPA /Yfiler® and/or amplification
with a next generation Y-STR amplification system. We are hopeful
that the incorporation of these methods into casework will invoke
an expansion of the routinely used 72-h time frame for evidence
collection in sexual assault cases. This should result not only in an
increase in the conviction rate for such “extended post-coital inter-
val” cases but also in exculpatory evidence that previously would
have been missed with more traditional analysis.

2 Materials

2.1 General
Equipment
and Supplies

. Pipets (0.5-10, 2-20, 20-200, 100-1000 pl).
. Sterile, aerosol-resistant pipet tips.

. Microcentrifuge tubes (0.2, 0.5, 1.5 ml).

. Microcentrifuge tube racks.

. Extraction tubes (1.5 ml).

. Spin Ease Baskets.

N O g W

. Disposable transfer pipets.
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2.2 Manual Organic
DNA Extraction
(See Note 1)

2.3 DNA Extraction
Goncentration
and Purification

2.4 DNA Quantitation
(See Note 3)

8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

1.

N O\ Ul W

—

132 N RSV Y

Water bath.

Heat blocks.
Microcentrifuge.

Vortex.

Vacuum centrifuge.
Refrigerators, freezers.
Gloves.

15 and 50 ml conical tubes.
Tweezers, scissors, and /or scalpels (single use).
Stir plates.

Stir bars.

pH meter.

Autoclave.

KimWipes®.

DNA extraction buffer: 100 mM NaCl, 10 mM Tris—HCI
pH 8.0, 25 mM EDTA, 0.5 % SDS. To prepare, combine
10 ml 5 M NaCl, 5 ml 1 M Tris-HCI pH 8.0, 25 ml 0.5M
EDTA pH 8.0, and 2.5 g SDS and bring volume to 500 ml
with deionized water. Stir until all reagents are dissolved.

. TE-*: 10 mM Tris-HCI, 0.1 mM EDTA, pH 7.5. To prepare,

dissolve 0.605 g Tris base in 400 ml deionized water. Adjust
pH to 7.5. Add 0.0185g EDTA disodium salt. Recheck pH
and adjust to 7.5 if needed. Bring the final volume to 500 ml
with deionized water. Autoclave.

. Proteinase K (20 mg/ml).

. 0.39 M dithiothreitol (DTT).

. Ethanol, 70 %.

. Ethanol, 100 %.

. Phenol-chloroform isoamyl alcohol, pH 6.7 + 0.2 (se¢ Note 2).

. MinElute PCR Purification kit (QIAGEN).
. Sterile water (18.2 MQ), pH 7.0-8.5.

. Quantifiler® Trio DNA quantification kit (Life Technologies)

(see Note 4).

. MicroAmp® optical 96-well reaction plate (or equivalent).

. MicroAmp® optical adhesive covers (or equivalent).

. 7500 Real time PCR instrument (Life Technologies) (see Note 5).
. Low TE buffer: 10 mM Tris, 0.1 mM EDTA, pH 8.0.
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2.5 Y-Chromosome- 1.
Targeted Pre- 2
amplification (Y-TPA)
3
4
5
6
2.6 Next Generation 1.
Commercial Y-STR Kit
Amplification
3
4
2.7 Capillary
Electrophoresis
(See Note 7)

N O\ Ut N

Type-it® Microsatellite PCR Kit (QIAGEN).

. Y-TPA primer mix: To prepare the mix, add the following

primers at the specified final concentration (Table 1). Vortex
well. The primer mix should be quality control tested with a
male DNA control sample (15-25 pg input) prior to use.

. Sterile water (18.2 MQ).
. MinElute PCR Purification kit (QIAGEN)).
. AmpFISTR® Yfiler® Plus PCR Amplification kit (Life Technologies).

. Thermal cycler.

AmpFISTR® Yfiler® Plus PCR Amplification kit (Life
Technologies).

2. PowerPlex® Y23 System (Promega).
. Low TE buffer: 10 mM Tris, 0.1 mM EDTA, pH 8.0 (see Note 6).

. Thermal cycler.

. Hi-Di™ Formamide (Life Technologies).

. GeneScan™ 500 LIZ® Size Standard (Life Technologies).

. GeneScan™ 600 LIZ® Size Standard (Life Technologies).

. ABI Prism 3130 Genetic Analyzer (Life Technologies).

. MicroAmp® optical 96-well reaction plate (or equivalent).

. DPlate septa, 96-well (Life Technologies).

. Performance-optimized polymer POP-7 (Life Technologies).

3 Methods (See Note 8)

3.1 Post-coital The recovery of a male DNA profile from the semen donor in

Sample Collection extended interval (>3 days) post-coital samples requires the collec-
tion of samples from the cervical region of the victim. This is in
addition to the low and /or mid-vaginal samples normally routinely
recovered after a vaginal sexual assault. A minimum of two sterile
cotton swabs should be taken from the cervix and/or fornix. One
of the swab pair should be processed as described below and the
other retained for possible re-analysis.

3.2 Manual Organic 1.

DNA Extraction

2.

3.

Properly label the appropriate number of 1.5 ml extraction
tubes.

Remove the swab from the wooden stick or cut the wooden stick
with sterile scissors just above the cotton portion so that the
entire cotton part of the swab is used for extraction (see Note 9).
To each sample, add the following: 400 pl DNA extraction
buffer, 13 pl proteinase K (20 mg/ml), 40 pl 0.39 M DTT
(~10 % of extract volume, final concentration of 0.039 M).
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3.3 DNA Extraction
Goncentration

and Purification
(MinElute) (See Notes
10and 11)

4. Mix the samples on a vortex for ~2 s.

. Incubate samples in a 56 °C water bath overnight.

6. Remove the swab pieces and place in a spin basket. Place the

10.

11.

12.

13.

14.

15.
16.
17.
18.

19.
20.
21.

22.

1.

basket back into the original tube.

. Centrifuge samples at 14,000 rpm (16,000xg) for 5 min.

Discard basket.

. In a fume hood, add 400 pl of phenol/chloroform/isoamyl

alcohol (amount equal to the extract volume). Mix well by
inversion (solution should be milky in appearance). Do not
vortex.

. Centrifuge samples at 14,000 rpm (16,000 x4) for 5 min to

separate the phases. The organic material will be trapped in the
lower nonpolar layer, and the polar aqueous phase (top later)
will contain the DNA.

Carefully remove the top aqueous layer and transfer to a new
1.5 ml tube. Be careful not to disturb the interface.

Add 1 ml cold absolute ethanol (100 %) to transferred aqueous
layer. Mix by inversion.

Place samples at =20 °C for at least 1 h to precipitate DNA
(may proceed overnight).

Centrifuge samples at 14,000 rpm (16,000 x4) for 15 min to
pellet the DNA.

Remove the ethanol with a disposable transfer pipet without
disturbing the pellet.

Wash pellet with 1 ml room temperature 70 % ethanol.
Centrifuge the samples at 14,000 rpm (16,000 x 4) for 5 min.
Remove the ethanol with a pipet.

Steps 15-17 can be repeated for multiple washes (2—4x) if
desired.

Dry the pellet using a vacuum centrifuge for 10-15 min.
Add 75 pl TE-4 to each sample.

Place samples in a 56 °C water bath overnight to resolubilize
the DNA.

DNA extracts can be stored at 4 °C for short-term storage or
-20 °C for long-term storage.

Add ethanol to Buffer PE before use (see bottle label for
volume).

. Add 1:250 volume pH indicator to Bufter PB (referred to sub-

sequently as Buffer PB-I; Buffer PB with pH indicator). The
yellow color of the Buffer PB-I indicates a pH of <7.5.
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3.

10.
11.

12.

3.4 DNA Quantitation 1.

Add 5 volumes of Buffer PB-I to 1 volume of the DNA extract
(see Note 12). Ensure that the buffer color remains yellow
(see Note 13).

. Insert a MinElute column into a 2 ml collection tube (both

provided in the kit). Add the sample/Buffer PB-I to the
MinElute column.

. Centrifuge columns at 13,000 rpm (14,800x4) for 1 min.

Discard flow-through and place the column back into the same
collection tube.

. Add 750 pl Buffer PE to the MinElute column and centrifuge

columns at 13,000 rpm (14,800 xg) for 1 min.

. Discard flow-through and place the MinElute column back

into the same tube. Centrifuge the columns for an additional
1 min at 13,000 rpm (14,800xg) to remove all residual
ethanol.

. Place the MinElute column in a clean 1.5 ml microcentrifuge

tube.

. Add 13 pl sterile water to the center of the column membrane

(see Note 14).
Incubate the column at room temperature for 1 min.

Centrifuge the column 13,000 rpm (14,800x4) for 1 min.
Discard columns.

DNA extracts can be stored at 4 °C for short-term storage or
-20 °C for long-term storage.

Prior to running the quantitation, ensure that the real time
instrument has been calibrated for dyes VIC® ABY™,
6-FAM™ JUN™ and Mustang Purple™.

. Prepare quantitation standards as listed in Table 2 (serial dilu-

tion). Ensure that each standard is vortexed well and briefly
centrifuged.

Table 2
Preparation of Quantifiler® trio quantitation standards

Dilution buffer

Std Conc (ng/pl) Sample volume volume? (pul)
Std 1 20.0 20 pl 100 ng/pl stock? 80
Std 2 2.0 10 pl Std 1 90
Std 3 0.2 10 pl Std 2 90
Std 4 0.02 10 pl Std 3 90
Std 5 0.002 10 pl Std 4 90

*Provided in kit



194 Erin K. Hanson and Jack Ballantyne

3.5 Y-Chromosome-
Targeted Pre-
amplification (Y-TPA)

3.

4.

[\

Thaw Primer Mix and PCR Reaction Mix. Vortex and briefly
centrifuge.

Prepare the PCR master mix (per sample) (prepare ~10 % extra
to account for potential pipetting errors): 8 pl Quantifiler®
Trio Primer Mix, 10 pl Quantifiler® Trio PCR Reaction mix.
Vortex and briefly centrifuge.

. Add 18 pl of the prepared master mix to the appropriate reac-

tion wells.

. Add 2 pl of sample, standard, or control to the appropriate

wells. Use low TE buffer as a no-template control (negative
control). Standards should be run in duplicate.

. Seal the reaction plate with optical adhesive cover. Centrifuge

the reaction plate at 3000 rpm for 30 s.

. The cycling conditions are as follows: 95 °C, 2 min; followed

by 40 cycles of 95 °C, 9 s; 60 °C, 30 s.

. Analyze quantification results using HID Real Time PCR

Analysis Software v. 1.1 (see Note 15).

. Label the appropriate number of 0.2 ml PCR tubes for the

Y-TPA amplification.

. Add up to 5 pl of concentrated DNA extract (maximum of 5 pl

is used for samples with undetectable male DNA quantitation
values).

. Add appropriate amount of sterile water to bring reaction vol-

ume to 7.5 pl. Positive (male DNA sample of known profile,
15 pg input) and negative (7.5 pl of sterile water) amplification
controls should be included with each amplification.

. Prepare the Y-TPA amplification reaction mix with ~10 %

excess to account for possible pipetting errors (volumes per
sample): 12.5 pl Type-It Multiplex PCR master mix (1x),
2.5 pl Q-solution (0.5x), and 2.5 pl of Y-TPA primer mix.
Vortex and briefly centrifuge.

. Add 17.5 pl of Y-TPA reaction mix to each sample for a final

reaction volume of 25 pl.

. Amplify samples using the following cycling parameters: 95 °C

15 min; 15 cycles of 95 °C for 30 s, 60 °C for 90 s, 72 °C for
60 s; and 68 °C for 10 min. Amplified products should be
stored at 4 °C.

. Following amplification, purify Y-TPA amplification products

using the MinElute PCR purification kit as described in
Subheading 3.2 with the following modifications: (1) the
entire 25 pl amplified product is purified which requires the
additional of 125 pl of Buffer PB-1, (2) 25 pl of sterile water is
used for elution (no concentration).
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3.6 Next Generation
Y-STR Amplification
(See Note 16)

3.6.1 AmpFISTR® Yfiler®
Plus PCR Amplification Kit

3.6.2 PowerPlex® Y23
System (Promega)

8.

10.

11.

12.

13.

Label the appropriate number of 0.2 ml PCR tubes for the
Yfiler® amplification (1,/2 reaction volume, 12.5 pl).

. Add 5 pl of purified Y-TPA product to the appropriate tubes.

Positive (007 male DNA control DNA, 15 pg input) and nega-
tive (5 pl of sterile water) amplification controls should be
included with each amplification.

Prepare the Yfiler® amplification mix (with ~10 % excess to
account for possible pipeting errors) as follows (volumes per
sample): 4.6 pl Yfiler® kit PCR reaction mix, 2.5 pl Yfiler®
primer set, 0.4 pl AmpliTaq Gold DNA polymerase.

Add 7.5 pl of the prepared Yfiler® amplification mix to each
sample.

Amplify samples using the following cycling conditions: 95 °C
11 min; 30 cycles of 94 °C for 1 min, 60 °C for 1 min, 72 °C

for 1 min; and 60 °C for 80 min. Amplified products should be
stored at 4 °C.

Proceed to Subheading 3.6.

. Thaw Yfiler® Plus Master Mix and Primer Set. Vortex and cen-

trifuge briefly.

2. Label the appropriate number of 0.2 ml PCR tubes.

. Add up to 1 ng of male DNA (maximum of 10 pl can be used

for samples with undetectable or low male DNA quantitation
values).

. Add appropriate amount of low TE buffer to bring reaction

volume to 10 pl. Positive (1 ng of 007 male control DNA,
provided in kit) and negative (10 pl of low TE buffer) amplifi-
cation controls should be included with each amplification.

. Prepare the Yfiler® Plus amplification reaction mix with ~10 %

excess to account for possible pipetting errors (volumes per
sample): 10 pl Yfiler® Plus master mix and 5 pl Yfiler® Plus
Primer Set. Vortex and briefly centrifuge.

. Add 15 pl of Yfiler® Plus reaction mix to each sample for a final

reaction volume of 25 pl.

. Amplify samples using the following cycling parameters: 95 °C

for 1 min; 30 cycles of 94 °C for 4 s, 61 °C for 1 min; and 60 °C
for 22 min. Amplified products should be stored at 4 °C.

. Proceed to Subheading 3.6.

. Thaw the PowerPlex® Y23 5x Master Mix, PowerPlex® Y23

10x Primer Pair Mix, and Amplification Grade Water (pro-
vided in kit).

. Label the appropriate number of 0.2 ml PCR tubes.
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3.7 Capillary
Electrophoresis

3.

8.

Add up to 0.5 ng of male DNA (maximum of 10 pl can be
used for samples with undetectable or low male DNA quanti-
tation values).

. Add appropriate amount of amplification grade water to bring

reaction volume to 17.5 pl. Positive (0.5 ng of 2800 M male
control DNA, provided in kit) and negative (10 pl of amplifica-
tion grade water) amplification controls should be included
with each amplification.

. Prepare the PowerPlex® Y23 reaction mix with ~10 % excess to

account for possible pipeting errors (volumes per sample): 5 pl
PowerPlex® Y23 5x Master Mix and 2.5 pl PowerPlex® Y23
10x Primer Pair Mix. Vortex and briefly centrifuge.

. Add 7.5 pl of PowerPlex® Y23 reaction mix to each sample for

a final reaction volume of 25 pl.

. Amplify samples using the following cycling parameters: 96 °C

2 min; 30 cycles 0f 94 °C 10 s, 61 °C 1 min, 72 °C 30 s; 60 °C
20 min. Ensure that “max” mode is used as the ramp speed
using a 9700 thermal cycler (Life Technologies). Amplified
products should be stored at 4 °C.

Proceed to Subheading 3.6. Capillary Electrophoresis.

For Yfiler® or Yfiler® Plus, 1 pl of the amplified sample is added to
9.7 pl Hi-Di™ formamide and 0.3 pl of GeneScan™ 500 LIZ®
(Yfiler®, G5 dye set) or 600 LIZ® (Yfiler® Plus, J6 dye set). For
PowerPlex® Y23, 1 pl of the amplified sample is added to 10.0 pl
Hi-Di™ formamide and 1.0 pl of CC5 ILS-500 (Any5Dye set).
Samples were analyzed using an ABI Prism 3130 Genetic Analyzer
(see Notes 7 and 17). Raw data are analyzed with the GeneMapper
software (Life Technologies).

4 Notes

1.

Numerous alternative DNA extraction methods and commeri-
cally available kits are available for DNA extraction/isolation.
It may be possible to use these alternative extraction methods
in place of organic DNA extractions. However, we have not
evaluated any of the alternative approaches specifically for use
with extended interval post-coital samples (>6 days) and the
subsequent Y-STR typing protocols described here. Therefore,
the suitability of any alternative extraction method would need
to be determined by the user. Additionally, for extended inter-
val post-coital sample analysis, our standard extraction method
is a manual organic DNA extraction with ethanol precipitation.
The use of a differential extraction (separation of sperm and
non-sperm cells) is not recommended for use with extended



Enhanced DNA Profiling of the Semen Donor in Late Reported Sexual Assaults... 197

interval post-coital samples (>6 days). The protocols described
here are intended for use with Y-STR typing strategies only as
autosomal STR analysis on extended interval post-coital sam-
ples is unlikely to be successful and therefore separation of
sperm and non-sperm cell fractions is not necessary.

2. The pH of the phenol-chloroform should not be below
pH 6.7; otherwise DNA will be soluble in the organic phase
and therefore not recoverable.

3. Quantification of male DNA can be performed prior to extract
concentration and purification to determine if the sample con-
tains sufficient amounts of male DNA for analysis prior to
extract concentration and purification. This is not typical in
extended interval post-coital samples >6 days. If desired, quan-
tification can be performed before and after concentration.

4. In order to assess the amount of male and female DNA present
in the sample, we recommend the use of a quantification sys-
tem that permits a simultaneous quantification of both male
and human DNA. Alternative DNA quantification kits are
available that simultaneously assess male and human DNA
[e.g., Quantifiler® Duo (Life technologies), Plexor® HY System
(Promega), Investigator Quantiplex HYres kit (QIAGEN)].
We have not evaluated these alternative quantification Kkits.
Therefore, the suitability of any alternative quantification
method would need to be determined by the user.

5. Alternative real time PCR instruments are available and can be
used in place of the 7500 Real Time PCR instrument indicated
here. Users should always follow the manufacturer’s recom-
mended protocols for specific real time PCR instruments.

6. The use of the low TE buffer is recommended. We have also
successfully used sterile 18.2 MQ water in place of the low TE
buffer. The low TE buffer can be prepared or purchased (e.g.,
Teknova). To prepare the low TE buffer: Add 10 ml of 1 M
Tris-HCI pH 8.0, 0.2 ml 0.5M EDTA pH 8.0, and 990 ml
sterile water. Autoclave. Store at room temperature.

7. Capillary electrophoresis can be performed using alternative
instruments (ABI Prism 310, 3130xl, 3500 Genetic analyzers)
and performance-optimized polymers (POP-4, POP-6). Users
should always refer to the manufacturer’s recommended pro-
tocols for their instruments and the amplification Kkits.
Electrophoretic conditions should be modified as needed by
individual laboratories.

8. While some of the included protocols describe the use of com-
merically available kits, these protocols may contain modifica-
tions from the recommended manufacturer’s instructions.
Therefore, the user should always refer to the manufacturer’s
recommended protocol for further information and standard
protocols.
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9.

10.

11.

12.

13.

14.

15.

16.

For extended interval post-coital samples (>6 days), we utilize
an entire swab for extraction to maximize the amount of male
DNA present in the sample. While the size of the sample used
for analysis can be modified depending on the needs of indi-
vidual laboratories, the maximum amount of the sample should
be used in order to maximize the potential for successful DNA
profiling results.

In order to maximize the amount of male DNA added to sub-
sequent PCR reactions, we concentrate and purify our DNA
extracts. This approach is used rather than reducing the vol-
ume of TE used for re-solubilization in order to ensure effi-
cient re-solubilization of the large amount of DNA present in
non-differentially extracted samples (both male and female
DNA present).

This protocol can be semi-automated using the QIACube
(QIAGEN). Here we describe the full manual protocol.

Prior to extract concentration and purification, an aliquot of
standard extract can be set aside for future use (or for compari-
son studies) if needed. Therefore the volume of DNA extrac-
tion used may vary. If the entire extract is to be concentrated
and purified, 75 pl of DNA extract (1x volume) would be
added to 375 pl (5x volume).

If the color of the sample and bufter PB-I changes to orange or
violet, add 10 pl of 3 M sodium acetate pH 5.0 and mix.

Ensure that the pH of the water is between 7.0 and 8.5 for
maximum elution efficiency. Alternatively, samples can be
eluted into the provided Buffer EB or TE buffer (although
the EDTA may inhibit subsequent enzymation reactions).
The use of 13 pl of sterile water typically permits the recovery
of ~12 pl (2 pl used for quantitation, 10 pl available for ampli-
fication reactions).

For extended interval post-coital samples (>6 days), undetect-
able male DNA quantification values are often obtained. This
does not preclude their use in the subsequent Y-TPA protocol.
However, undetectable or extremely low male DNA quantita-
tion values may not be successtul with the next generation
Y-STR amplification kits. For example, in our experience with
the AmpFISTR Yfiler® Plus amplification kit [29], we do not
routinely obtain probative Y-STR profiles for samples with
<0.002 ng/pl quantitation values (lowest quantitation stan-
dard value). We routinely test all samples regardless of the
quantitation value, but the testing of samples with undetect-
able quantitation values is likely to be laboratory dependent.

Only standard or concentrated extracts should be amplified
with the next generation Y-STR kits. The Y-TPA protocol is
designed for use with Yfiler® or PowerPlex® Y. The Y-TPA
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primer mix does not contain the new loci included in the next
generation Y-STR kits.

17.

Electrophoresis conditions for the 3130 Genetic Analyzer were

as follows: 16 s injection time, 1.2 kV injection voltage, 15 kV
run voltage, 60 °C, 20 min run time, dye set G5 (Yfiler®); 16 s
injection time, 15 kV run voltage, 1.2 kV injection voltage,
60 °C, 25 min run time, J6 dye set (Yfiler® Plus); 5 s injection
time, 3 kV injection voltage, 15 kV run voltage, 60 °C, 25 min
run time, Any5Dye set (PowerPlex® Y23).
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Chapter 16

Analysis of Rapidly Mutating Y Chromosome Short Tandem
Repeats (RM Y-STRs)

Sibte Hadi

Abstract

Rapidly mutating (RM) Y-STRs were recently identified and can help to differentiate between paternally
related males in paternity and forensic casework. Normal Y-STRs are often used in casework due to their
paternal inheritance, which can help to resolve kinship cases, and identify male components in male/
female mixtures; however, more discriminating profiles are obtained if rapidly mutating Y-STRs are used.
Previously two or three multiplex PCRs have been used to amplify 13 RM Y-STRs; here, an assay amplify-
ing these 13 markers in a single multiplex PCR is described. Commercially available male control DNA
samples have been genotyped during the validation of this assay, thus providing a tool for calibrating
genotyping results. It is expected that the assay will provide a niche tool for genotyping casework
samples.

Key words Y-STRs, Rapidly mutating Y-STRs, Multiplex PCR

1 Introduction

Y chromosome is the smallest chromosome in the human genome,
with an average size of 60 Mb [1, 2]. Most of the Y chromosome
consists of a non-recombinant region of the Y chromosome (NRY)
[3]. The NRY is inherited intact through paternal lineages unless
mutation/s have occurred. Because of such inheritance pattern,
short tandem repeat (STR) markers located in the NRY region
have become useful for applications including genetic structure
studies, paternity testing, identification of disasters male victims,
identification of male lineages for anthropology purposes, and the
identification of male perpetrators in sexual assault criminal cases
[4-10]. Y-STRs, which have an average mutation rate of about
1073 per locus per generation [ 11, 12], have proven to be useful for
forensic applications and have been included in several commercial
Y-STR Kkits.

Although the greatest value of Y STRs is male specificity,
this also turns into a major limitation due to the existence of
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an identical haplotype within a male lineage [13, 14]. This
means that while currently used Y-STRs are able to reliably
differentiate between different male lineages, they cannot
resolve these lineages down to individual level in case of pater-
nal relatives [15].

In order to enhance the discrimination capacity, Y-STR mark-
ers having a higher mutation rate were sought and in a study,
mutation rates of 186 Y-STR loci were estimated in approximately
2000 father-son pairs from Poland and Germany [12]. As a result,
13 STR markers were discovered having mutation rates of 1 x 102
and higher. These comprised 12 tetranucleotide markers and 1
trinucleotide marker; 4 markers out of the 13 Y-STRs were multi-
copy markers and 9 were single copy markers. These 13 markers
were termed rapidly mutating Y-STR (RM Y-STR) and their
properties are summarized in Table 1 along with their mutation
rates [12]. In a recent study, Ballantyne et al. [16] have employed
three multiplex panels consist of 13 RM Y-STRs to investigate
604 unrelated male samples from 51 worldwide populations sam-
ples (HGDP-CEPH). As a result, 13 RM Y-STR loci showed
higher haplotype diversity and haplotype discrimination capacity
than that obtained using 17 Y-STRs available in Yfiler® multiplex
kit (Life Technologies) [16]. In addition, this set of markers was
extremely successful in differentiating between closely and dis-
tantly related males with 4.4-fold increase of average male relative
differentiation relative to Yfiler® kit [16]. Moreover, in a world-
wide-scale study of RM Y-STRs, more than 99 % of 12,272 inves-
tigated unrelated male individuals were completely individualized.
Haplotype diversity in such large number of samples was found to
be extremely high with haplotype sharing between 111 world-
wide populations was almost absent, apart from 6 haplotypes
which were shared between populations within the same geo-
graphical region [17]. Although the value of RM Y-STRs already
been demonstrated, multiplexing the 13 RM YSTRs had not been
reported until recently when a multiplex termed RM Yplex was
developed that could be used in forensic casework alongside other
human identification kits [18].

It should be noted that the interpretation of multi-copy RM
YSTR markers DYF387S1, DYF399S1, DYF403S1, and
DYF404S1 is often difficult for two reasons: firstly, the imbalance
in the amplified peaks can affect the correct genotyping; and sec-
ondly, slippage peaks are common and these can be approxi-
mately 20 % of the allelic peaks. —1 stutter peaks in particular can
be high and can pose difficulties in interpretation and need to be
carefully assessed. +1 stutters are also present in these loci though
these are rarely more than 5 % on the allelic peak. In mixed sam-
ples, where more than one male individual has contributed to the
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Table 1
Properties of RM Y-STRs loci as adapted from Ballantyne et al. [16]

Alleles ranges

Repeat Repeat Mutation

Locus type Repeat motif (variants in bold type) number Base pairs rate

DYF387S1 Tetra, (AAAG);(GTAG)1(GAAG)sN4(GAAG)y 28-38 241-281 1.58x102
complex (AAAG);;

DYF399S1 Tetra, (GAAA);N; s(GAAA) ;3 10-23 261-313 7.73x1072
complex

DYF403S1a Tetra, (TTCT)017N, 3(TTCT)3 4, 12-39 310438 3.10x102
complex

DYF403S1b Tetra, (TTCT),N,(TTCT)g(TTCC)o(TTCT) 40-59 414490 1.18x 10,
complex 14NL(TTCT);

DYF404S1 Tetra, (TTTC)1020N4(TTTC); 10-20 171-211 1.24x10
complex

DYS449 Tetra, (TTTC)151sN2(TTTC);N;»(T 24-37 309-361 1.22x10-2
complex TTC)1z15

DYS518 Tetra, (AAAG);(GAAG)(AAAG) 14 2:(GGAG) 23-35 243-291 1.84x10-2
COmplCX 1(AAAG)4N(,(AAAG)1 1-19

DYS526a Tetra, (CCCT)3N,(CTTT),;17,(CCTT)s 10-17 138-166 2.72x1073
COmPlCX 10N]]3(CCTT)]Q,]7

DYS526b  Tetra, (CCCT)3N,o(CTTT),117(CCTT)s 29-42  345-397 1.25x10-2
COmplCX 10N113<CCTT)10,]7

DYS547 Tetra, (CCTT)y 1;T(CTTC)y sNs(TTTC);,. 3648 410458 2.36x1072

COmPlCX 22N10(CCTT)4(TCTC)1
(TTTC)o.16N(TTTC)s

DYS570 Tetra, (TTTC) 1424 10-21 246-286  1.24x107?
simple

DYS576 Tetra, (AAAG)3 2 13-23 170-210 1.43x107
simple

DYS612  Tri, simple (CCT)s(CTT)y(TCT)4(CCT),(TCT)0; 14-31 187-255  1.45x10°2

1

DYS626 Tetra, (GAAA)14,23N24(GAAA)3N5( GAAA)S 11-23 221-269 1.22x 1072
complex  (AAA), (GAAA), ;(GAAG),(GAAA),
DYS627  Tetra, (AGAA);N s(AGAG);(A 10-24 301-372  1.23x10°

COmpleX AAG)12,24N31(AAGG)3
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sample, peak height imbalance will make assigning particular
alleles to various contributors difficult [19]. However, an advan-
tage of using multi-copy Y-STRs is that each copy has an inde-
pendent mutation probability and hence increases the chances of
mutation in accordance with the number of copies present in the
marker. Therefore, these markers have high power of discrimina-
tion [19-21].

2 Materials

2.1 FTA® Extraction:

Reagents and
Equipment

22 PCR
Amplification
and Analysis

The method for the use of RM YPlex is described here for an opti-
mal result in a forensic laboratory. We use reference material (saliva
and blood) that is stored on FTA™ cards and describe the in-house
process of extracting the DNA in addition to the PCR setup and
analysis. We also present the haplotypes of three commercial male
control DNA for calibration purposes.

. FTA™ Purification Reagent.

. Harris Micro-Punch (1.2 mm).
. Cutting Mat.

. PCR tubes (200 pl).

. TE buffer pH 8.0.

. Heat block/incubator (56 °C).

[©) W 2 W=~ S T NS R ]

. Fluorescently labeled primers (see Table 2).

. Platinum® PCR Multiplex Master Mix (Life Technologies).
. PCR Grade water.

. PCR tubes (200 pl)—strips or plates can be used.

. Hi-Di™ Formamide (Life Technologies).

POP-4™ or POP-6™ (either polymer can be used; with POP-6
the separation of peaks is better).

<L N A

7. 50 cm capillary array.
. Internal size standard GS600 LIZ™.

9. ABI 9700 or ABI Veriti (others have used ABI 2700)
Thermocycler (see Note 1).

10. Capillary electrophoresis (CE) platform (we used ABI3500).

11. GeneMapper IDX or GeneMapper 3.2 Software for the analy-
sis of CE data.

12. Control DNA: Tagman® (Life Technologies), 2800 M
(Promega), 9948 (Promega).

)



205

0SS OLLV OOVOVOODILOVOOLOVOILOIOL OVVIOVOOLLODVYVODODIVO LT9SAA
MO[[3X eWID[EY LLIDIVOVOODLLLIVVOVVOVV OVVVVOOHVIVOODOOVOVVOD 979SAd
V-9 VVVVOVVVVOOOVVOOOVOLD VIVVOVVILOVOODLVOODOO CI9SAd

0SS OLLV OVODILODLLLVOLOILOVODD OILVVOLLOVOOVOILOODOLILD 9/4SSAA
S9¢ OLLV ODLVVVOILOODVVIOOVVODD LIOVVOOLOOILOIODILOODDID 0£SSAA
WVA-9 OLOIDIOVVVIVOOVOVOVO.L OVOVLVVVVODILOVLIOILVOO.L LYSSAA
V-9 JLOOVVOVOOOOLILOVLIOODD OOVVVOOLVOILOVVOILODIOL q/e97SSKA

0SS OLLV JLVOILOODIVOOVLIOLOOVO.L ODILOVVVOILOVVOVOVVODD S81SSAd
S9¢ OLLV OVODLILOODVIOILOVODLIVOOD OLILOILOOOVVOLOLOILOVODL 677SAAd
MO[[3X eWD[EX OVODLIVVOVVODILVOIVOO VIVOOOVVOLLLVVVOVVLLODD ISTOPdAd
MO[[2X eWDEX VIOLVOOLLVOODVODVOVOV OVOLVVIVOOILOLVOLLVVVVO q/e1SE0¥IXA
V-9 JLOOLIVOVOODLLLLODIVOO JIVOOLLLOVOOVOLLLLY9YD 1S66€4XA

S9¢ OLLV VOLOILOVVOVOILOILOVOVOOD OOOVLLLIVOOLLVOVIOODVOVOV 1S48¢4Add
|aqe| Juassalon|4 ,€—,G Jawud as1anay ,€-,G Jawud premio4 Snao7

Analysis of Rapidly Mutating Y Chromosome Short Tandem Repeats (RM Y-STRs)

190] Y1S-A INY €1 Jo s1awiid 3s1anal pue piemiod
c¢alqel



206 Sibte Hadi

3 Methods

3.1 Blood/Saliva
Stained FTA Punch
Purification (See Notes 2
and 3)

32 PCR
Amplification

All normal precautions should be taken to minimize the potential
for contamination, such as using dedicated pre- and post-PCR
areas, equipment and reagents, wearing suitable personal protec-
tive equipment (PPE), and using controlled areas, such as laminar
flow hoods/biosafety cabinets where appropriate.

1.

10.

11.

12.

In a biosafety cabinet, remove the FTA™ card from packaging.
Unfold and lay on clean cutting mat. Hold the card only on its
edge, being sure to not touch the card directly.

. Using a clean puncher for making 1.2 mm disc, press firmly

with puncher on a clean FTA™ card twice to clean the puncher.

. Using the clean puncher for making 1.2 mm disc, press firmly

with puncher on area where the specimen is distributed on card.

. Place FTA™ disc in a 0.2 ml PCR tube by clicking the end of

puncher to release the disc. Clean puncher by punching the
clean FTA™ card twice and repeat process (steps 1-3) until all
specimens have been punched.

. Finally, make a final card punch with a cleaned puncher in the

area that is fairly outside the specimen area. Place this disc into
a PCR tube labeled as a negative extraction control.

. Add 200 pl of FTA™ purification reagent to each PCR tube.

. Incubate at room temperature for 15 min, then remove and

discard spent FTA™ reagent.

. Add 200 pl TE buffer pH 8.0 to each PCR tube.

. Incubate for 5 min at room temperature, then remove and

discard TE buffer.

Repeat steps 8 and 9 once for a total of two washes with TE
buffer.

Dry samples at 56 °C in heat block or incubation chamber
with caps open until the discs are dry (approximately 30 min).

Set up PCR as below adding one FTA disc (two discs can be added
to the 15 pl reaction volume if the DNA concentration is low).

. Prepare PCR primers at a working concentration of 20 pM in

sterile, UV treated 2 ml screw cap vials. From these stocks,
prepare a PCR primer mix to achieve the concentrations of
various primer pairs as per Table 3.

. Use 3 pl of this primer mix for each sample when preparing a

PCR master mix (see Note 4).

. Make a master mix as follows to a reaction volume of 15 pl as

follows:

7 plof Platinum® PCR Multiplex Master Mix (Life Technologies)
(See Note 5)
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Table 3

Working primer concentrations in a 15 pul reaction volume; volumes of forward (F) and reverse (R)
primers required in a master mix are given for a 20 uM primer stock (see Note 4)

Marker F primer (uM) R primer (M) F primer (pl) R primer (pl)
DYF387S1 0.05 0.05 0.038 0.038
DYF399S1 0.06 0.06 0.045 0.045
DYF403S1a/b 0.40 0.40 0.300 0.300
DYF404S1 0.11 0.11 0.083 0.083
DYS449 0.06 0.06 0.045 0.045
DYS518 0.12 0.12 0.090 0.090
DYS526a/b 0.40 0.40 0.300 0.300
DYS547 0.40 0.40 0.300 0.300
DYS570 0.04 0.04 0.030 0.030
DYS576 0.03 0.03 0.023 0.023
DYS612 0.10 0.10 0.075 0.075
DYS626 0.07 0.07 0.053 0.053
DYS627 0.20 0.20 0.150 0.150

3.3 Capillary
Electrophoresis
and Analysis

3.0 pl of the 13 RM Y-STRs primer mix (Table 3)

1-5 pl of DNA template (depending on concentration)
(see Note 6).

1-4.0 pl PCR grade water to a final volume of 15 pl.

In casework there can be situations when a large volume of
extract needs to be used as the template concentration is low.
This assay allows a maximum volume of 6.5 pl of DNA tem-
plate (when using 40 pM primer concentration) to be added to
the assay which is comparable to commercially available assays
(see Notes 4, 6, and 7).

. Prepare the reactions taking usual anticontamination mea-

sures. Amplify the samples in a thermocycler using GeneAmp
9700 or Veriti (Life Technologies) at an initial denaturation
temperature of 95 °C for 10 min, followed by 12 cycles at
94 °C for 30 s, 58 °C for 45 s, 72 °C for 60 s and then 20
cycles at 94 °C tor 30 s, 55 °C for 45 s, 72 °C for 60 s. Use a
final extension temperature of 72 °C for 45 min for complete
adenylation.

. Prepare a master mix using 9.6 pl Hi-Di™ Formamide (Life

Technologies), 0.4 pl GS600 LIZ™ size standard for each sam-
ple adding for two extra samples.
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3.4 Genotyping
of Gommercial
Controls

Table 4

2. Aliquot 10 pl in each well if using a plate or each tube if using
tubes for loading. Add 1 pl PCR product to each well. Add a
ladder in each injection (see Note 8).

3. The prepared samples should be injected into the capillary/ies
of the sequencer for 10 s at 3 kV and electrophoresis performed
at 15 kV for 44 min, at a run temperature of 60 °C using the
POP-6™ sieving polymer (Life Technologies) (see Note 9).

4. Import the samples in a new project in Genemapper 3.2 or IDX
versions. The analysis parameters should be kept at default except
that the minimum peak height should be kept at 50 RFU. For
analyzing the samples use the G5 matrix standard (see Note 10).

5. Call alleles using the conservative method of calling an allele
without making use of relative peak height in the case of multi-
copy markers (see Note 11).

Three commercially available controls 9948, Tagman Male
Control, and 2800 have been genotyped for the purposes of cali-
bration of results for different laboratories a number of times in
different laboratories by different analysts using different PCR
machines (Veriti and ABI 9700) (Table 4; Fig. 1). A minimum of
two of these controls is reccommended to be used in every amplifi-
cation batch for assisting in the allele calls.

Genotype data for three commercially available male DNA controls. 9948 and 2800 controls are
available from Promega Corporation; Tagman® control is available from Life Technologies

Locus 9948 TagMan® 2800 M
DYF387S1 35:38 36:39 37:38
DYF399S1 22:25.1 19:23 24:25.1:26.1
DYF403S1a 10:15:16 11.2:12.2:15 11:14:17
DYF403S1b 49 54 46
DYF404S1 12:14 15:18 13:16
DYS449 31 30 35
DYS518 38 38 36
DYS526a 14 13 12
DYS526b 36 34 36
DYS547 48 48 45
DYS570 18 19 17
DYS576 16 15 18
DYS612 37 36 35
DYS626 28 29 29
DYS627 22 21 22
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Fig. 1 An electropherogram showing male profile generated using RM YPlex for 13 rapidly mutating Y-STRs.
Sample was injected in the 8-Capillary 50 cm array for 10 s at 3 kV. Separation was performed at 15 kV for
44 min at a run temperature of 60 °C using the POP-6™ polymer. The sample was analyzed using G5 matrix
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4 Notes

10.

11.

. We have validated RM YPlex using ABI 9700 and Veriti Thermal

cyclers. Other PCR machines can be used though it would need
a verification to be done by individual laboratories.

. If there is a need to extract DNA from the FTA card disc a

standard Phenol Chloroform method can be used (see
Chapter 5).

. We use the Qiagen mini kit for extraction of DNA using stan-

dard protocols. Any procedure that provides DNA that is suit-
able for PCR analysis can be used.

. For using larger volumes of DNA extracts, prepare a 40 pM

working primer concentration. This will reduce the volume of
each primer to half and the total primer mix volume will be
reduced to 1.5 pl. This way up to 6.5 pl of DNA extract could
be added to the PCR. Keep the PCR volume at 15 pl.

. RM YPlex has been optimized using other enzyme mixes like

Qiagen PCR mix and Phusion Flash allowing laboratories to
use PCR mixes other than Platinum PCR mix. The data gener-
ated using other PCR mixes needs careful calibration using the
controls indicated in Table 4.

. The optimum amount of template DNA is 500 pg: we rou-

tinely obtain full profiles down to 62.5 pg.

. Test the assay and adjust the primer concentrations as per

requirement keeping the final volume same. The total volume
of the primer mix can be increased up to 1.73 pl when using
primers at 40 pM concentration.

. Currently a sequenced ladder is not available for general use by

all laboratories. We can supply the panels and bin sets for the
13 RM Loci but would recommend preparing a ladder for
usage when using the RM Yplex. This can be done by profiling
approximately 100 individuals to gather the data for com-
monly occurring alleles in the male population, preparing a
mixture of alleles and running it as a ladder for individual loci.
The commercial male controls can help in calibrating the sys-
tem in individual laboratories.

. RM Yplex has been validated using POP-6™ polymer on ABI

3500. If using POP-4™ run time on ABI 3500 will need to be
adjusted by individual laboratories when performing an inter-
nal validation.

Use of G5 matrix leads to some pull up peaks in the blue panel
so exercise care while interpreting the data. Minimum RFUs
have to be assessed in each laboratory.

In some loci split peaks can be a problem it using POP-6. Using
POP-4™ can resolve such issues. Since most forensic laborato-
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ries use POP-4™ this phenomenon may not be exhibited.
Interpretation of data needs some experience in using the mul-
tiplex assay and confidence in calling the peaks of the multi-copy
markers. In case of doubt re-amplify and re-analyze the sample.
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Chapter 17

A Practical Guide to the HirisPlex System: Simultaneous
Prediction of Eye and Hair Color from DNA

Susan Walsh and Manfred Kayser

Abstract

The HIrisPlex system, which consists of two parts, allows the simultaneous prediction of eye and hair color
from DNA, e.g., samples extracted from crime scene evidence. The first part is a highly sensitive multiplex
genotyping assay consisting of 24 DNA markers using SNaPshot™ chemistry, for analysis on all Capillary
Electrophoresis machines. The second part consists of statistical models that respectively establish eye and
hair color prediction probabilities from complete and incomplete genotype profiles using parameters gen-
erated from large genotype and phenotype databases. This combined prediction tool constitutes the online
system freely available to users. Here we provide a practical guide on how to use the HIrisPlex system for
forensic and other DNA applications.

Key words HlrisPlex, Eye color, Hair color, Prediction, SNP, Forensic DNA Phenotyping

1 Introduction

DNA phenotyping refers to the prediction of a phenotype from a
genotype. When used in the forensic context, i.e., Forensic DNA
Phenotyping (FDP), externally visible phenotypes are predicted.
FDP tools are used for investigative purposes to find unknown
sample donors in cases where standard STR profiling from DNA
does not lead to conclusive identification [1-3]. In and out of the
forensic field, these tools are used to assign appearance traits that
are unavailable from skeletal remains to deceased persons for
anthropological [4, 5] or investigative use [6]. Furthermore, DNA
phenotyping involving diseases as phenotypes, i.e., the prediction
of disease risks from genotypes, is also relevant in the emerging
field of personalized medicine [7, 8]. DNA phenotyping has gained
a lot of interest and potential within the last few years due to suc-
cess in the association of DNA variants with particular human

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
DOI 10.1007/978-1-4939-3597-0_17, © Springer Science+Business Media New York 2016
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phenotypes via genome-wide or candidate gene studies, such as eye
color [9-18] and hair color [9-11, 15,17, 19-23].

In the case of eye color, combining these scientific discoveries
and assessing their predictive capabilities [24] led to the develop-
ment of several predictive tools such as IrisPlex [25], amongst oth-
ers [26, 27]. Combining eye color with hair color DNA prediction
[28] then led to the formation of the HIrisPlex system [29]. The
HIrisPlex system, capable of simultaneously predicting eye and
hair color from DNA, consists of a single multiplex genotyping
assay for 24 eye and/or hair color informative DNA variants, and
statistical prediction models, one for eye and one for hair color that
are based on large underlying genotype and phenotype databases.
The HIrisPlex system has undergone strict forensic developmental
validation guidelines to ensure it is one of the most reliable geno-
typing assays currently available for eye and hair color marker
genotyping [ 30]. What adds to this tools efficiency and ease of use
is the freely available online interactive prediction tool found at
http://www.erasmusmc.nl/fmb /resources /Irisplex_HIrisPlex /

that is capable of predicting eye and hair color from the full
24-marker profile. This online tool is also capable of producing a
conservative prediction with partial profiles (profiles with 23 vari-
ants or less) while additionally revealing its loss in prediction accu-
racy due to the missing loci.

Accuracy estimates using a previous model for eye color can be
found in Walsh et al. 2012 [31] and for both eye and hair color in
Walsh et al. 2013 [29]. However, there is now an enhanced model
[30] that currently uses the largest known database of eye (9188
individuals) and hair color (1601 individuals) phenotype and gen-
otype information with Area Under the receiver operating Curve
(AUC) measurements of 0.94 for blue, 0.74 for intermediate, 0.95
for brown eye color, and 0.81 for blond, 0.75 for brown, 0.92 for
red, 0.85 for black hair color, and 0.90 for hair color shade. The
AUC statistic describes on average (across all individuals within the
dataset) prevalence-adjusted prediction accuracy measures that run
on a scale from 0.5, meaning random phenotype prediction, i.e.,
no genotype information is relevant, to 1.0, meaning completely
accurate phenotype prediction, i.e., every time one predicts, the
correct phenotype is obtained. The HIrisPlex systems current eval-
uation revealed that concurrent eye and hair color can be accu-
rately and conservatively predicted in three out of four cases. Based
on a small 119 test set, precision accuracy for eye color is 84 %
(93 % for blue and brown), and for hair color is on average 73 %.

The presently achieved eye and hair color prediction accuracies
shall improve in the coming years as the genetic basis of eye and hair
color variation is understood more completely. Additional DNA
markers found to independently contribute towards eye and hair
color prediction, usually identified through genetic association stud-
ies, shall add greatly to such prediction systems together with epistatic
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effects [32, 33]. Prediction improvements are particularly needed for
the non-blue and non-brown eye colors, where current systems
including Iris/HIrisPlex are not performing at an optimum level.
Some developments are currently going on in this direction [26, 34,
35], but much more basic research is needed. Furthermore, age-
related changes in hair color such as blond in childhood to brown/
black in adulthood need to be understood on the molecular biology
level, and at best including these identified biomarkers in the predic-
tion systems to improve hair color hair color prediction in individuals
that have undergone such a change. Notably, the HlrisPlex (and
other currently available systems) predict hair color in early life, while
hair color change with age is not predictable with these systems.

Here we describe what is needed and how to run the HlrisPlex
system, from SNP genotyping using the HIrisPlex assay to insert-
ing genotyped alleles into the prediction model and interpreting
the prediction results. This tool has been successfully used for the
prediction of eye and hair color from DNA in many cases, from
aDNA to modern-day casework [6], so we anticipate that a full
breakdown of the tools usage from start to finish will be of great
benefit to many users. We also offer several tips and notes to try to
ensure that the HIrisPlex system functions at its most optimum
level for each user.

2 Materials

2.1 HirisPlex
Multiplex PCR Assay

2.2 HirisPlex
Multiplex Primer
Extension Assay

2.3 Purification of
Amplification Products
(PCR and SBE)

1. HIrisPlex PCR primers (see Table 1).

2. 1x TE bufter solution: 10 mM Tris—HCI, 1 mM ethylenediamine
tetra-acetic acid (EDTA), pH 8.

3. AmpliTaq Gold® DNA polymerase containing 10x PCR
buffer and 25 mM MgCl, (Life Technologies).

4. PCR nucleotide mix, 10 mM (Invitrogen, Groningen, The
Netherlands).

. ddH,O0.
. Bovine Serum Albumen (BSA) (10 mg/ml).
. 0.2 ml tubes (single).

. PCR instrument GeneAmp 9600 thermal cycler (Life
Technologies).

o N O v

1. HIrisPlex High-performance liquid chromatography-purified
SBE primers (see Table 1).

2. SNaPshot ® Multiplex Chemistry (Life Technologies).

1. Exonuclease Shrimp Alkaline Phosphatase—ExoSAP-IT (USB
Corporation, Cleveland, OH).

2. Shrimp Alkaline Phosphatase (SAP) (USB Corp.).
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2.4 Electrophoresis
and Genotyping
Software

2.5 HirisPlex Online
Prediction Tool

1. HiDi formamide (Invitrogen).
. GeneScan™ Liz 120™ dye Size Standard (Life Technologies).
3. Capillary Electrophoresis platform for detection of fluores-

cently labeled oligonucleotides with preloaded DS-02 /Dye set
E5 matrix (Life Technologies).

[\

4. Computer with Genotyping software, GeneMapper™ (Life
Technologies) or GeneMarker™ (Softgenetics, State
College, PA).

1. Computer with Internet access to site http: //www.erasmusmc.
nl/fmb/resources/Irisplex_HIrisPlex/.

3 Genotyping Methods

3.1 HirisPlex Assay

3.2 Primer
Preparation

The HIrisPlex assay [29] that has been forensically validated [30]
enables users to simultaneously predict the eye and hair color of an
individual from DNA using extremely low input amounts (down
to 64 pg DNA input). In our experience, to achieve optimum
results whilst using the HIrisPlex assay, it is essential that newly
prepared primers and reagents are used. Therefore adequate prepa-
ration of quantities needed for a batch run and freezing of aliquots
is recommended. dNTPs in particular are sensitive to repeated
freeze-thaw, so it is essential to make up all working reagents in
small tubes and only use the tube once. To begin using the
HIrisPlex assay, the following primers (Table 1) must be ordered
following our recommended quality control assessments that are
done by the primer provider/company (i.e., HPLC purified
(see Note 1)). Input DNA should be >64 pg DNA (se¢ Note 2),
and of reasonable quality; DNA extract from single source (see
Note 3) and of sufficient fragment length (>150 bp), i.e., not
severely degraded (sec Note 4).

Make sure all tubes are labeled with its primer name and the date
it was opened when making up primer stocks and working solu-
tions. If you order primers lyophilized, then make sure you add the
required amount of 1x TE Buffer or water to the tubes (see Note 1).
Ensure the solution is thoroughly mixed by vortexing and centri-
fuging to remove liquid from the tops of the tubes. Make aliquots
of these stocks to ensure your primers are not affected by subse-
quent freeze/thaw and store in the freezer. When making up
working primer solutions, ensure you make enough to cover the
runs needed for your current workload and store in the fridge at
4 °C. Working solutions should not be kept in the fridge for longer
than 10 days or else PCR reactions may be affected. Primers should
be prepared according to Table 2 for easy dispensing (sec Note 5);
an example of a 10 individual mix of primer quantities is also pro-
vided in the table.
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3.3 PCR Multiplex
Reaction Mix

3.4 Multiplex PCR
Conditions

3.5 Purification
of the PGR Product

3.6 Single Base
Extension (SBE)
Reaction

1.
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Prepare a MasterMix1 excel sheet of the total number of sam-
ples required for PCR amplification. Include volume for three
additional samples. These are for additional pipetting volume,
one negative control (ddH,0) and one positive control, i.e.,
9947A (see Note 6).

. Follow the sheet and make a MasterMix1 containing;

2.84 pL total of PCR Primers as per Table 2.
1 pL. of 10x PCR Gold Buffer (No Mg).

1 pL of MgCl, (25 mM).

0.22 pL ANTPs (10 mM each).

0.3 pLL Taq Gold Polymerase (5U /pL).

0.7 pL BSA (10 mg/ml).

2.94 uL H,0.

per each reaction required.

. Add 9 pL of MasterMix1 to each 1 pL DNA sample ina 0.2 ml

PCR tube.

. Vortex and spin down.

. Program the thermocycler for the following conditions:

95 °C for 10 min.

33 cycles of 95 °C for 30 s and 61 °C for 30 s.
5 min at 61 °C.

15 °C forever.

. Transfer 5 pL PCR product to fresh 0.2 ml tubes (see Note 7).
. Add 2 pL Exosap (see Note 7) to the PCR product (per

sample).

. Vortex and pulse spin down.

. Incubate in PCR machine.

37 °C for 45 min.
80 °C for 15 min.

15 °C forever.

. Prepare a MasterMix2 excel sheet of the total number of sam-

ples required for SBE amplification. Include volume for three
additional samples. These are for additional pipetting volume,
one negative control and one positive control (see Note 8).

. Follow the sheet and make a MasterMix2 containing;

(a) 1.61 pL total of SBE Primers as per Table 2.
(b) 1 pL SNaPshot Reaction Mix.
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3.7 Multiplex SBE
Conditions

3.8 Purification
of the SBE Product

3.9 CGapillary
Electrophoresis

3.10 Analysis
Methods

3.10.1 HilrisPlex
Genotype Scoring

3.10.2 HilrisPlex
Prediction Model

(c) 0.39 pL. H,O.
(d) per each reaction required.

e Add 3 pL of MasterMix2 to 2 ul each PCR product
sample in a fresh 0.2 ml PCR tube.

e Vortex and pulse spin down.

. Program the thermocycler for the following conditions.

96 °C for 2 min.

25 cycles of 96 °C for 10 s and 50 °C for 5 s.
60 °C for 30 s.

15 °C forever.

. Add 1 pL SAP to each tube of PCR product.

. Incubate in PCR machine.

37 °C for 45 min.
75 °C for 15 min.

15 °C forever.

. Mix 1 pL of cleaned SBE product with 8.7 pL HiDi Formamide

and 0.3 pL Liz 120 size standard (per sample).

2. Vortex and pulse spin down.

. Run mixture on AB Genetic Analyser (se¢e Note 9) using

POP-7 (see Note 10) on a 36 cm capillary length array and the
following run parameters; injection voltage of 2.5 kV for 10 s
and run time of 500 s at 60 °C.

. Please ensure you are using the correct matrix for the SNaPshot

chemistry (DS-02/Dye set E5).

. Use suitable allele scoring software such as GeneMapper® or

GeneMarker® when calling genotypes at each SNP. The details
for each Bin can be found in Table 3 (se¢ Note 10).

. A 50 rfu peak height threshold should be used for all allelic

calls. Ensure this by doing a manual check for each SN (see
Note 11).

. Difficult samples (low concentration or possible drop out)

should be run in duplicate for consistency of genotyping calls.
For some troubleshooting examples, see Note 12.

. Go to the website http: / /www.erasmusmc.nl /fmb /resources /

Irisplex_HIrisPlex/

. Click on the prediction webtool link and scroll to the HlrisPlex

portion of the website. Input the allele results here according to
the presence or absence of the named allele. You may input a full
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SNP Genotype peak colors and approximate bin size for capillary electrophoresis run on Applied
Biosystems 3130xl, with analyses on the GeneMapper™ 4.0 software. Also included are the HirisPlex
genotypes for the 9947A positive control

Peak color and approx. Peak color and 9947A positive
SNP No. SNP SNPs  size (bp) approx. size control
1 N29insA C/A Black, 28-30 Green, 29-31 CC
2 rs11547464 G/A Blue, 34-36 Green, 35-37 GG
3 rs885479 C/T Black, 37-39 Red, 3941 CC
4 rs1805008 Cc/T Black, 4042 Red, 4143 CC
5 rs1805005 G/T Blue, 4345 Red, 4547 GG
6 rs1805006 C/A Black, 4648 Green, 4749 CC
7 rs1805007 C/T Black, 48-50 Red, 50-52 CC
8 rs1805009 G/C Blue, 52-54 Black, 52-54 GG
9 Y1520CH C/A Black, 54-56 Green, 54-56 CC
10 rs2228479 G/A Blue, 56-58 Green, 57-59 GG
11 rs1110400 C/T Black, 59-61 Red, 60-62 TT
12 rs28777 C/A Black, 62-65 Red, 60-62 AA
13 rs16891982 G/C Blue, 65-67 Black, 65-67 GG
14 rs12821256 G/A Blue, 68-70 Green, 69-71 AA
15 rs4959270 C/A Black, 71-73 Green, 72-74 CA
16 rs12203592 Cc/T Black, 74-76 Red, 74-76 CT
17 rs1042602 G/T Blue, 76-87 Red, 78-80 GG
18 rs1800407 G/A Blue, 80-82 Green, 81-83 GG
19 rs2402130 G/A Blue, 83-85 Green, 84-86 AA
20 rs12913832 C/T Black, 87-89 Red, 88-90 CC
21 rs2378249 C/T Black, 89-91 Red, 90-92 CcT
22 rs12896399 G/T Blue, 93-95 Red, 94-96 TT
23 rs1393350 C/T Black, 95-97 Red, 96-98 TT
24 rs683 G/T Blue, 98-100 Red, 99-101 TT

24 SNP profile or a partial profile (se¢ Note 14) to generate eye
and hair color predictions for a single individual. You can also
predict several individuals at once using the file upload option.

3. Probability values are output for all three categories of eye
color; blue, intermediate, brown, and hair color; blond, brown,
red, black including hair shade categories of light and dark.
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3.10.3  Understanding
the HirisPlex Prediction

1. For eye color, the category with the highest probability value
is defined as the most probable eye color prediction (see Note

Probability Values 15).
2. For hair color, see Fig. 1 for a guide on understanding the prob-
ability values, using the probability stepwise approach and pro-
ducing the most probable hair color prediction (se¢ Note 15).
3. Figure 2 gives both eye and hair color final prediction
examples.
Enhanced Model Version 1 Prediction
When an individual is predicted as ... = most probable hair colour
Black*** % Is the dark value > 0.5p = Black
Yes
— =
is the p value > 0.7p - Is the dark value <0.5p = Black
“NNo — Is the dark value > 05p= Black
\ Is the dark value < 0.5p= D-brown/Black
Blond y Is the light value > 0.95p =Blond
Yes ;
is the p value > 0.7p ( =~ Is the light value < 0.95p =Blond/D-blond**
NO — |s the light value > 0.9p = Blond/D-blond**
\ Is the light value < 0.9p= D-blond**/Brown
** Dark blond and light brown overlap in colour
Brown % Is the light value > 0.8p= Brown
Yes "
— = _ *
Is the p vakie > 07p — Is the light value < 0.8p= Brown/D-brown
“NNo —] Isthe light value > 0.8p= Brown/D-brown*
\ Is the light value < 0.8p= D-brown/Black*
* depending on dark value increase
Red*** % Is the light value > 0.9p= Red
Yes ;
_— =
is the p value > 0.7p - Is the light value <0.9p= Red
NNo —Isthe light value > 0.9p= Red
\ Is the light value < 0.9p= Red

*** when a red or black category p > 0.25 is observed, irrelevant of
hair colour prediction, hint of that hair colour will be seen

Black/D-brown =- D-brown/brown = - Blond/D-blond =“

Fig. 1 HirisPlex prediction guide (Walsh 2014) on how to interpret individual hair color and hair shade probabili-
ties as derived from the HirisPlex prediction tool available from Walsh et al. 2014 or online at http://www.
erasmusmec.nl/fmb/resources/Irisplex_HIrisPlex/. D-Brown stands for dark brown and D-Blond stands for dark

blond
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Fig. 2 Final prediction examples using the HirisPlex system (Walsh 2014) of four different individuals. The
figure provides HlrisPlex probability values generated from each individuals DNA and includes a written inter-
pretation of their genotype results by an experienced HIrisPlex user utilizing the HlrisPlex prediction guide
(Walsh 2014). The figure also shows the individuals actual eye and hair color phenotype images for

references

Eye Colour (p) | Final prediction:
Blue 0.35
Intermed. 0.228| Brown eye colour
Brown 0.422 | Brown hair colour
Hair Colour (p)
Blond 0.14 | Eye colour probabilities are very similar &
Brown 0.67 | lower than 0.5p. but highest is brown.
Black 0.186 Suggest a brown prediction but possible
Red 0.004 | intermediate due to similar p values.
Hair Shade (p) Hair colour shows brown with second
- 551171 Mghest p value of black but at less than
Dark 0' 289 0.25 p. Similar shades indicate light and
. dark even out, therefore should be brown
Eye Colour (p) |Final prediction:
Blue 0.036 | *admixed individual
Intermed. 0.111
Brown o wﬂ?ﬁ:: Brown eye colour
— S0o1 Black hair colour
S 0 {Eve colour highest probability of brown
Red 0.001 is very high at > 0.85 p, no other prediction
Hair colour shows black but at a lower p
_ Hair Shade (P) |, a1ye at 0.57 p. Next category is brown with
Light 0.08 | with no significant blondired. High dark
Dark 0.92 ) shade also indicates black over dark brown
Eye Colour (p) | Final prediction:
Blue 0.946
Intermed. 0.043 Blue eye colour
Brown 0.011} Red (strawberry blond) hair colour
Hair Colour [p;}
Blond 0239} £ve colour highest probability of blue
Brown 0259 § i near complete prediction of 1.
Black 0.016 | N other colour in this prediction.
Red 0.486 | Hair colour shows red but at a low p
Hair Shade (p) | value with even blond and brown
Light 0.959 | contributions and no black, therefore it can
Dark 0.041 | be red blond/red auburn but not dark red.
Eye Colour (p) | Final prediction:
Blue 0.952
Intermed. 0.04] Blue eye colour
Brown 0.008 } Blond (dark-blond) hair colour
Hair Colour (p)
Sond 06341 Eye colour highest probability of blue
Broum 0.1641 i5 near complete prediction of 1.
Black 0.005 | No other colour in this prediction.
Red 0.197 ] Hair colour shows blond but at a lower
Hair Shade (p) | p value than 7, this could indicate a blond/
Light 0.994 | dark blond, and there is red & brown
Dark 0.006 | at lower levels, more likely a darker blond.
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4 Notes

1. PCR primers were purchased from Metabion (Martinsried,

Germany), desalted, and lyophilized. SBE primers were HPLC
purified and lyophilized; 100 pM stock solutions were made
with 1x TE buffer and stored at -20 °C. Further dilutions of
working solutions should be made with ddH,O and stored in
the fridge at 4 °C when in use.

. In previous developmental validation sensitivity assessments,

the HlrisPlex assay produced full consistent profiles at a mini-
mum DNA input of 64 pg. It is possible to produce full /par-
tial profiles lower than this level; however its accuracy cannot
be guaranteed (possible allelic drop out/in). For such low
quantities, duplication of the profile should be performed for
reliable consistent results in genotyping. In certain circum-
stances, splitting the assay into two, primers 1-12 in one PCR
reaction and primers 13-24 in another first PCR reaction, then
joining the resulting products together for the subsequent
SBE reaction may be preferred for maximal use of low concen-
tration template DNA.

. The HIrisPlex system should not be used to differentiate

between individuals within mixtures (as with all SNP typing);
therefore samples where an eye and hair color prediction is
required should be performed on single source samples. Prior
STR profiling can ascertain this.

. The design of the HlrisPlex system caters for highly degraded

DNA down to fragments of approximately 150 bp and full
profiles are expected in template DNA above this length.
However partial profiles are possible with extremely degraded
DNA, i.c., ancient DNA [6].

5. When making up working solutions, please follow Table 1 for

concentrations for both PCR and SBE reactions and easy dis-
pensing. If there is a volume noted under a certain solution
concentration, make the primer in this working solution and
take the noted volume for input into the master mix, i.e., for
SNP1 the PCR primer working solution concentrations are
50 pM, taking 0.1 pL of the forward with 1 pL of the reverse
for the reaction at a final primer concentration of 0.5 pM each
in a 10 pL reaction volume. For the SBE reaction a 50 pM
primer working solution concentration is made and 0.13 pL is
putinto a reaction for a final primer concentration of 1.3 pM. In
the case of SNP2, the SBE primer working solution concentra-
tion is only 10 pM with 0.05 pL volume for a final reaction
concentration of 0.1 pM in a 5 pL reaction volume.

. The PCR negative control should not contain DNA, and

ddH,O should replace that volume. The PCR positive control
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should contain a DNA sample that has previously worked
before and which the profile is known, i.e., 9947A control
DNA (Applied Biosystems). This profile can be found in
Table 3.

. The PCR reaction volume is 10 pL; however only 5 pL is

required when cleaning up the PCR product with 2 pL
ExoSAP-IT®. Therefore 5 pL should be transferred to fresh
0.2 ml tube. The remaining 5 pL. can be stored at -20 °C for
repeated profiling at a later date if required. In our experience,
ExoSAP-IT® (USB Corporation) gives clearer and more sensi-
tive results than using an in-house Exonuclease and SAP
cleanup mixture.

. Itis required to run SNaPshot® Multiplex Chemistry with the

manufacturers provided positive and negative controls to
ensure efficient SBE amplification. It is also useful as a guide
when troubleshooting to indicate at which point the reaction
ran into difficulties, i.c., the first PCR reaction or the subse-
quent SBE reaction.

. Although an ABI 3130x/ capillary electrophoresis machine

(Life Technologies) was used during the HlIrisPlex System
Developmental Validation, it is possible to use other ABI
machines such as the newer ABI 3500. To note: this machine
has been shown to provide increased peak heights and overall
sensitivity; however fragment lengths differ slightly on the
electropherogram.

POP7 polymer was also used for HIrisPlex validation purposes
and it has been noted that differences in fragment length
(especially in regions up to 40 bp in size) occur using POP4
but do not significantly affect the HlIrisPlex systems overall
performance.

Bins for each locus may not represent precisely the bins pro-
vided in Table 3, it depends on the machine and polymer;
however these ranges should be used as a reliable guide and
positive control 9947A can be found in the table to use as a
size reference.

Standard STR profiling calls for a 50 relative fluorescence unit
(rfu) threshold to be used to assess allele calls in a profile. The
HIrisPlex system also uses this threshold; therefore allele peaks
above are called and peaks below this level are not called.

Some troubleshooting examples:

(a) There is no profile in your sample including your positive
control; however the SNaPshot® positive control did pro-
duce a profile; there is an issue with the first PCR and its
reagents, try repeating the first PCR.

(b) There is no profile in your sample but positive control
worked and the SBE SNaPshot® positive control did pro-
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14.

duce a profile; there is an issue with the first PCR and your
DNA sample, check and quant your DNA sample.

There is no profile in any of your samples including the
SBE SNaPshot® positive control; there is an issue with the
SBE reaction and the SNaPshot® mix, repeat using fresh
SNaPshot® reaction mix.

There are peaks in the first PCR negative control sample
but not in the SBE positive control sample; there is possi-
ble contamination of your first PCR reagents.

There are peaks in the PCR negative control and the SBE
negative control; there is possible contamination of your
SBE reagents.

There are large peaks overlapping the HlrisPlex peaks at
the beginning of the electropherogram up to 35 bp in size
and they decrease peak heights of all the HIrisPlex alleles.
This is an issue with the cleanup procedure of the first
PCR using ExoSAP. Repeat cleanup with fresh ExoSAP
and the extra available 5 pL. PCR product that was stored.
There may be small artifact peaks observed after 150 bp in
size but they do not interfere with the HIrisPlex profile.

Profile shows upward slope low to high. This can occur if
reagents and primers from the first PCR reaction or the SBE
reaction (such as SNaPshot®) are not optimal, i.e., freeze/
thaw too many times. The primer sets (SBE primers 13-24)
only contain a single SNP for amplification using the SBE
primers; however the MCIR variants (primers 1-12) only
have 4 PCR products and will therefore be the first affected
it a PCR is not optimal. Repeat with fresh reagents.

Very low profile peaks. Ensure all reagents and primers are
fresh, also check DNA concentration. If it is a very low
concentration (<64 pg) or ancient DNA sample, it may be
wise to split the first PCR reaction into two. One reaction
containing the MCIR PCR primers and the second con-
taining the 13-24 primers. The PCR products can then be
joined for the SBE reaction; this provides additional PCR
product for the downstream reactions and may provide
higher peak heights and less incidences of drop out. If the
sample is extremely bad and HlIrisPlex does not produce
enough peaks, then IrisPlex (6-SNP assay) may be per-
formed on the samples for eye color prediction alone.

If a full HIrisPlex profile was produced, follow the website in
terms of what values you input for each locus. For example, for
DNA variant 20 which is HERC21rs12913832, if the genotype
at that locus was GG; input 0, if GT; input 1, if TT; input 2. If
a partial profile is produced, then please input NA for that
locus.
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15. The HlIrisPlex system is very accurate at predicting blue and
brown eye color over the 0.7p probability threshold level and
accurate over the 0.5p probability threshold level (see accuracy
threshold levels in Walsh et al. 2012) [31]. However currently,
predictions that have very similar probability values (<0.5p) are
more difficult to predict and have an increased chance of error.
This includes the intermediate category, i.e., green for which
the HlrisPlex has the least level of accuracy in prediction, as
the genes/SNPs associated with this trait are not believed to
have been found yet. Further research is required to improve
intermediate eye color category prediction.

For categorical hair color prediction the HIrisPlex system is
currently the only tool available, with precision accuracy values
(using the previous HlrisPlex model [29]) of 69.5 % for blond,
78.5 % for brown, 80 % for red, and 87.5 % for black hair on a
>300 individual test set. A word of caution must be noted with
blond hair color predictions; although the HirisPlex system is
accurate at predicting blond hair, there are instances (in approx.
8 % of cases in a 119 test) where an individual has naturally changed
hair color from childhood to adulthood (i.e., blond to dark brown/
black) and these “age-dependent hair color changes” have not yet
been implemented into the hair color prediction model. This
means that a light blond hair color prediction could reflect a blond
haired individual who has been blond all their life or a brown/
black haired adult that had blond hair as a child and it changed
during adolescence (ages vary). This error rate has already been
implemented into the 69.5 % precision accuracy.
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Inference of Ancestry in Forensic Analysis I: Autosomal
Ancestry-Informative Marker Sets

Chris Phillips, Carla Santos, Manuel Fondevila, Angel Carracedo,
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Abstract

An expanding choice of ancestry-informative marker single nucleotide polymorphisms (AIM-SNPs) is
becoming available for the forensic user in the form of sensitive SNaPshot-based tests or in alternative
single-base extension genotyping systems (e.g., Sequenom iPLEX) that can be adapted for analysis with
SNaPshot. In addition, alternative ancestry-informative variation: Indels and STRs can be analyzed using
direct PCR-to-CE techniques that offer the possibility to detect mixed profiles. We review the current
forensically viable AIM panels, their optimized PCR multiplexes, and the population differentiation power
they offer. We also describe how improved population divergence balance can be achieved with the
enlarged multiplex scales of next-generation sequencing approaches to enable analysis of admixed indi-
viduals without biased estimation of co-ancestry proportions.

Key words Genetic ancestry, SNP, AIM-SNP, SNaPshot, Indels, Population genetics, Next-generation
sequencing (NGS)

1 Introduction

The inference of ancestry in forensic analysis, by typing DNA vari-
ants with highly differentiated allele frequencies amongst popula-
tions, has the scope to provide a reliable genetic-based substitute
for eyewitness when this is not available to investigators [1-3]. In
fact, the analysis of genetic variation to infer ancestry has a wide
range of applications in forensic testing beyond attempts to gain
information about unknown donors of DNA found at the crime
scene, including (1) achieving a more complete identification of
skeletal remains from missing persons or mass grave sites in regions
of conflict; (2) corroborating eyewitness accounts of the perceived

Electronic supplementary material: The online version of this chapter (doi:10.1007/978-1-4939-3597-0_18) contains
supplementary material, which is available to authorized users.
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ethnicity of a person when these are unreliable or conflicting (see
Note 1); (3) confirming the self-declared ancestry of donors col-
lected for genetic databases such as those compiled for STRs,
Y-markers, and mitochondrial variation (the latter two showing
marked geographic differentiation so that checking the ancestry of
outliers is critical to database accuracy); (4) refining familial search
strategies that are highly dependent on STR allele frequency
assumptions made prior to the search [4]; (5) helping assess atypi-
cal combinations of physical characteristics (using, e.g., Irisplex
[5]) due to admixed ancestry in the individual; and (6) enhancing
studies where forensic-level sensitivity is necessary such as testing
medical archive material or archaeological remains.

In the previous publication on forensic ancestry testing in
Methods in Molecular Biology 830 [6], we outlined ways to type
forensic material and analyze the resulting allelic data with a
SNaPshot single-base extension (SBE) assay of 34 ancestry-infor-
mative marker (AIM) SNPs [1]. Subsequently the 34-plex AIM-
SNP assay was enhanced by swapping out a poorly performing
SNP and completing more comprehensive control DNA typing to
add reference data for first-time SNaPshot users [7] while online
SNP frequency databases have continued to grow in both depth
and scope. A complimentary SNaPshot forensic ancestry test has
also been developed to use alongside 34-plex termed Eurasiaplex:
designed to differentiate South Asians from Europeans [8].
Potentially more useful for forensic geneticists interested in analyz-
ing ancestry with tests as straightforward as routine DNA profil-
ing, SNaPshot tests have now also been extended with
ancestry-informative insertion-deletion marker sets (AIM-Indels)
[9, 10] and ancestry-informative STR (AIM-STR) sets [11]. Since
both marker sets are typed using dye-labeled PCR primers and
tests place PCR amplification products directly into capillary elec-
trophoresis (direct PCR-to-CE), the peak balance obtained is
much better than SNaPshot such that electrophoretic signals more
directly reflect the allelic ratios of input DNA. This characteristic
markedly improves profile quality and introduces the possibility of
mixture detection regimes similar to those routinely applied to kit-
based STR analysis. Therefore, forensic laboratories have a range of
multiplexes to choose from that can help build a picture of the
ancestry of DNA from unknown sources. In parallel to an expanded
range of forensic ancestry tests, the online Bayesian classifier
Snipper has undergone a series of enhancements to its functionality
(http://mathgene.usc.es/snipper/index.php). We have divided
the description of current forensic ancestry analysis into two com-
plimentary chapters covering here: AIM marker choice and foren-
sically applicable multiplexes, and in the next chapter: the options
available for analysis of the genetic data generated from these tests.

Lastly, important developments have been gathering pace in
the field of next-generation sequencing (NGS) analysis. The
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possibility to sequence short DNA fragments amplified in PCR
multiplexes of several hundred markers with bench-top scale sys-
tems has obvious implications for expanding the scope of forensic
DNA analysis. NGS systems offer the real possibility to combine in
a single test: identification markers, ancestry-informative markers,
and SNDs able to predict common physical characteristics such as
eye and hair color. Even if just a proportion of the multiplexing
capacity is used for ancestry markers, then 100-200 sites can be
combined to significantly improve the data depth for inference of
ancestry with raised precision. The question then becomes: what
AIMs should be used to make best use of this capacity and what
additional characteristics might be sought for the set as a whole?
We will explore the concept of population differentiation balance
as a way to analyze population admixture with reduced bias when
estimating co-ancestry proportions. This factor was used to recon-
struct a new forensic AIM-SNP set of various multiplex scales spe-
cifically for NGS platforms.

2 Materials

Previously provided URLs to access genetic data online are
unchanged [6] but database scope has expanded. Two important
additions relevant to forensic SNP analysis are the FROGkb and
Complete Genomics databases.

1. The Smipper options can be accessed from a menu of eight
well-defined analytical approaches at: http://mathgene.usc.
es/snipper,/. Fixed training sets have now been extended to 34
SNPs, 46 Indels, and their combination into 80-marker pro-
files. Our recommendation for appropriate population scope
when using AIM set combinations is to choose three-group
classifications of Africans, Europeans, East Asians in Sunipper
with 34-plex, four (adding Americans) with Indels, and five
(adding Oceanians) when combining both. Cross-validation
with Smipper is a commonly used population data and SNP
power assessment routine and is selected at: http: //mathgene.
usc.es/snipper/analysispopfile2_new.html

2. SPSmart similarly offers all database choices from one page
(at: http://spsmart.cesga.es). Accessible data includes the full
1000 Genomes variant catalog (ENGINES), 70 forensic STRs
(pop.STR), SNPforID forensic SNP set data and HapMap,
Perlegen, and Stanford /Michigan HGDP-CEPH SNP cata-
logs (see Note 2).

3. FROGkb (at: http://frog.med.yale.edu/FrogKB/) is the
Forensic Reference Resource On Genetics run by Kiddlab.
FROGKkD lists several forensic SNP sets for ancestry analysis,
identification, and prediction of physical characteristics. The
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site also includes a likelihood calculator for each SNP set for a
range of populations linked in from the ALFRED variant data-
base (http:/ /alfred.med.yale.edu).

. Complete Genomics (CQG) has public listing of variant data for

427 complete genomes (at: http://www.completegenomics.
com/public-data/). All current CG genomes are from study
individuals common to 1000 Genomes but, unlike 1000
Genomes, also include variant site data for mt-DNA, X and
Y-chromosomes.

3 Methods

3.1 The Revised
SNPforlD 34-Plex
Forensic Ancestry Test

3.1.1  PCR Amplification
of 34-Plex

. A revision of the 34-plex SNaPshot test swapped the underper-

forming AIM-SNP rs727811 with the highly informative
rs3827760 that has a near-fixed East Asian specific allele (see
Note 2). Additionally, SBE primers of rs2304925, rs5997008,
rs2814778, rs239031, and rs16891982 were modified to
adjust peak positions when detecting genotypes with POP-4™
polymer (Lite Technologies), while certain mobility modifying
poly-CT tails were changed to nonhomologous sequences.
This adaptation pre-empted increasing use of AB POP-4™ and
likely discontinuation of AB POP-6™ polymer for which the
original 34-plex assay was developed. We moved rs2304925 /
rs5997008 away from the fastest mobility size range where dye
artifacts can interfere with allelic peak recognition and
rs2814778 /1239031 /rs16891982 were size-adjusted to bet-
ter separate them from neighboring SN peaks or nonspecific
signals seen with POP-4™. Details of the 34-plex assay SNPs
are summarized in Table 1.

. Make a master mix containing all primers diluted to the con-

centration shown in Supplementary File S1A.

. Set up PCR reactions with 1x AB AmpliTaq Gold PCR bufter;

25 mM MgCl, to a final concentration of 5.9 mM; 10 mM
dNTP mix to a final concentration of 0.58 mM; 3.2 mg/pl
BSA to a final concentration of 0.29 mg/pl, 0.5 U of AB
AmpliTaq Gold polymerase; 1 pl of premixed PCR primers;
0.75 ng of DNA in 6.9 pl final reaction volume.

. PCR cycling: 95 °C for 15 min, then 30-32 cycles at 95 °C for

30 s, 60 °C for 50 s, and 65 °C for 40 s with a final extension
at 65 °C for 15 min.

. Make a master mix of SBE primers according to the details in

Table S1.

. To clean up PCR products add 1.3 pl of Illustra ExoProStar

1-step (GE Healthcare) to 2.5 pl of PCR product. Note this is
a name change of ExoSAPit for licensing reasons and both
products are identical.
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Summary of component marker characteristics of the revised 34-plex SNP-based ancestry test [7]

SNaPshot USC SNaP 1000-G Expt Obs Obs  Obs Obs Het

position rs-number code Bases® bases size bp:G bp:A bp:C bp:T ratio
1 rs1321333 P03 TC AG 22 26.89 28.63 1.31
2 rs917118 A07 GA CT 24 28.17 30.16 2.34
3 rs1024116 A29 GA CT 28 26.75 28.95 1.18
4 rs7897550 P05 CT GA 28 3144 3287 1.19
5 rs722098 A2l AG AG 33 33.88 36.28 3.53
6 rs10843344 P06a CT CT 35 37.05 38.31 1.36
7 rs239031 P07 CT GA 36 38.9 4045 1.17
8 rs12913832 P08 AG AG 38 40.15 40.9 4.89
9 rs2040411 A40 GA GA 41 43.18 44.25 1.56
10 rs1978806 P09a TC AG 41 4427 4552 121
11 rs773658 P10  GC CG 45 46.25 46.73 3.10
12 rs10141763 P11 AT TA 45 48.74 49.32 1.12
13 rs182549 P12 CT CT 49 49.11 50.55 1.10
14 rs1573020 P13  GA GA 49 50.27 50.98 1.10
15 rs896788 P14 CT CT 53 52.52 5326 1.21
16 rs2065160 P15 AG AG 53 54.11 54.82 2.38
17 rs2572307 Pléa AG AG 57 5541 56.02 1.41
18 rs2303798 P17 CT GA 57 57.14 57.73 2.19
19 rs2065982 P18 AG TC 61 59.17 59.9 1.71
20 rs3785181 P19 CT CT 61 60.27 6149 1.54
21 rs881929 P20 GT GT 64 61.83 63.86 2.07
22 rs1498444 P21  AC TG 65 64.17 64.01 1.19
23 rs1426654 P22a TC AG 68 67.35 68.19 1.26
24 rs2026721 P23 AG TC 69 68.45 69.37 2.04
25 rs4540055 P24 TCA AC 73 72.15 71.68 7248 2.16°
26 rs16891982 DP25a GC CG 75 76.03 76.44 1.76
27 rs1335873 A52 TA AT 77 78.16 78.31 0.99
28 rs1886510 Al3 GA GA 80 78.71 79.69 1.47
29 rs730570 P26 CT GA 80 80.11 80.74 1.68
30 rs5030240 P27  GCA CA 85 83.75 8491 84.51 2.02¢

(continued)
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Table 1

(continued)
SNaPshot USC SNaP 1000-G Expt Obs Obs  Obs Obs Het
position  rs-number code Bases® bases size bp:G bp:A bp:C bp:T ratio
31 12304925 P01 TG AC 87  86.61 87.93 2.32
32 5997008 P02 CA CA 87 90 882 87.86 1.78
33 rs3827760 P28 AG AG 90 89.64 90.09 5.08
34 rs2814778 P04 TC TC 90 91.04 9193 091

USC code refers to the internal name used for each marker; 1000-G=1000 Genomes; expt/obs=expected /observed;
bp base pair sizes; Het=heterozygote peak pair

“Reference allele first
"Listed value for P24-AC with P24-CT=1.21 and P24-AT=1.76
Listed value for P27-AC with P27-AG=1.64 and P27-CG=3.57

6. For Single-Base extension, add 1 pl of cleaned PCR product,
1 pl of SNaPshot ready reaction mix, 0.5 pl of premixed SBE
primers (ratios listed in Supplementary File S1A, previously
0.75 pl); 0.5 pl water.

7. Carry out the single-base extension using the following param-
eters: 28-30 cycles at 96 °C for 10 s, 55 °C for 5 s and 60 °C
for 30 s.

8. In preparation for capillary electrophoresis (CE) combine
1 pl of a 1/25 dilution of SBE product with 8.9 pl of deion-
ized Hi-Di formamide and 0.3 pl AB GS-120 LIZ size
standard.

9. Run on an ABI PRISM 3130 Genetic Analyzer (AB), filter set
G5, POP-4 polymer or equivalent (see NOTE—TI’ll add a note
here to say that you can use other platforms, but the sizes and
ht balances may change).

The changes to SN positions and chemistry improve signal
balance and aid more reliable analysis of SNaPshot peak patterns
compared to the previous configuration of the 34-plex test. More
importantly, the inclusion of rs3827760 has raised classification
success rates for three of five population groups analyzed with
cross-validation results indicating the following improvements:
Europeans=98.7 % raised to 99.4 %; East Asians=92.5-94.7 %;
Oceanians=96.1-100 %. Africans and Americans remain at 100 %
success with both SNP sets.
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3.2 Eurasiaplex,

a Complimentary Test
to 34-Plex

for Differentiating
Europeans and South
Asians

3.3 The 46-Plex
AIM-Indel Ancestry
Test

Eurasiaplex comprises 23 AIM-SNDPs chosen to maximize the dif-
ferentiation of European and South Asian populations [8]. The
SNPs were also designed to be independent of 34-plex markers by
being well separated in the genome; in this way European classifi-
cations with 34-plex could be further explored without bias due to
linkage by supplementary Eurasiaplex analysis. A key aspect of the
successful ancestry assignment of Europeans and South Asians was
the application of a probability threshold of two orders of magni-
tude or “100 times more likely”—i.e., values below this minimum
likelihood ratio of the most likely ancestry and the next most likely
were not assigned (see Note 3).

1. Make PCR primer mix following the details in Table
Supplementary File S1B.

2. Set up the PCR with 2 pl Qiagen multiplex PCR master mix;
2 pl primer mix; 1 ng of DNA in 5 pl final reaction volumes.

3. Carry out PCR: 95 °C for 15 min, then 35 cycles at 94 °C for
30's, 60 °C for 60 s, and 72 °C for 50 s, with a final extension
at 72 °C for 10 min.

4. Make PCR primer mix following the details in Table
Supplementary File S1B.

5. Clean PCR products with 1.3 pl of Illustra ExoProStar 1-step
(GE Healthcare) added to 2.5 pl of PCR product.

6. For SBE add 1 pl of cleaned PCR product, 1.25 pl of SNaPshot
ready reaction mix, 0.75 pl of premixed SBE primers.

7. Carry out SBE cycling: 30 cycles at 96 °C for 10 s, 55 °C for
5s, and 60 °C for 30 s.

8. For CE combine 1 pl of amplified product with 10 pl of deion-
ized Hi-Di formamide and 0.25 pl AB GS-120 LIZ size stan-
dard, run on an ABI PRISM 3130 Genetic Analyzer (Life
Technologies), filter set G5, POP-4 polymer.

Short Indels consisting of sequence insertions or deletions of
between 1 and 25 bases make up ~5 % of human genome variants.
Indels combine the favorable characteristics of SNPs with those of
STRs by being easily typed from short amplified fragments, thus
giving typing success from highly degraded DNA comparable to
most SNPs, while their detection with dye-labeled PCR primers
matches the proven genotyping system of forensic STRs [10]. The
major advantage of direct PCR-to-CE is that a single reaction step
restores the simple relationship between allele peak height ratios
and input DNA—making mixture detection more reliable than
when using SNaPshot [12]. The ancestry-informative Indels we
identified were collected into a 46-plex assay designed to provide
differentiation of Africans, Europeans, East Asians, and Native
Americans [11].
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1. Make primer mix with primers listed in Supplementary File
S$1C with all primers 1 mM.

2. Set up PCR with 5 pl Qiagen multiplex PCR master mix; 1 pl
of the primer mix (i.e., final concentrations of 0.1 mM);
0.3-5 ng of DNA in 10 pl final reaction volume.

3. Carry out PCR: 95 °C for 15 min, then 28 cycles at 94 °C for
30's, 60 °C for 90 s, and 72 °C for 60 s, with a final extension
at 72 °C for 60 min.

4. Combine 0.8 pl of amplified product (although this may need
dilution up to 1/10 with water) with 11.65 pl of deionized
Hi-Di formamide and 0.35 pl AB GS-500 LIZ size standard

tor capillary electrophoresis.

5. Analyze samples by running on an ABI PRISM 3130 Genetic
Analyzer, filter set G5, POP-4 polymer. Note that POP-7 was
described in the original paper [11], but use of POP-4 is a
viable alternative and the sizes listed in Supplementary File
S1C are for POP-4 polymer.

6. Provisional analysis of Indel profiles with artificial mixtures
indicates simple two-contributor mixed profiles can be readily
detected as nonstandard peak patterns each time [12]. Figure 1
illustrates profiles of NED-labeled AIM-Indel products for
NIST standard reference material DNA SRM2391-D, com-
prising a 1:3 combination of A:C DNA. Strong signal imbal-
ances are evident in five peak pairs where contributor genotypes
contrast and create skewed peak height ratios ranging from a
minor peak height 65 % of the major peak, to as low as 15 %.
In contrast, unmixed minor:major peak ratios average 94 %
including the outlier rs2307803. Such patterns indicate simple

11 NED-labelled AlM-Indels: Average heterozygole balance for six unmixed peak pairs shown: 94%
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Fig. 1 NED-labeled AIM-Indel peaks obtained with standard control DNAs: SRM-2391-A, -C, and -D. Sample D is
a 3:1 mixture of A:C so the boxed peak pairs in the middle electropherogram show varying degrees of imbalance
as a result. A range of heterozygote peak pairs indicated in the upper/lower electropherograms suggest unmixed
peak balance per locus averages ~94 % in contrast to the 1565 % imbalance found in SRM 2391-D. Note that
peak balance is primarily within-locus and signal strength is far from uniform between loci
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3.4 Inference
of Ancestry from STR
Data

mixed DNA is detectable using Indels particularly with 42 data
points to permit comprehensive peak height comparisons. An
important factor here is that mixtures of contributors from dif-
ferent ancestries will regularly show a larger number of geno-
type contrasts, so this type of mixture will be more readily
detected. In fact, the SRM2391-D mixed DNA control com-
prises a combination of European and Oceanian donors. To
turther underline this aspect it is interesting to note that the
apparent “Heterozygosity” (proportion of peak pairs) in the
middle electropherogram of Fig. 1 is 64 %: much higher than
an average proportion of 36 % seen in the other unmixed
electropherograms.

An alternative 21 AIM-Indel multiplex has been developed by
Zaumsegel et al. [13] that has no overlapping loci with the 46
Indels described above. This combination of 21 Indels has consid-
erable free electrophoretic space as only 6FAM and HEX dye labels
were used. Furthermore there is scope for re-balancing levels of
differentiation obtained with these AIM sets from the combination
of' 46 and 21 Indels, as described in Subheading 3.6.

Past initiatives to use forensic STRs for ancestry inference applied two
different approaches: using Bayesian analysis to derive a likelihood
ratio of most probable ancestry [14-16], or development of novel
STR sets specifically to analyze ancestry [17]. The first approach
using standard forensic identification STRs cannot adequately differ-
entiate all populations, while the second has focused on di-nucleotide
repeat STRs, inappropriate for forensic use due to very high stutter
product peaks. Rosenberg et al. used much larger STR sets of 377
loci to successfully differentiate global populations [18] but multi-
plexes beyond 10-15 STRs are unsuitable for typing limited quanti-
ties of DNA. We used frequency data from the Rosenberg studies to
identify the most differentiating tetra-nucleotide repeat STRs [18] to
construct a single assay of ancestry-informative STRs (or AIM-STRs).
In order to analyze STR profiles with frequency-based reference data
the Snipper portal was adapted to handle reference allele frequencies
in place of genotypes. Input of allele frequencies permits ancestry
analysis with a flexible choice of marker type (e.g., combining STRs
with SNPs) to allow reference-training sets to be easily constructed
from the complex allelic data characteristic of STRs.

1. Make primer mix following details in Table Supplementary
File S1.

2. Set up PCR: 1 pl 10x AB GeneAmp PCR buffer II; 0.8 pl
3.64 mM MgCl,; 0.25 pl 0.23 mM dNTDPs; 0.5 pl BSA
(0.07 pg/ul); 0.2 pl AB AmpliTag Gold*; 5 pl Qiagen
Multiplex PCR Mix*; 1.82 pl PCR primer mix; 0.4-1.2 ng
DNA in 12 pl final reaction volume. *We have found combining
two different sources of polymerase can improve PCR
performance.
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3.5 Alternative
SNP-Based Forensic
Ancestry Tests

3. Carry out PCR: 95 °C for 15 min, then 28-30 cycles at 96 °C
for 30 s, 59 °C for 90 s, and 72 °C for 90 s, with a final exten-
sion at 72 °C for 60 min.

4. Combine 1 pl of amplified product with 9.5 pl of a 33:1 mix-
ture of deionized Hi-Di formamide and AB GS-500 LIZ size
standard, run on an ABI PRISM 3130 Genetic Analyzer, filter
set G5, POP-7 polymer.

To analyze STR data for ancestry inference with Sunipper
the “Classification with a custom Excel file of frequencies”
option is chosen (http://mathgene.usc.es/snipper/frequencies_
new.html). Training sets for a range of commonly combined STR
kits are provided for a total of 32 STRs (combining Promega
Powerplex Fusion and Qiagen HDplex loci); 20 (Identifiler and
NGM) or 12 AIM-STRs as described above [11]. Allele frequency
data can also be collected from pop.STR by selecting population
and STR combinations then collating tables of allele frequencies
from the downloads page.

To reformat allele frequencies for input to Snipper, download
the pop.STR csv files and open in Excel and the “Text to Columns”
function (applying semicolon delimiters) converts all data to a table.
STR profiles follow the input format: STR1Allele1l,STR1Allele2/
STR2Allele]1,STR2Allele2 /etc. and uses marker order: STR1 = work-
sheetl, STR2 =worksheet2, etc. Frequencies for STRs and SNPs
can be combined but this follows the rather clumsy format of a dif-
ferent worksheet for each SNP with frequency data as “alleles x pop-
ulations” tables.

Although 20 standard identification STRs are not as differen-
tiating as the best AIM-SNPs, they still provide data that can be
used towards an overall picture of an individual’s ancestry. However
the combination of the recently introduced Promega Powerplex
Fusion and Qiagen Investigator HDplex STR kits provides 32
unique STRs from just two kits. The genotype data obtained from
this number of STRs is certain to provide better differentiation of
populations and is worth exploring further to gauge how well
ancestry inferences match the population of origin of test samples.
The frequency-based Suipper classifier now includes a training set
tor the above 32 STRs collating data from all seven population
groups of the HGDP-CEPH panel.

Alternative autosomal SNP ancestry tests using SNaPshot have been
described by Lao et al. [19] and Gettings et al. [20]. As Lao’s tests
use relatively small-scale 12-plex amplifications, they are likely to
provide similar levels of forensic sensitivity to the tests described
above. Furthermore, there is only one SNP in common between
these 24 and the 34-plex components: rs16891982. Therefore,
including the 46-plex AIM-Indel test, up to 103 unique AIMs can
be genotyped with four proven forensic tests to achieve considerable
data depth for differentiating all five principal population groups


http://mathgene.usc.es/snipper/frequencies_new.html
http://mathgene.usc.es/snipper/frequencies_new.html
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3.6 Redesigning
Forensic Ancestry
Sets for NGS:
Selecting AIM-SNPs
for Power

and Population
Divergence Balance

of Africans, Europeans, East Asians, Americans, and Oceanians.
The details of the SNaPshot tests developed by Lao were outlined in
the Supplementary Methods file of [18]. In a slightly different
approach tests developed by Gettings combine AIMs and eye color
predictive SNPs together [20]. While this is a worthwhile feature,
the ancestry inference performance is compromised to some degree
by including SNPs weakly predictive for pigmentation that have low
levels of population differentiation (see Note 1). Furthermore, the
SNPs are combined into three separate multiplexes, although data
from 32 AIM-SNPs can be applied separately for ancestry analysis
(see listing in FROGKkb) and the paper includes Snipper training sets
for this purpose (US populations of: Europeans, African Americans,
Hispanics, and East Asians) as supplementary files [20]. Lastly, the
FROGKkb website lists a set of 55 candidate AIM SNDPs, of which 41
have been developed as iPLEX assays (the Sequenom spectrometric
SBE-based genotyping system) described by Nievergelt et al. [21].
The iPLEX assays would be easily adaptable to SNaPshot chemistry
and these loci are likely to be of interest for laboratories aiming to
build new ancestry tests or combine the best markers from each of
four optimized forensic tests.

Individual PSD values in the three main population groups are
listed in Table 2 for the four forensic AIM-SND sets described in
Subheading 3.1 and above. There is limited commonality between
the four sets accounting for ~13 % of chosen markers. These com-
mon AIMs in multiple sets are listed in the top left sections of
Table 1. In summary, common SNPs comprise rs16891982, the
only marker present in all sets; rs3827760, rs2814778 plus pig-
mentation loci rs1426654 and rs12913832 in 34-plex, Gettings
and FROGkb; rs1876482 in Lao, Gettings and FROGkb—a non-
coding SNP commonly selected as a powerful E Asian-informative
marker. Another 11 AIMs are present in two sets.

Small-scale forensic AIM sets need to collect the most powerful
markers possible, as tests must generate the best ancestry-indicative
data from limited amounts of DNA. For this reason, whole-genome
scan approaches that can type up to a million markers but require
large quantities of input DNA have never gained traction for foren-
sic analysis despite the promise of much greater SNP data depth
and therefore a higher level of geographic resolution compared to
SNaPshot. NGS systems however can bridge this gap by genotyp-
ing up to 400 SNPs (and Indels or STRs) by direct sequence anal-
ysis with indications of equivalent or better sensitivity than
SNaPshot.

To rebuild a forensic ancestry set for NGS analysis, we priori-
tized two properties of the SNP set: maximum differentiation
power, as defined by the allele frequencies in the populations a test
seeks to compare, and divergence balance achieved by obtaining
near-identical differentiation in all population comparisons. If one
or more differentiations are stronger than the others, then
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co-ancestry component proportions can be exaggerated for those
populations. An example of this effect is shown by a study of
Bolivians [22] using the 46-plex AIM-Indels and a 446 SNP
genomic ancestry panel developed by the LACE Consortium [23]
illustrated in Figure 2. Analysis of Bolivian data with Structure
shows the small AIM set consistently underestimates American co-
ancestry proportions and overestimates European co-ancestry pro-
portions compared to estimates made with 446 SNPs. Such results
arise from the stronger differentiation of Europeans than Americans
from the Indel panel, whereas the LACE panel provides much
greater balance from very closely matched differentiation of
Africans, Europeans, and Americans.

To identify the most powerful AIM-SNPs, we selected the
most highly differentiated markers for population comparisons
extended to the five main global population groups. Differentiation,
indicated by how divergent the population groups are for the
markers chosen, can be assessed by estimating one or all of the
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Fig. 2 Percentages of co-ancestry proportions from Structure analysis of 12
Bolivians inferred using different AIM-SNP sets: the 46 AIM-Indels and a larger
scale genomics orientated 446-SNP panel developed by the LACE Consortium
[23]. Vertical bars highlight the difference of co-ancestry proportions estimated
with each marker set. In each individual the smaller-scale Indel set consistently
underestimates American co-ancestry and overestimates European co-ancestry.
Data indicates co-ancestry proportion estimation of admixed individuals with
forensic scale AIM sets can be biased unless Population-Specific Divergence is
carefully adjusted to achieve adequate balance. Figure adapted from Taboada-
Echalar et al. [22]
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following differentiation metrics for groups of candidate SNPs:
Fst, delta (6), (see Note 4) and Shannon’s or Rosenberg’s
Divergence (the latter usually given as: In). The most informative
markers have the highest Fst, 8, and Iz values for a particular popu-
lation comparison and will best measure levels of admixture
between those populations. Therefore we selected the SNPs show-
ing highest differentiation metrics across all ten comparisons
between the five global population groups. This was achieved by
recording the cumulative Population-Specific Divergence values
(PSD), i.e., applying to one group compared to all the others (see
Note 5). Figure 3 compares the cumulative PSD values in five
groups comparing 80 established forensic AIMs (34-plex and 80

OCE AME African-informative EUR EASN  (weakly informativa)
14.5
Alrican: 8.7
AFR
16 8
87 3

(%) soualisang s Biaquasoy

EASN

Shannon’s Divergence (given in Snipper)

Oceanian-informative SNPs American-informative AFR Eurcpean-informative East Asian-informative =
232 1
AFR

All groups:
14.0-14.3

Fig. 3 Cumulative PSD values for 80 markers of 34-plex SNPs and 46 AIM-Indels (upper chart, Indels in brack-
ets) and 122 loci of a “Global” AIM-SNP set developed for NGS. In each plot markers are ordered by informa-
tiveness to differentiate population groups: Oceanians; Americans; Africans; Europeans; East Asians, best to
worst within each group. The pyramids on the left show geometric representations of the final cumulative
PSDs achieved for each set—uwith 80 established AlMs showing strong skew in differentiation power towards
African divergence, reduced amongst the others, particularly Oceanians. In contrast, 122 carefully selected
AlMs can reach divergence balance (all pyramid points evenly distributed and PSDs near-identical). The final
cumulative PSDs are given for each population group with the 122 AIM panel producing five values within 2 %
of each other. Note that the slopes of the 122 AIMs PSD lines are straighter indicating comparable power
amongst component loci
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3.7 Concluding
Remarks

Indels combined) and 122 newly selected SNPs for NGS. The
plots illustrate that established marker sets tend to accumulate
African divergence more easily than American or Oceanian—
generally SNP variation is less well differentiated in these two
groups for the markers commonly selected as most powerful for
Africans, Europeans, and East Asians (se¢ Subheading 3.6).
Additionally, when SNPs are targeted for differentiating American
or Oceanian groups they tend to show greater divergence with
Africans than with Europeans and East Asians. Therefore the pro-
portions of SNPs differentiating each population group must be
adjusted to reach a balanced final set with reduced tendency to
overestimate co-ancestry from some populations.

To balance population differentiation it is possible to carefully
maintain equilibrium for any one of the five groups by measuring
the rising cumulative PSD as every new SNP is added. Generally
PSD only rises for one population at a time and reaching a point of
“convergence”: where all values arrive at a point of near-identical
cumulative PSD requires monitoring all population groups simul-
taneously and the accumulation of more SNPs for weakly differen-
tiated groups such as Oceanians compared to more strongly
differentiated groups such as Africans. Cumulative PSD values can
be obtained in a very straightforward way by using the Divergence
listing in Snipper for a full list of candidates then re-adjusting com-
binations until a point of convergence is obtained with a suitable
number of loci (see Note 5).

While SNaPshot has been the only viable forensic SNP typing sys-
tem for over 12 years, the DNA analyst now has the opportunity to
adapt recently developed NGS systems for sequencing and a variety
of STR, SNP, and Indel genotyping applications. As NGS multi-
plexing levels are more than tenfold greater than those possible
with the PCR and SBE reactions in SNaPshot, there is every
opportunity to greatly improve data depth with the consequent
enhancement of ancestry assignment likelihoods or analysis of indi-
vidual admixture. Forensic practitioners interested in developing
AIM sets will be able to identify and combine the best ancestry
markers from existing forensic sets plus new forensic AIMs amongst
the most powerful markers listed in SPS or published genomic
ancestry sets such as the LACE panel [23].

To rebuild our own NGS forensic ancestry panel we focused
on differentiating the five main population groups representing the
most populace regions of the world, broadly separated by conti-
nental margins or geographic barriers that are consistently shown
to match the global division of genetic variability [24]. This AIM
set of 122-128 markers will require a separate additional panel of
AIMs for the further subdivision of Eurasia into South Asia or
Middle East distinct from Europeans, as marker selection did not
set out to make this differentiation. Nevertheless supplementary
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AIM-SNP sets such as Eurasiaplex go a long way to addressing this
need already [8] and will form part of an additional set for sub-
population differentiation within Eurasia.

In parallel to the expanded SNP genotyping scope promised
by NGS systems, Swipper has been enhanced to analyze larger
numbers of SNPs with additional analysis options for more detailed
study of population admixture when this is detectable in the indi-
vidual SNP profiles submitted. These developments are described
in detail in the second of the forensic ancestry analysis chapters
(Chapter 19) that focuses on the statistical analysis of genetic data
generated by the markers and multiplexes reviewed here.

4 Notes

1. Genetic analysis of ancestry provided in support of Operation
Minstead—the 18-year investigation of a serial rapist in South
London—provides a notable example of poor eyewitness reli-
ability despite a large number of victims attacked. This was due
to predominantly elderly victims lacking visual acuity in nearly
all cases, plus a modus operandi that involved forced house-
hold entry at night, with the electricity cut and using a mask.
Many victims also failed to give a reliable account of skin color,
so likely pigmentation patterns also became a part of the DNA
analysis provided from the extended SNP-based ancestry tests
that included key coding SNPs: rs1426654 (SLC24A5);
rs16891982 (SLC45A2); rs1042602 (TYR). Most forensic
AIM-SNP sets include the first two SNPs since these show the
highest differentiation of Europeans from other groups and to
some extent provide an indication of likely skin color in
admixed individuals that include European co-ancestry—
although these type of predictions require much more thor-
ough studies than currently exist to confirm why these loci give
Europeans pale skin, but not East Asians.

2. At the time of writing 1000 Genomes is expected to release
SNP data for new populations: CDX; KHV; GWD; MSL;
ESN; ACB; PEL; GIH; PJL; BEB; STU; ITU (acronyms
detailed at: http://www.1000genomes.org/category/fre-
quently-asked-questions/population). SPS will upload this
data as soon as it is released. Additionally, forensic Indel data is
being prepared for dedicated SPS pages for scrutiny and con-
struction of training sets for the AIM-Indel set described here.
Regarding the modified 34-plex test described in [7], SNP
genotype data has been kept available in both the SNPforID
SPSmart pages and in Snipper for the legacy set with rs727811
and the revised set with rs3827760. The “80-plex” option in
Snipper combines the new 34-plex set with Indels.


http://dx.doi.org/10.1007/978-1-4939-3597-0_19
http://www.1000genomes.org/category/frequently-asked-questions/population
http://www.1000genomes.org/category/frequently-asked-questions/population
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3. Setting a probability threshold for an ancestry assignment
made from Bayesian analysis of AIM genotypes is not an exact
science. Likelihood ratios obtained are completely dependent
on the training sets used in Snipper. For example, simple pair-
wise comparisons such as those made for the 11-M investiga-
tion where only two assignments were compared [2] will give
higher probabilities than three, four, five, six, or seven popula-
tion comparisons possible with HGDP-CEPG data (i.e., AFR-
EUR-E ASN; +AME; +OCE; +South Asians; +Middle Eastern
populations). Higher orders of magnitude differences can be
used to reduce classification error than 100 times (two orders)
but this obviously reduces the total number of assignments
that are achieved applying small-scale AIM sets. Therefore a
balance must be reached between lowest possible assignment
error (too high if the threshold is set low) and the classification
rate (too low if the threshold is set high). Assignment success
rates from cross-validation of samples with known ancestries
provide an indication of a practical threshold level that can be
set for any one set of markers to minimize error and maximize
the classification rate.

4. The simple delta allele frequency differential (§) is useful as a
quick assessment of candidate ancestry markers for a particular
pairwise population comparison (§=allele frequency in popula-
tion 1 minus allele frequency in population 2). Delta correlates
to Fst as Fst~ 8 or Fst~5/(2 -5). However, most studies use
Rosenberg’s In and this can be easily obtained by applying SNP
genotype data from selected SPS population queries to Snipper
cross-validation analysis (http://mathgene.usc.es/snipper/
analysispopfile2_new.html) to obtain a ranked list of Divergence
values. As these are Shannon’s Divergences, they can be simply
multiplied by 0.69 to get the equivalent Iz values.

5. Population-Specific Divergences (PSDs—also termed Locus-
Specific Branch Length Divergences or LBSL) (see ref. 23)
were obtained by creating training sets for Snipper from geno-
types of candidate AIM-SNPs from the SPS ENGINES or
HGDP-CEPH browsers (African, European, E Asian data
available for all loci, American and Oceanian for 650,000
HGDP-CEPH SNPs). Training sets are labeled as African:non-
African (i.e., all other groups), European:non-European, etc.
accordingly, then saved as separate AFR, EUR, etc. Excel files.
A cross-validation analysis of each file produces individual
PSDs for each SNP and group comparison then cumulative
values are obtained by their addition. Figure 3 shows the
ranked PSD values for 80 markers (34-plex SNPs+46 AIM-
Indels) compared to those for 122 markers: forming the
“Global” AIM-SNP set developed for NGS systems.


http://mathgene.usc.es/snipper/analysispopfile2_new.html
http://mathgene.usc.es/snipper/analysispopfile2_new.html
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Chapter 19

Inference of Ancestry in Forensic Analysis II: Analysis
of Genetic Data

Carla Santos, Chris Phillips, A. Gomez-Tato, J. Alvarez-Dios,
Angel Carracedo, and Maria Victoria Lareu

Abstract

Three approaches applicable to the analysis of forensic ancestry-informative marker data—STRUCTURE,
principal component analysis, and the Snipper Bayesian classification system—are reviewed. Detailed step-
by-step guidance is provided for adjusting parameter settings in STR UCTURE with particular regard to
their effect when differentiating populations. Several enhancements to the Snipper online forensic classifi-
cation portal are described, highlighting the added functionality they bring to particular aspects of ances-
try-informative SNP analysis in a forensic context.

Key words Genetic ancestry, Reference data, SPSmart browser, Bayesian methods, STRUCTURE,
Snipper, PCA

1 Introduction

Classifying individuals into populations is often useful in popula-
tion genetics applications. But the definition of populations is
commonly subjective, based on linguistic, cultural, or physical
characters, as well as the geographical location of sampled indi-
viduals. This is a sensible way of incorporating diverse types of
information but it may be difficult to know whether a given assign-
ment of individuals to populations based on these subjective crite-
ria matches an assignment in genetic terms. For this reason, it can
be useful to confirm that the subjective classifications are consis-
tent with genetic information and hence appropriate for the
intended classification regime [1, 2]. A possible approach starts
with a set of predefined populations and then classifies individuals
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of unknown origin into these populations. This involves sampling
DNA from members of potential source populations to estimate
allele frequencies in each population at a series of unlinked loci.
Allele frequencies can be used to compute a set of likelihoods that
a given profile of genotypes originates in each population. These
likelihoods allow the assignment of individuals of unknown origin
to populations based on the highest likelihood ratio [2].

Bayesian population analysis methods infer a simple relation-
ship between the allele frequencies of a population and the allele
frequencies observed in the individuals identified as part of that
population. An advantage of such methods is that prior informa-
tion about the samples can be used to progress the analysis. But the
ability to differentiate populations in a sample set can be limited
when applying a small number of samples and /or markers. Two
valid approaches for comparing profiles from forensic casework
DNA to reference population data will be considered here: a sys-
tematic Bayesian clustering approach (STRUCTURE software)
and a naive Bayesian likelihood ratio (LR) based calculator (under-
lying the Swmipper web portal). STRUCTURE is a flexible
approach—different types of markers such as STRs, SNPs, and
indels can be readily combined in the same genotype input file
(Snipper also allows such flexibility but the systems are not yet
implemented). However STRUCTURE analysis of single profiles,
typical of forensic testing, is not so straightforward since the whole
set of parental data plus the unknown profile must be re-analyzed
in combination each time and this can be both time-consuming
and cumbersome to perform for a small number of casework sam-
ples in turn. For this reason Sunipper (http://mathgene.usc.es/
snipper/) was developed to provide a simple alternative for making
ancestry assignments of single profiles in real time. Both
STRUCTURE and Smipper use a Bayesian approach which, put
simply, computes likelihood of membership to each class (in this
case ancestry) using the observed frequency of variables in each
class (in this case allele frequencies). The difference between both
methods lies in how the likelihood is computed (more information
about these algorithms is detailed in [2, 3]). Therefore both algo-
rithms require reference data to calculate allele frequencies for
comparison to alleles recorded in profiles of unknown origin. In
the case of Snipper, the reference data allows construction of train-
ing sets for calculation of allele frequencies and these can comprise
ready-to-use fixed five-population group data (African, European,
East Asian, Native American, and Oceanian) already in place for 34
SNPs [3,4] and/or 46 AIM-indels [5]. It can alternatively consist
of end user’s own data for any populations and binary marker set
where reference genotypes are available, which can then be
uploaded as a custom data set. Each algorithm makes the same
prior assumption, often untested: that the variables, i.e., the com-
ponent loci, are independent. For this reason, uniparental data (in
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the form of haplotypes where all markers are linked) is not readily
incorporated into either analysis system, though STRUCTURE
has scope for the analysis of linked loci.

As the number of populations increases, the number of dimen-
sions needed to visually represent the pairwise genetic distances
also increases. The main idea of multivariate analyses is to help to
represent, in a comprehensive way, those multiple dimensions.
This is done through the reduction of the dimensionality of a data
set composed of a large number of interrelated variables maintain-
ing the maximum proportion of the variation present on that data
[1]. Principal component analysis (PCA) is a commonly used mul-
tivariate analysis method, especially as an exploratory tool and to
summarize genetic similarities and differences between groups of
populations. This is possible through the transformation of those
variables into a new set of metrics (principal components: PCs)
that are not related and can be ordered in a way that the first PCs
retain most of the variation present in the original data—the graph-
ical representation of the first two or three PCs summarizes as
much of the variation as possible in a comprehensive, graphical way
[1, 6]. In the graphics that PCA generates, individuals are repre-
sented by points distributed according to their coordinates in two-
way or three-way PC comparisons (two or three dimensional plots,
respectively). PCA can also be used to represent the relation of an
unknown study sample with a set of reference population samples,
i.e., the study sample will be represented by a point superimposed
onto the PCA plot of the reference population samples.

2 Materials

1. SPSmart browser home: http://Apsmart.cesga.es/

2. SPSmart SNPforID 52-plex and 34-plex variability browser:
http: /Apsmart.cesga.es/snpforid.php

3. Entire genome interface for exploring SNPs (ENGINES)
a 1000 Genomes variability browser: http: //Apsmart.cesga.cs/
engines.php?dataSet=engines

4. pop.STR: http: /Apsmart.cesga.es/popstr.php

5. Sunipper portal: http: //mathgene.usc.es/snipper,/

6. STRUCTURE software: http:/pritchardlab.stanford.edu/
structure.html

7. Structure harvester: http:/ /taylor0.biology.ucla.edu/
structureHarvester /#

8. CLUster Matching and Permutation Program (CLUMPP soft-

ware): http: /Avww.stanford.edu,/group /rosenberglab /clumpp.
html


http://spsmart.cesga.es/
http://spsmart.cesga.es/snpforid.php
http://spsmart.cesga.es/engines.php?dataSet=engines
http://spsmart.cesga.es/engines.php?dataSet=engines
http://spsmart.cesga.es/popstr.php
http://mathgene.usc.es/snipper/
http://pritchardlab.stanford.edu/structure.html
http://pritchardlab.stanford.edu/structure.html
http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
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9. distruct software: http:/Avww.stanford.edu/group /rosenber-
glab /distruct.html

10. For more information about R software: http: /Avww.r-project.
org/ [7].

3 Methods

3.1 Collection

of Ancestry Reference
Data with the SPSmart
Browser

The statistical analysis of a profile requires reference training sets,
i.e., parental populations of interest used to classify casework pro-
files. Collection of such data previously required locus-by-locus
scrutiny of dbSNP or HapMap SNP databases [8], but fortunately
SPS (SNPs for Population Studies) makes this task much more
straightforward for any number of AIM-SNPs as well as up to 52
STRs in routine forensic use.
SPS comprises the following genomic variability browsers:

e SPSmart home: http:/Apsmart.cesga.es/ [9].

e SPSmart SNPforID 52-plex and 34-plex variability
browser: http: //Apsmart.cesga.es/snpforid.php [10].

e ENGINES (Entire Genome Interface for Exploring SNPs)
a 1000 Genomes variability browser enabling a review of
all SNP sites found from 1092 complete genome sequences
(1000 Genomes Phase I): http:/Apsmart.cesga.es/
engines.php?dataSet=engines [11].

e pop.STR: http: /Apsmart.cesga.es/popstr.php [12].

SPSmart [9] is a simple pre-processing engine that includes
five different population-based genotype databases: (1) 1000
Genomes Phase I May 2011; (2) HapMap Release #28; (3)
Perlegen complete data set; (4) HGDP-CEPH Stanford study; and
(5) HGDP-CEPH NIH-Michigan study (see Note 1). SPSmart
also generates common population genetics indices such as allele
frequencies, heterozygosity, Fsr, or In (summarized in the down-
loads tab of each query).

1. Choose the database(s) to search or choose SEARCH in the
SNPforID “global map” homepage.

2. Choose the populations to merge into groups by ticking selec-
tions up to a maximum of five. If opting to review multiple
databases, e.g., HapMap and Perlegen, only one population
grouping can be made. Populations are already arranged into
sets of genetic diversity based on Rosenberg’s original analyses
of HGDP-CEPH populations [3, 13], though note that
Eurasians are subdivided into European, South Asian, and
Middle Eastern subgroups.

3. Add the SNP RefSeq (rs-number) identifiers in the search by
SNP window. Search by chromosome region or gene name is
also available. Click the “next” button below.


http://www.stanford.edu/group/rosenberglab/distruct.html
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http://www.r-project.org/
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Fig. 1 Example of a reference ancestry genotype data file obtained from SPSmart. The data obtained from
SPSmart was reorganized (original data was transposed so that samples are now organized in rows and mark-
ers in columns) and population information (downloaded from SPSmartin a separate file) was added
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3.2 STRUGTURE
Software

3.2.1 Background
on STRUCTURE Analysis

7. The genotypes can be formatted for input to STRUCTURE,
Snipper, or PCA custom data analysis (outlined later). SNaPshot
genotypes may need checking against the reference data if they
come from different typing platforms, e.g., a SNaPshot C/T
SNP may be an A/G SNP in HapMap requiring base inver-
sions of one dataset. For this reason symmetrical SNPs (C/G
and A/T) require particular care (see Note 3).

STRUCTURE uses genotypic data of several loci to: (1) infer pop-
ulation structure; (2) identify subpopulations (subsets of samples
with distinct allele frequencies); (3) assign individuals to subpopu-
lations (based on probabilities); and (4) study admixture between
populations. It uses a population structure model where studied
samples represent a mixture of K unknown populations—each
characterized by unknown allele frequencies for the loci used and
where these are assumed to be in Hardy-Weinberg equilibrium
(HWE) and independent (not in linkage disequilibrium). The
objective is to classify individuals into K clusters in a way that devi-
ations from HWE and independence are minimized.

Assuming HWE and independence in each subpopulation, the
probability that the genotype of an individual belongs to subpopu-
lation % is given by the product of the allele frequencies. Using
Bayes rule (see Note 4) it is possible to calculate the probability of
an individual belonging to subpopulation %. If allele frequencies in
a population were known in advance, it would be easy to allocate
individuals. Equally, if individual allocations were known it would
be easy to estimate the frequencies. In practice, we do not know
either, but using a Markov Chain Monte Carlo (MCMC) algorithm
(see Note 5) it is possible to obtain a sensible estimate of both.

The estimation of the optimum K value is performed in an
independent way: for each simulation a posterior probability value
Pr(K) is calculated. In general, for K values under the optimum,
Pr(K) is low but it tends to stabilize with higher K values, so a
platean is commonly observed. When several K values have similar
Ln Pr(K) estimates, the smallest of them is usually the most appro-
priate estimate—generally corresponding to the inflection point of
the probability plot. However, it is not always possible to know the
real K value, so it is best to choose the lowest value that captures
the maximum structure present in the data [15]. Evanno et al.
described a method to estimate K based on a second-order change
of probability value taking into account the variability of the prob-
ability value between different replicates of each K value—delta K
[16]. This method is implemented in Structure Harvester [17] (see
Note 6). However Kis not an absolute value, defined values should
be carefully considered taking into account any known characteris-
tic of the studied populations. There are several factors that can
affect the clustering of the samples: (1) number of markers; (2)
number of samples; (3) number of clusters; and (4) allele frequency
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correlation. Endogamy or genotyping errors can have the same
effects as true population structure as they can simulate linkage
disequilibrium in unlinked markers and deviations from HWE.

STRUCTURE has several models for ancestry (Fig. 2, see Note
7) and allele frequencies (see Note 8). For more details refer to the
STRUCTURE manual and articles describing the different models
[2, 18-20]. Considering the type of analysis required in a forensic
context, the admixture POPFLAG ancestry model is appropriate.
This combines two important features: consideration of admixture
between populations (individuals can have recent ancestors from
multiple populations so ancestry membership proportions from
each ancestral population can be calculated); and some individuals
can be used as a reference to help infer the ancestry of the samples
under study. Regarding the allele frequencies model, it is advisable
to use the correlated allele frequencies model because it will guar-
antee that an undetected correlation will be identified without
affecting the results should it be absent.

Data to be analyzed with STRUCTURE needs to be organized in
a single matrix (as a text file) where optional information can be
considered to complement the genotypic data. Such information
should be included in a predefined order and it is important to
highlight that only the genotypic data is required for the analysis.
We will focus the construction of an input file on the information
of greater relevance when analyzing a casework profile (Tables 1
and S1). For more information about constructing STRUCTURE
input files (especially formatting information on recessive alleles,
marker distance, phase information, or phenotype), refer to
STRUCTURE software manual or to a recent overview [20].
e First line: header line. Headers are only included in the
markers columns.
e First column: sample name information that can be an
alpha-numerical code which can introduce errors when

iz B

| USEPOPINFO ]

[No admixture| | Admixture | | Linkage |

| LOCPRIOR |

POPFLAG

Fig. 2 Schematic representation of STRUCTURE ancestry models and their rela-
tionship. The central models are no admixture and admixture; both can be used
together with LOCPRIOR information. The admixture model is the basis for the
linkage model. All three models (no admixture, admixture, and linkage) can be
used in conjunction with the USEPOPINFO model. All the above models can be
used considering POPFLAG information
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Table 1
STRUCTURE input file format

M M2 Mn
S1 1 1 1 Extra Extra 1 2 1
S1 1 1 1 Extra Extra 3 4 1
S2 1 1 2 Extra Extra 3 2 2
S2 1 1 2 Extra Extra 3 2 3
S10 1 1 3 Extra Extra 1 4 1
S10 1 1 3 Extra Extra 1 4 2
S11 2 1 4 Extra Extra 1 2 2
S11 2 1 4 Extra Extra 3 4 2
S12 2 1 5 Extra Extra 3 2 1
S12 2 1 5 Extra Extra 3 2 2
$20 2 1 6 Extra Extra 1 4 2
$20 2 1 6 Extra Extra 1 4 2
S21 n 0 7 Extra Extra 1 2 1
S21 n 0 7 Extra Extra 2 4 1
S22 n 0 8 Extra Extra 2 2 2
S22 n 0 8 Extra Extra 2 2 2
Sn n 0 9 Extra Extra 1 4 -9
Sn n 0 9 Extra Extra 1 4 -9

Samples S1...S» from populations 1...7 analyzed with genotypic data from markers M1...M#. Samples 1...10 belong
to population 1 and can be divided into three locations (1-3). Samples 11...20 belong to population 2 and can be
divided into three locations (4—6). Samples 21...Sz belong to population 7 and can be divided into three locations
(7-9). Samples from populations 1 and 2 are reference (POPFLAG=1) and study samples are from population 7
(POPFLAG=0)

running CLUMPP, easily solved in Structure Harvester (see
Note 6).

*  Second column: a numerical code representing the popula-
tion of origin as defined by the researcher. By default this
information is not used by the clustering algorithm but can
help organize the output file.

e Third column: PopFlayinformation. This is a Boolean vari-
able where 1 (TRUE) represents the samples that should
be used as reference and 0 (FALSE) the casework/study
samples.
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Fourth column: LocPrior information. A numerical code
that denotes subpopulation groups, geographical loca-
tions, or other shared characteristic between individuals
inside the population groups defined in the second col-
umn. This information is used when considering the
LOCPRIOR ancestry model.

Any number of extra columns can list useful information
for the researcher. For example, as the population and
LocPrior information is numeric, extra columns with the
names can be included as an easy way to cross check data
later.

The following columns include genotypic data for any
number of markers (SNPs, indels, or multiallelic markers
such as STRs). Genotypes should be coded as numbers.
For SNPs, we routinely use A=1, C=2, G=3, and T=4
STRs are already numerically coded but in the case of
intermediate alleles the “.” should be removed, i.e.,
19.3=193 (see Note 9).

Missing data is usually coded as -9 but any other code not
present in the file can be used.

Each allele needs to be represented in a separate cell: both
alleles in the same line but in different columns or both
alleles in the same column but in different lines (we will
focus on the latter as shown in Table 1).

Spaces should not be included.

3.2.3 How toRun The first stage when running STRUCTURE (http:/ /pritchardlab.
STRUCTURE Software stanford.edu/structure.html) is to create a new project (File > New
project) following four established steps:

Step 1—project information: name of the project, direc-
tory where the project will be saved, and input file.

Step 2—information of input data set (se¢ Note 10): num-
ber of individuals, ploidy of data, number of markers, and
missing data value.

Steps 3 and 4—format of input data set (se¢e Note 11):
information contained in rows and columns (e.g., row of
marker names or individual ID for each individual).

Before creating the project, STRUCTURE presents a sum-
mary where it is possible to confirm the selected options. If there
are no errors, the project opens and the data is visible.

The next stage is to create a new parameter set (Parameter
set>New):

Run length—a burnin period of 100,000 is more than suf-
ficient to allow a progressive convergence towards reliable
allele frequency estimates in each population and probabil-
ities for membership of individuals to a population.
Measurement of the assumed number of populations uses
the MCMC estimation and is performed separately from
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the burnin. About 100,000 MCMC repeats have been
shown to provide good ancestry membership proportions
estimates. But burnin and MCMC repeat number should
be adjusted depending on the study objectives and infor-
mation contained in the data set (see Note 12).

Select ancestry model—depending on the study objectives
and the data to be analyzed, different ancestry models can
be considered. For the admixture POPFLAG model select
“Use admixture model” under the “Ancestry model” tab
and “Update allele frequencies using only individuals with
POPFLAG=1 data” under the “Advanced” tab.

Select allele frequencies model—for the correlated allele
frequencies model select the “Allele frequencies correlated”
option under the “Allele frequencies model” tab.

Leave the “Compute probability of the data (for estimat-
ing K)” option under the “Advanced” tab selected so that
posterior Lz Pr(K) values are calculated—those will be
used to estimate the optimum K value.

Save the new parameter set with the desired name and con-
firm the selected options in the summary window that
opens after saving. A tree on the left side of the screen will
include all the parameter sets created, indicating the one
active at the moment.

There are two ways of starting a simulation:

Run a single K value—in the “Parameter set” menu select
“Run” and set the assumed number of populations (K).
This option only allows a single K value and replicate at a
time.

Schedule multiple runs—in the “Project” menu select
“Start a job”. A new window opens—select the parameter
set(s) to be analyzed, the K values, and the number of iter-
ations for each K (see Note 13). For example, two differ-
ent parameter sets can be programmed to run from K=2
to K= 6, three replicates for each K—this sums up to 30
scheduled runs. This option is advantageous for large proj-
ects—a new run starts automatically after the previous one
has finished so there is no need for constant attention on
the progress of the job (see Note 14).

3.24 STRUCTURE Software associated with STRUCTURE, for example, CLUMPP
Associated Software [21], contains three algorithms for the alignment of multiple repli-
cate analyses of the same data set which allows the transformation of
any number of replicate simulations for each Kin a single set of data
(see Note 15). Such data is suitable for analysis with another sup-
porting program distruct [22] which allows the visualization of the
estimated membership coefficients: populations are represented as
colors and individuals as bars portioned into colored segments that
correspond to membership coefficients in the groups (sec Note 16).
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STRUCTURE output files include information on the estimated
clusters, i.e., the population groups generated not the input popu-
lations. However when the populations are defined in a way that
they closely match the calculated clusters, the inferences of the
population ancestry membership proportions in each of the pre-
defined clusters can be considered to be the proportions of the
input populations. When attempting to classify a population or
individual, the use of reference populations closely matching the
inferred clusters is important, especially when analyzing admixed
samples where it is important to define the contributing parental
populations. The ancestry membership proportions for each indi-
vidual in each cluster are also calculated by STRUCTURE.

Allele frequency divergence among populations, average dis-
tances (expected heterozygosity) between individuals in the same
cluster, mean Fgr values, and estimated allele frequencies in each
cluster (including estimated ancestral frequencies) are calculated.
As a way of quantifying the information given by a particular
STRUCTURE run and estimating the optimum K value it calcu-
lates the estimated probability of the data, the mean likelihood
value, and associated variance. And it calculates the mean value of
alpha (a) as a measure of the relative admixture levels between pop-
ulations—when a>>1 the individuals are highly admixed; for val-
ues of a<< 1 each individual has its origin mainly in one population
(from our experience with the HGDP-CEPH panel of samples,
a<0.05—this value varies depending on the population groups
considered and the differentiation power of the marker sets used).

The population and individual ancestry membership pro-
portions can be represented in two distinct types of plot:

e A bar plot where each individual of the data set is repre-
sented by a vertical line divided into K colored segments
proportional to the estimated membership into each of the
K inferred clusters. To visualize the bar plot in
STRUCTURE choose the appropriate result file in the tree
on the left side of the window—on the simulation result
window menu select Bar plot>Show.

e Each individual is represented as a colored point in a trian-
gle (on the simulation result window menu select Triangle
plot>Show). Colors correspond to the population tag in
the input file. The estimated ancestry vector for an indi-
vidual is formed by K components that sum up to 1. This
type of plot is particularly useful to represent K=3 data
because the vectors can be represented in one triangular
plot. For each point, the distance to the triangle vertices
gives each of the three components. Individuals located in
one of the vertices are completely assigned to the popula-
tion represented in it.
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3.3 The Snipper
Web Portal

3.3.1 Background
on Snipper Analysis

3.3.2 Preparation of a
Snipper Input File

Despite the advantages of the triangular plot when visualizing
K= 3 data, bar plots are usually easier to interpret, especially
for K> 3.

In the case of forensic casework analysis, STR UCTURE gives
information on the training set (allowing the assessment of the
used reference data set—the optimum K value matches the num-
ber of reference populations, which are completely differentiated
among them) and it also gives us the individual ancestry member-
ship proportions (such information has considerable potential in
guiding investigators to more clearly defined suspect pools, this
being particularly true when no eyewitness is available or STR pro-
files fail to match DNA database records). This is illustrated in
Subheading 3.5.

The Snipper portal includes a straightforward Bayesian system for
predicting ancestral origin and estimating the misclassification
rate. It uses a set of samples of each population as training sets
and assigns individuals to the population that maximizes the pos-
terior probability (maximum likelihood calculation) [3]. The
likelihood parameters are estimated from training set allele fre-
quencies assuming HWE and independence for the used loci (see
Note 17).

Snipper was originally designed to provide a real-time ancestry
assignment system for 34-plex profiles with reference to default
pre-typed AFR-EUR-E ASN training sets and this still represents
the simplest approach for assessment of a single casework profile to
obtain an immediate overview of ancestry. The portal has been
updated to include 34-plex [3, 4] and AIM-indel [5] fixed refer-
ence data for five populations groups: AFR-EUR-E ASN-AME-
OCE. But the ancestry analyses can be extended beyond the default
settings. For example, custom Excel files (including any binary
markers that are of interest for the researcher) or frequency based
Excel files (helpful when working with STRs or haplotypes) can be
used as reference training sets.

A new version of Suipper is being prepared (Snipper App suite
version 2.0) to include new functionalities including turn on/off
the HWE assumption; prediction of admixture components; batch
analysis (multiple profiles); fine-tuning of a training set; classifica-
tion of single profiles; and analysis of training sets through multi-
nomial logistic regression (beta version). At the time of writing a
publication describing Snipper 2.0 is in preparation.

Careful preparation of the Excel file containing the custom train-
ing set profiles and precise matching of unknown profiles to train-
ing set data for bases and locus order is important. Therefore it is
recommended to sort component SNPs/indels into ascending rs-
number order as an aid to data checking.
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For Swuipper analysis using binary markers, an .x/sx Excel file
(.xls can still be used for certain previous options) with sample,
population, and genotype information listed (Tables 2 and S2)—
how that information is organized is also important so the follow-

ing considerations should be taken into account:

¢ Cell 1A indicates the number of samples; cell 1B the num-
ber of markers; and cell 1C the number of populations.

e Line 1 (from column D onwards) specifies the marker

name (represented by an alpha-numerical code).

e Lines 2-5 can be left empty or can be used to include use-
ful notes (e.g., one of the lines can be used to store the
study/casework sample profile and other line can be used

Table 2
Snipper input file format

A B C D E XFC XFD
1 # Samples # Markers # Populations M1 M2 Mn
2
3 Profile AG TT AC
4 Concatenate =D3&E3&...&XFC3
5
6 1 P1 S1 AG CT AA 1
7 2 P1 S2 GG CC CG 1
8 3
9 4 P1 S10 AA TT AG 1
10 5 P2 S11 AG CT GG 1
11 6 P2 S12 GG CC AC 1
12 7
13 8 P2 S20 AA TT CC 1
14 9 Pn S21 AG CT AA 0
15 10 Pn S22 GG CC GG 0
1048576 n Pn Sn AA TT NN 0

Samples S1...Sz from populations 1...P# analyzed with genotypic data from markers M1...M#z. Samples 1...10 belong
to population 1; samples 11...20 belong to population 2, and samples 21...S% belong to population Pzn. An extra col-
umn after the last marker (in this case column XFD) should be included when trying to classify several study samples
simultaneously—samples from populations 1 and 2 are reference (labeled as 1) and samples from population Pz are the
unknown study (labeled with 0). Lines 2-5 can be used to include useful information—e.g., when a single profile is
being classified it can be included (here in line 3) and concatenated (cell D4)—the concatenated profile can then be

copy-pasted directly into Snipper
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3.3.3 How to Run
Snipper

to concatenate that profile—ready for copying and past-
ing, i.c., if the profile is in line 3 type = D3&E3¢F3... in
the desired cell).

Column A (from line 6 onwards) has a numeric value that
usually represents a sample.

Column B (from line 6 onwards) has the population names.
Column C (from line 6 onwards) has the sample names
(which can be represented by an alpha-numerical code).
Column D onwards (from line 6 onwards) includes the
genotypes (coded as nucleotide bases—ACGT). Missing
data should be coded as NN. Other symbols in the file
(e.g. 2, spaces) are not recognized. Triallelic markers can
be included in the analysis.

A new batch analysis option was implemented in Snipper
»2.0 which allows for simultaneous classification of more
than one profile. In this case, the input file should be con-
structed as described in the previous points. An extra col-
umn after the last marker (with no headers—start in line
6) needs to be included: training samples are to be marked
as 1 and study samples to be classified as 0.

Snipper includes several options to classify individuals and analyze
populations. For forensic analysis the two most applicable options
are: “Classification as Europe-East Asia-Africa-America-Oceanin
(34 SNPs, 46 Indels, or both sets)” and “ Classification with a custom
Excel file of populations”. There is an additional option that works
in the same way but allows batch analysis: “Classification of multi-
ple profiles with a custom Excel file of populations”.

1. The

“Classification as Europe-East Asia-Africa-America-

Oceanin (34 SNPs, 46 Indels, or both sets)” option uses fixed
training sets and provides a simple system to classify single
profiles.

Step 1—go to http://mathgene.usc.es/snipper/pop-
choosing5groups.html

Step 2—choose the marker set from three options: 34-plex
SNPs (the original marker set [ 3] or the revised set [4] can
be selected), 46-plex AIM-indels [5], or a combination of
80 binary markers (Indels combined with the revised
34-plex set). SNPs are listed in rs-number order and AIM-
indels in electrophoretic order—on the left side links give
images listing the marker order in each option.

Step 3—choose populations. Three to five main popula-
tion groups are available (Africa, Europe, East Asia plus
America plus Oceania).

Step 4—choose the classifier. Four options are now avail-
able: naive Bayesian analysis (considering whether the
Hardy-Weinberg principle applies or not), multinomial
logistic regression, and genetic distance algorithm.
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e Step 5—data input. Depending on the option selected in
Step 1, a profile including 34, 46, or 80 markers (68, 92,
or 160 bases respectively) should be typed (see Note 18).
As described before, a profile can be built by concatenat-
ing data in Excel (using the “&” operand) allowing indi-
vidual scrutiny of composite genotypes before direct
copy-pasting into the query window left of the “Classify”
button (se¢ Note 19).

2. “Classification with a custom Excel file of populations”—this
option allows extension of ancestry analyses beyond the default
five-population group comparisons and 34, 46, or 80 binary
markers using Snipper.

e Step 1—go to http://mathgene.usc.es/snipper/analy-
sispopfile_new.html

e Step 2—data input (population). An Excel file prepared as
described above (Table 2 without the final column) is
uploaded.

e Step 3—<choose classifier. Options as described above.

e Step 4—data input (individual). A profile string contain-
ing the same number of markers in the same order as they
appear in the data file uploaded in Step 1 (sec Note 18) is
entered in the query window.

3. “Classification of multiple profiles with a custom Excel file of pop-
ulations”—go to http://mathgene.usc.es/snipper/analysis-
multipleprofiles.html. This option works as above but without
the need for individual profile submission. Profiles to be classi-
fied are indicated as previously described (Table 2). The multi-
nomial logistic regression classifier function is not currently
available for this option.

Snipper also includes an option to analyze training sets to gauge
characteristics of the component binary markers—*“Thorough anal-
ysis of population data of a custom Excel file” (http://mathgene.usc.
es/snipper/analysispopfile2_new.html). This is useful to assess the
informativeness of new candidate AIM binary markers for ancestry
inference. After uploading the Excel file of custom data and defin-
ing Hardy-Weinberg, choose “Perform a verbose cross-validation
analysis of my population data with the best _ SNPs” adding the rel-
evant number of markers to assess. Cross-validation removes each
component sample in turn, recalculates the allele frequencies in the
training set, and then assigns ancestry for the removed profile. The
other options “Try to classify all individuals in the sample” , “ Perform
a non verbose cross-validation analysis of my population data”, and
“Compute bootstrap errov of my population data” provide choice of
alternative assignment error estimators. Multinomial logistic regres-
sion can also be applied to the population data—in this case infor-
mation given in Step 2 about HWE will be ignored. Once a training
set has been assessed for informativeness, users can choose options
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3.3.4  Evaluating Snipper
Output

3.4 Principal
Gomponent Analysis
(PCA)

3.4.1 Background
on PCA

3.4.2 Preparation of PCA
Input Files

2 and 3 described above to compare single or multiple profiles from
unknown samples to the custom reference data and assign ancestry
in identical fashion to using the fixed training sets.

Results from the analysis of a profile comprise the submitted pro-
file; the assumed classifier; the -log likelihoods (use of -log likeli-
hoods permits easier comparison of the very small likelihood ratio
figures normally generated) and percentiles for the training set
population groups; the likelihood ratios in verbose format and pre-
dicted admixture components and ancestry; a set of plots summa-
rizing the classification; the apparent success of the classification;
and a list of the markers in descending order of divergence (see
Note 20). Missing genotypes are flagged in red in the divergence
list to allow some assessment of the potential contribution of gaps
in the profile, in other words, assignments made with several red
markers at the top of the list will be much less reliable than those
with gaps at the bottom, although this will be clear from the prob-
abilities obtained. Apparent success measures the rate of correct
assignment of training set samples using the markers of the profile.
These values are 100 % for a complete set of markers, but drop
when significant numbers of gaps occur in the submitted profile (in
the case of the three group 34-plex fixed training set this is particu-
larly true for EUR:E ASN comparisons).

Principal component analysis or PCA is a multivariate data analysis
technique allowing the reduction of dimensionality, i.e., it uses
fewer variables, while preserving much of information in the data.
Usually two or three principal components are made, constructed
as linear combinations of the original variables. Working with only
two or three variables allows graphical representation of the data in
a 2D plane or 3D graphic, providing fast visual recognition of pat-
terns or clusters. Numerous software packages are available to per-
torm PCA analysis when numerical variables are used. When SNP
data is considered, an initial transformation (or recodification) is
needed to access this existing software. The next section details
SNP data preparation using the statistical package R.

SNP analysis with PCA requires two text files with sample, popula-
tion, and genotype information. One of the files should include
training set data and the other the study samples to be compared.
Both files have the same format (Tables 3, S3 and S4)—the system
for organizing this data is important so the following consider-
ations should be carefully taken into account:

e The first column includes sample name information in the
form of an alpha-numerical code. The column header is
“Sample”.

e The second column has the populations/groups names.
The header is “Population”.



Inference of Ancestry in Forensic Analysis Il: Analysis of Genetic Data 271

Table 3

Principal component analysis SNP input file format

Sample Population M, M, Mn
S1 P1 AG CT AA
S2 P1 GG CC CG
S10 Pl AA TT AG
S11 P2 AG CT GG
S12 P2 GG CC AC
S20 P2 AA TT CC
S21 Pn AG CT AA
S22 Pn GG CC GG
Sn Pn AA TT NN

Samples S1...S% from populations P1...P# analyzed with genotypic data from markers M1...M#n

3.4.3 Creating a PCA Plot

The following columns have genotype data, one marker
per column. Each column header will have the correspond-
ing marker name, which can be an alpha-numerical code.
Genotypes are coded with nucleotide bases (ACGT) and
missing data as NN. Note that markers must be in the same
order in both input files.

Spaces can be included in the file except as part of the gen-
otype data (they will be considered as a new genotype, i.e.,
TT#TT).

Triallelic markers can be included in the input file but they
will not be considered for the principal components
calculation.

In this subheading we include R scripts that can be used to gener-
ate 2D principal components graphics (only if the number of vari-
ables (SNDPs) is smaller than the number of samples). The script
commands can be copied and pasted into the R console. With the
main focus on graphics, R offers a range of options to manipulate
data and generate plots that adjust to user needs. In the case of this
script, command lines were added to allow changes in color, shape,
and size of the symbols representing individuals (se¢ Note 21).

All text after the # symbol represents notes for the user and will
not be computed. A R version of the script is included as supple-
mentary in the digital version of this chapter.
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### Script to make a 2D PCA ###

# Important Note: this script can only be used when the number of samples is equal to, or higher than, the
number of SNPs.

# First open SNPassoc library - this is an association package that allows you to recode SNP data
library(SNPassoc)

TEST<-function(x){try(snp(x,sep=""),silent=TRUE}} # homemade function that detects if a SNP is bi- or tri-
allelic

# To read the data from two input files. The computer will prompt for the location of the reference samples
file and the study samples file, in that order
e S S S e S S e s

RefData<-read.table(file.choose(), sep="\t",header=TRUE,na.strings=c("NN")} # function that reads the
reference data input file and stores it in the dat object

NRefSamples<-dim(RefData)[1] # get the number of reference samples

StudyDaota<-read.table(file.choose(), sep="\t",header=TRUE,na.strings=c("NN")) # function that reads the file
with the study samples and stores it in the StudyData object

NStudySamples<-dim(StudyData)[1] # get the number of study samples

### Because tri-allelics are not considered when making the PCA, they are removed from both data sets using
the function TEST.

apply(RefData,2,TEST)->RT
deletedSNPs<-which(as.numeric(summary(RT)[,1])==1) # defines which SNPs have to be removed

RefData2<-RefData[,-deletedSNPs] # for the reference samples, only the columns with bi-allelic SNP data are
kept

StudyData2<-StudyDatal[, -deletedSNPs] # for the study samples, only the columns with bi-allelic SNP data are
kept
# this removes tri-allelic SNPs if there were any

# To recode and typify the data
B e S S e

ComData<-rbind(RefData2,StudyDataZ) # combines the reference and study samples in one variable (ComData) -
this needs to be done prior recoding the SNP daota to guarantee the coding uniformity

datSNPT<-apply(ComData,2, function(x) {additive(snp(x,sep=""))}) # the additive function recodes each bi-
allelic SNP in the data as numeric (@=homozygous for the most frequent allele, l=heterozygous, 2=
homozygous for the least frequent allele)

datSNP<-datSNPT[1:NRefSamples,] # after recoding, the reference data set is temporarily isolated into a new
variable (datSNP) to make some computations

m<-apply(datSNP,2,mean,na. rm=TRUE) # this calculates a vector with the mean value of each "numeric" SNP

s<-apply(datSNP,2,sum,na.rm=TRUE) # this calculates a vector with the number of occurrences of the least
frequent allele for each SNP

n<-apply(datSNP,2, function(x) sum(!is.na(x))) # this calculates a vector with the number of valid genotypes
for each SNP (NN genotypes are not considered valid)

p<-s5/(2*n) # vector with the freguency of least frequent allele for each SNP

XT<-scale(datSNPT, center=m,scale=sqrt(p*(1-p))) # this typifies the SNPs (to each "numeric" SNP value the
average is subtracted and then divides by the standard deviation)
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XT[is.na(XT)]<-@ # replaces missing values with @

X<-XT[1:NRefSamples,] # after recoding and typifying, the reference doto set is isolated into a new wvariable
(€9)]

Y<-XT[-c(1l:NRefSamples),] # after recoding and typifying, the study dotao set is isolated into a new variable
m

i f(NStudySamples==1){ # this forces Y to be a matrix if there is only one study sample

dim(Y)<-c({NStudySamples,length(Y3)
colnames(Y)<-colnames(X)

1

Hpsunini R R R e e R
# Some computations before preparing the plot

princomp(X, scale = FALSE)->X.PCA # computes the PC of the reference samples
X.PCASloadings->M # gets the rotation matrix

CY¥*aM)[,1:2]->5tudyCoordinates # computes the new coordinates of the study samples

i f(NStudySamples==1){StudyCoordinates<-t(StudyCoordinates)} # forces StudyCoordinates to be a matrix

per<-eigen{cov(X))$values/sum(eigen(cov(X))ivalues) # this calculates the percentage of explained variance
for each principal component

per<-round(per*10@,2) # values are rounded to two decimal positions

# In this part colours in the plot must be chosen (if you have more than three populations)
mycolours<-c("orange”, "pink", "skyblue2") # choose the colours you want to use for each population
(considering that populations are in alphabetic order). A complete list of colour names can be obtained
with the command colours() or with the help of the Chart of R colours available at http://research.stowers-
institute.org/efg/R/Color/Chart/

colours<-as.character(factor{RefData$Population, labels=mycolours)) # population names are converted to the
corresponding colour name

B
# The plot starts here
B

quartz() # opens a new graphic display window if you use Mac0S
# windows() # is the alternative command for windows 05 that opens a new graphic display window if you use a
Windows PC (remove # here and replace # in front of previous line)

plot(X.PCA$scores[,1:2],col=colours,pch=28,main="put here your plot title",xlab=paste("PC1
" per[1],"%",sep=""),ylab=paste("PC2 ",per[2],"%",sep=""),cex=1.5)
# this plots the two first principal components. The plot title, pch and cex values can be changed

legend("topleft”,legend=levels{factor(RefData%Population)}),col=mycolours,pch=2@,cex=0.5,y.intersp=1)
# this adds a legend to the plot. Its position can be changed using "topleft”, "topright", "bottomleft" or
"bottomright”. Pch should match the one used in the plot.

### With the next set of commands it is possible to include the study individuals superimposed onto the
previously plotted principal components graphic.

points(StudyCoordinates, col="black",pch=20, cex=2)
# this estimates the coordinates for the study individuals and plots them onto the previously generated
principal component graphic. colour, pch and cex can be adjusted.

text(StudyCoordinates,as.character(StudyData[,1]),cex=1,pos=1)
# this adds study individual's descriptors to the plot
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3.4.4 What Information
Can Be Obtained
from PCA?

3.5 Casework
Example of a Custom
Ancestry Inference:
The 11-M Madrid
Bomb Attack

PCA allows the exploration of data sets and shows proximity
between individuals. In fact, it is possible to include a casework
sample in the PCA plot generated for the reference populations
helping to infer, through visual inspection, the most probable clas-
sification of that individual (Fig. 3).

In the 11-M Madrid bomb attack investigation, standard DNA
analysis with STRs was supplemented with Y-filer and standard
mtDNA analysis in most exhibits. But seven complete STR pro-
files, originating from five personal items together with a handprint
on the handle of the bag containing an undetonated device, failed
to match any of the suspects so these DNAs became the focus of
specialist genotyping to analyze ancestry, specifically confined to
the comparison of European with North African variability. This
differentiation can be difficult to achieve for Y-chromosome and
mtDNA due to differences in the scope and depth in the databases
between European and North African data, so the 34-plex AIM-
SNP set was chosen [24].

Example PCA - Reference + Study samples

AFRICA
EAST ASIA
EUROPE
0
32
<
©
8§ o-
[aV)
O
a
°
Study"Sample
L(I') -
T T T T
-5 0 5 10

PC1 29.56%

Fig. 3 PCA plot generated using the R script described in Subheading 3.4.3.
Three population groups from the HGDP-CEPH panel of samples are used as
reference data: Africa (orange), Europe (blue), and East Asia (pink). One study
sample was plotted in the reference PCA (black). It is possible to infer that the
study sample is likely to be African. Both reference and study samples genotypes
are supplemented as text files in the online version of this chapter
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The approach followed in this case is a good example of the
integration in one analysis of the different techniques described in
this chapter. Two training sets were made using 48 Moroccans
and 48 Spanish from Madrid. Using Sunipper a cross-validation
assessed the accuracy (assignment success/error) and performance
(range of likelihoods) of the training sets and to generate pairwise
likelihood plots to assess patterns of possible admixture (Fig. 4).
Such plots compare two ancestries and enable a simple compari-
son of the range of likelihoods observed in the unknowns along-
side their closest parental population vs. another alternative
population. The charts are made in Excel by converting Snipper
likelihoods to whole numbers (using the = EXP formula in Excel),
making each pairwise ratio (in this case, lk Moroccan/lk Spanish)
and ranking values in descending order. Charting these with a
logarithmic scale provides a simple visual check of the range of
divergence between the populations compared as points with
varying distances from the midline of 1 (equating to balanced
odds of ancestry assignment to ecither population). The most dis-
tant points from the midline represent the strongest assignments.
In populations without admixture, points are fully separated;
when admixture occurs, a significant proportion of values are close
to or cross the midline. Using STRUCTURE, admixture patterns
were assessed in the training set. Some individuals, corresponding
to likelihood ratios between 0.01 and 100, presented admixed
ancestry. Considering this information, an area of uncertainty was
defined, with individuals falling in that area not assigned to a par-
ticular population group.

When comparing PCA (see Fig. 2 in [24]), STRUCTURE, and
Snipper results (Fig. 4), they were concordant for all case samples:
three were classified as North African, one as European, and three
were left unassigned. Those three unassigned profiles probably
represent individuals with highly admixed parentage and genomic
backgrounds: a reasonable scenario given the proximity of Southern
Europe and North Africa.

One 34-plex assignment contradicted the uniparental analy-
sis—although mtDNA and Y-chromosome markers routinely dem-
onstrate informative geographic differentiation, this is not always
true when recent gene flow has occurred or populations show
strong sex bias (i.e., males are mainly from one population and
females from another). The individual inferred to be European
from uniparental data gave strong indications to be North African
from the 34 SNP genotypes and was later identified by the investi-
gation to be Algerian.
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Fig. 4 11-M Madrid bomb attack STRUCTURE and Snipper analysis results. STRUCTURE analysis was per-
formed to compare Snipper pairwise plots with an established alternative system of ancestry assessment.
STRUCTURE runs were performed using the admixture ancestry model with 200,000 MCMC steps after a
burnin of length 200,000. In the Snipper pairwise plot, samples are organized from most probable Moroccan
to most probable Spanish, defining a separation from likelihood ratios represented on a logarithmic scale with
values higher than 1 =higher probability North African and ratios smaller than 1 = higher probability European.
Individuals in the STRUCTURE plot are in the same order as the Snipper pairwise plot, allowing direct compari-
son of both analyses. Some admixture patterns are present and this helped to establish an uncertainty area
(ratios between 0.01 and 100) where individuals would have more probability of being misclassified, so the
decision was to leave these unassigned

4 Notes

1. Of all databases included in SPSmart, 1000 Genomes and
HapMap are of most utility as they have more markers and
larger sample sizes (including admixed ancestry populations).
This is particularly true for 1000 Genomes—the ENGINES
browser allows scrutiny of SNP variation across the whole
genome (down to a minor allele frequency of ~1 %) from
Africans, Europeans, and East Asians previously used by
HapMap. In contrast, the HGDP-CEPH (Human Genome
Diversity Panel) samples 1050 individuals with wide currency
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in population genetics studies [25, 26]. The geographic cov-
erage is patchy in certain regions but all continents and all
major genetic ancestry groups defined by studies of variabil-
ity are represented. Smallest sampling is 28 Oceanians from
two populations and just six San from Namibia. SPSmart
provides freely downloadable genotype data from 650,000
SNPs (obtained with Illumina 650K arrays [27]) for each
HGDP-CEPH sample in the Stanford University study of
this panel.

2. Please note that, despite Excel software is referred as the one
to be used, any spreadsheet software such as Numbers in
MacOS or the free and open-source OpenOffice Calc or
LibreOffice Calc can replace it.

3. Symmetrical base SNPs, comprising an A /C on one strand and
a T/G on the other, are a particular problem and source of
error when comparing genotypes generated on different plat-
forms or listed in different databases. The SPSmart SNPforID
browser makes allowance for most base inversions by showing
the HapMap (or other) allele frequency summary charts with
different allele segments if these differ from the strand inter-
rogated by the 34-plex and 52-plex extension primers. For
example, rs2304925 is listed as a SNPforID GT SNP but a
HapMap AC SNP and this applies equally to GC or AT SNPs,
e.g., 1s10141763. The SPSmart help file provides a clear and
carefully worded guide in the “Symmetrical bases” section.
There are four symmetrical bases in the 34-plex: rs773658,
rs10141763, rs1335873, and rs16891982. The last of these is
the most informative SNP for differentiating component pop-
ulations within Eurasia so it is particularly important to be
clear about differences between SNaPshot and database allele
calls for this marker.

4. Bayesian population analysis methods calculate a simple rela-
tionship between allele frequencies in a population and allele
frequencies observed in the tested individuals. STRUCTURE
analyzes differences in the distribution of genetic variants
between populations through an iterative Bayesian algorithm
that tries to group samples into clusters whose members share
similar patterns of variation. Bayesian methods have the advan-
tage of allowing the use of prior information about the samples
to progress analysis. But the ability to differentiate populations
in a sample set can be limited when a small number of samples
and/or markers are used.

5. STRUCTURE uses an MCMC algorithm that starts by ran-
domly assigning individuals to a predetermined number of K
populations. Allele frequencies of each population are estimated
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considering the individuals assigned to each population.
Individuals are then re-assigned to populations taking into
account the estimated frequencies for each population in a
process repeated up to 10,000-100,000 times.

. Structure Harvester implements the delta K method of Evanno

et al. [23] to estimate the optimum K value [16, 17]. After
running STRUCTURE, pass the zipped folder containing the
results files (named x_run_y_f; where x represents the param-
eter set name and y the run number) to the Structure Harvester
browser and click Harvest! to start the analysis. Conditions
are: aminimum of three sequential Kvalues should be included,
with more than one replicate for each K value (same number
of replicates for all K values). Posterior probability and delta K
plots are available to download (Fig. 5)—the optimum K is
usually the point with the highest delta K value or the one
which immediately precedes the Lz Pr(K) plateau. This soft-
ware is also useful as it automatically generates input files to
run CLUMPP.

. There are two basic ancestry models: no admixture and admix-

ture [2]. The first is used if there is no prior knowledge about
the origin of the populations under study or if there is a reason
to consider each population as completely discrete. But
because admixture between populations is a common charac-
teristic, knowing the approximate median value of the ances-
tral population proportions for each individual and their
populations of origin is very important for the characteriza-

a LK} (mean +- SD) b Deltak = mean{ [L"(K)| } / sd{ LK) }

=T600
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Fig. 5 Example of posterior probability and de/ta K plots obtained with Structure Harvester for the same analy-
sis. In this case, the optimum K value is 4—the point where the plateau in the posterior probability starts with

maximum delta K value
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tion of a study population or, in a forensic context, a casework
sample. In this case the admixture model is more appropriate.
The LOCPRIOR option [19] can be used when there is addi-
tional sample characteristic data available, e.g., linguistic, geo-
graphical, cultural, or phenotypic information. The
LOCPRIOR parameter is particularly informative when there
are weak population structure signals—a situation that can
result from using reduced number of markers, small sample
sizes, or due to close relationships between populations. It has
two main advantages: (1) generally it will not find population
structure when this is not present; and (2) it can ignore loca-
tion information when individual ancestry is not related with
it. When admixture LD is present, the lLnkage model [18]
(which is based on the admixture model) can be applied to
obtain more accurate estimates of statistical uncertainty from
use of linked markers. Population labels can be used to calcu-
late the probability that each individual originates from the
assumed population—individuals with low probabilities can
be considered as migrants or having high co-ancestry. This
option is included in the USEPOPINFO model [2] and should
only be used when population labels are well defined before-
hand and correspond almost exactly to the groups ultimately
defined by the STRUCTURE results. The last model consid-
ers the specified information about the population of origin of
a portion of individuals to help infer the ancestry of other
samples with unknown origin: the POPFLAG model [2]. This
option needs caution as selected samples are treated as the
“reference” set (pre-assigned POPFLAG=1) meaning allele
frequencies estimates are based on a reduced subset of samples
and will directly affect the grouping of unknowns (pre-
assigned POPFLAG=0). This model can be useful when
grouping individuals/populations by comparison with very
well-defined reference data—this option is particularly useful
in the forensic context.

8. There are two allele frequencies models: independent allele
Sfrequencies and corvelated allele frequencies. The first is used
when frequencies are reasonably different in distinct popula-
tions—this implies that knowledge about the correlation level
across the population is needed. The second assumes a non-
independence level and offers more power to detect distinct
populations that are closely related (e.g., Chinese and
Japanese)—in the absence of high correlation levels, this
model gives the same results as the independent allele frequen-
cies model.
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10.

11.

12.

13.

14.

. STRUCTURE does not assume a particular mutation process

so the scale of the number of repeat units in STRs is not con-
sidered (only allele frequencies are important). For this reason
there is no need to multiply all other alleles by 10 to compen-
sate the transformation of intermediate alleles (19.3=193).

To confirm the number of markers and individuals select “Show
data file format” showing total lines and columns. As an exam-
ple, the data file format information for Table 1 would state: one
line with m columns (m corresponds to the number of markers)
and # lines with m+6 columns (four columns with prior infor-
mation and two with extra information) with 7/2 individuals
(two lines per genotype).

When preparing the input file following the example presented
in Table 1, there is no need to select the “special format”
option because by default STRUCTURE assumes genotypes
are arranged as two consecutive rows (diploid species) per indi-
vidual. If both alleles are in the same line but in consecutive
columns select “Data file stores data for individuals in a single
line”.

A burnin period of 10,000-100,000 is sufficient to observe
convergence to an equilibrium point of parameters such as
a—the relative admixture levels between populations. To
check the variation of the parameter values go to the “Data
plot” option in the simulation results window. When excessive
variation is observed at the end of the burnin period, it is nec-
essary to increase its length. To select an appropriate number
of MCMUC steps after the burnin, it is advisable to perform
several simulations for each K value considering different
lengths to see if the results are consistent—usually 10,000—
100,000 MCMC steps are enough but to obtain precise pos-
terior probability estimates longer simulations might be
needed.

STRUCTURE performs individual analyses for each assumed
population number from one up to a reasonable number for
the sampling regime—at least three K values more than the
number of expected population. If a platean on the posterior
probabilities is not reached, larger K values might be needed.
Furthermore, clustering algorithms such as the one imple-
mented in STRUCTURE can show stochastic variation from
the simulations. To diminish their effect, several replicates for
each K value should be made (at least three to five replicates
advised).

Computational times can vary depending on the number of
markers and samples to be analyzed, but also on the analysis
parameters selected. As a point of reference, running a project
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15.

using the example input file supplemented with the online ver-
sion of this chapter took approximately 3 h 45 min in a com-
puter with a 2.7GHz Intel Core i7 processor. The project
included two parameter sets: admixture and admixture
POPFLAG—both were performed through 100,000 burnin
steps, 100,000 MCMC repeats, three replicates from K=2 to
K=06, and correlated allele frequencies.

Independently of the origin of differences between clustering
results, a method to deal with replicate results is needed.
CLUMPP uses replicates of the estimated membership pro-
portion matrices for any K number—the result is a set of per-
mutated matrices so that all the replicates have the best
correspondence possible. It also generates a matrix that cor-
responds to the median of the permutated matrices. This is
done for the population and individual proportions matrices.
Currently the easiest way to prepare input files for CLUMPP is
with Structure Harvester (see Note 6). Two files are needed:
.ndfile includes individual ancestry membership proportions
tables from all replicates per K value and .popfile includes pop-
ulation ancestry membership proportions tables for all repli-
cates per K. In both a blank line separates each table. If the
input files are prepared manually take care with the sample
name, which must be numeric; if alpha-numerical an error
message appears. Both .indfile and .popfile files, together with
paramfile and others, must be saved in the software folder
together with the executable file. The paramfile includes
important parameters that must be adjusted: DATATYPE
defines which data is going to be considered for analysis
(0 =individual; 1 =population); K is the number of clusters; C
is the number of individuals or populations (depending on the
selected DATATYPE); R is the number of replicates; M is the
algorithm used. We recommend M= 1 so all possible permuta-
tions are performed, but with large K or R values M=2(10,000
random input repeats) is sufficient and for K values above 15
M= 3is advisable. Metric Sis the pairwise matrix similarity sta-
tistic and we recommend the standardized G’ (select §=2). It
is important to note that to obtain a population and individual
mean matrices, two runs are required, adjusting the .ouzput file
name (no name change overwrites the first run), DATATYPE
and C in between runs. In the Windows version, just execute
the CLUMPPexe file—a cmd window opens showing the
progress of the simulation. In the MacOS version execute the
software through the terminal command line: change the
directory to the CLUMPP folder location (type cd>drag the
folder into the terminal>ENTER) and then type ./
CLUMPP>ENTER to run the software.
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16.

17.

18.

19.

A convenient way of visualizing STRUCTURE results (espe-
cially for K> 3) is to show each individual as a straight segment
divided into K colors that represents the estimated ancestry
membership proportions. STRUCTURE gives such bar plots
but their format cannot be changed and they only present rep-
licate results for one K value. Distruct ofters a great variety of
options to generate more informative cluster plots. As with
CLUMPP, distruct uses a set of files stored in the same folder
of the executable file. The input files include the population
Q-matrix (.popq file) and the individual Q-matrix (.zndivg file)
obtained directly from STRUCTURE (in the case of a single K
replicate) or from CLUMPP. Files: .names and .languages
define the labels above and below the plot. Both files have the
same format: in each line write the population numeric code,
space, and preferred name. To define the color of each cluster
open the .perm file—with a minimum K lines each defining a
color. Colors are assigned to each cluster and not to each pre-
defined population, i.e., if population 1 appears in orange and
this population is defined in cluster 3 in .perm, define “3
orange” and not “1 orange”. The drawparams file has several
modifiable parameters, notably: K, NUMPOPS (number of
populations) and NUMINDS (number of individuals).
Remaining parameters adjust graphical aspects of the plot: let-
ter size, distance between text and plot, height of the plot,
thickness of the columns representing individuals, thickness of
the contour lines, horizontal /vertical orientation, and others
(Fig. 6). The “//” symbol indicates that the following text is a
comment describing the parameter function and that it will
not be used by the software. When computations are complete
a PostScript (.ps) file containing the plot is created To visualize
the plot with Windows, specific software such as GhostView
(freely available online), Acrobat Distiller or Illustrator is
needed. With MacOS plots can be opened with preview and
exported as a pdf.

A new option has been added to Snipper: the ability to apply
or not apply the HWE principle. The assumption of HWE
when not valid may result in inaccurate genotype frequency
estimates and, in turn, an inaccurate classification.

Each missing genotype is entered as two Ns per SNP, so only
ACGTN characters are permitted. Blank spaces are ignored.
Format errors from incorrect bases (either due to incorrect
SNP order or inverted bases) are flagged by Snipper with a
warning for the relevant SNP position(s).

In the supplementary Excel input file included in the online
version of this chapter, an example concatenated profile is
given. This individual will be classified as African—use Option
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File Path » : /Applications /distructl.]/drawparams

drawparams

Main usage options

#define

#define PRINT_LABEL_ATOP 1
#define PRINT_LABEL_BELOW

#define

PRINT_INDIVS

PRINT_SEP

Figure appearance

#define
#define
#define
#define
#define

FONTHEIGHT 1@

DIST_ABOVE 5

DIST_BELOW -7
BOXHEIGHT 100

INDIWIDTH 5

Extra options

#define ORIENTATION 3

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

#define

Line 37 Col 21

(none)

1 // (B) 1 if indiv q's are to be printed, @ if only population q's

// (B) print labels above figure
// (B) print labels below figure

1 // (B) print lines to separate populations

/7 (d)
/7 (d)
/1 (d)
/7 (d)
/7 (d)

size of font

distance above plot to place text
distance below plot to place text
height of the figure

width of an individual

// (int) @ for horizontal orientation (default)
1 for vertical orientation
2 for reverse horizontal orientation

1

/"

I
XORIGIN 2080 /7 (d)
YORIGIN 788 /7 (d)
XSCALE 1 /7 (d)
YSCALE 1 /4 (d)
ANGLE_LABEL_ATOP @ //

ANGLE_LABEL_BELOW @

3 for reverse vertical orientation
lower-left x-coordinate of figure
lower-left y-coordinate of figure
scale for x direction
scale for y direction
(d) angle for labels atop figure (in [@,180])
// (d) angle for labels below figure (in [@,180])
(d) width of "pen" for rim of box
(d) width of "pen" for separators between pops and for tics

LINEWIDTH_IND @ // (d) width of "pen" used for individuals

LINEWIDTH_RIM 3 I/
LINEWIDTH_SEP 8.5 //
GRAYSCALE @ '
ECHO_DATA 1
REPRINT_DATA 1

PRINT_INFILE_NAME @

PRINT_COLOR_BREWER 1

* | Unicode (UTF-8)

(B) use grayscale instead of colors

/7 (B) print some of the data to the screen

// (B) print the data as a comment in the ps file

// (B) print the name of INFILE_POPQ above the figure

1 this option is meant for use only with ORIENTATION=0

// (B) print ColorBrewer settings in the output file

1 this option adds 1689 lines and 184656 bytes to the output
17 and is required if using ColorBrewer colors

 |Unix (LF) = |s | Last saved: 01/09/13 12:15:02 3428 [ 489 f 82

L]

283

Fig. 6 Example of distruct parameters. Considering an output file resembling an A4 sheet lying horizontally
(longer side down), and depending on the number of samples and the desired effect, it is worth taking advan-
tage of available space. Reverse horizontal orientation uses the longest side of the virtual sheet. Changing the
XORIGIN and YORIGIN values also helps—for example, XORIGIN=200 moves the plot away from the margin of
the sheet and YORIGIN=788 leaves just enough space to separate the plot from the margin without leaving
much unused space. The individual bar width (/NDIWIDTH) can then be adjusted to an appropriate value that
allows all the individuals to be included in the virtual sheet

20.

1 or Option 2 in Sunipper as described above (for Option 2 use
the supplementary Excel file as population data input—remove
the last two samples (unknown ancestry) and the last column;
adjust the number of individuals in cell 1A to 479 and the
number of populations in cell 1C to 3). Note that
-log(LIKELIHOOD) values are returned, so lower values are
better.

Divergence is calculated based on the number of populations

included in the comparison. For example, on the fixed training
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plot symbols : points (... pch=*cex=2.5)

0[}—5> 10D 15200257

1O 6\ 11%X - 16@ 21000

27 12T A 2280 ()

348K 13186 23O 0()

4 9 147 19@ 24/

Fig. 7 Symbols available in R to define the points shown in plots (pch
command)

21.

22.

set option, divergence will be calculated based on 3, 4, or 5
groups depending on the option selected in Step 2.

When generating PCA plots, it is possible to change graphical
parameters to user needs. In the R script, command lines are
included so the “Population” information can be used to
define color of the symbols in plots. In this case, population
names are transformed into color names, in population alpha-
betical order and not input order (a complete list of color avail-
able in R can be obtained with the command colours()
(alternatively colors()) or with the help of the Chart of R colours
available at http://research.stowers-institute.org/efg /R /
Color/Chart/). The symbol shape can also be changed—for
information on available symbols use the pck help page by typ-
ing ¢pch in R console (Fig. 7). The cex command changes the
size of the points.

If you are using SNPassoc package for the first time, you need
to install it in R. Two options are available: (1) install it from
the Package installer option in the R console; or (2) download
the package zip file from http://cran.r-project.org/web/
packages,/SNPassoc/index.html and perform a local zip file
installation.


http://research.stowers-institute.org/efg/R/Color/Chart/
http://research.stowers-institute.org/efg/R/Color/Chart/
http://cran.r-project.org/web/packages/SNPassoc/index.html
http://cran.r-project.org/web/packages/SNPassoc/index.html
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Chapter 20

Species Determination: The Role and Use
of the Cytochrome b Gene

Adrian Linacre and James Chun-I Lee

Abstract

The illegal trade in ivory and rhino horn has led to a catastrophic decline in elephant and rhino populations
worldwide. These iconic high profile species are one part of the illegal trade in wildlife products that threat-
ens these species and the ecological balance in the habitats in which they live. Identification of the species
present is required to determine that the trade is illegal and contrary to national legislation. This chapter
details a robust DNA technique using part of the cytochrome & gene on the mitochondrial genome that
will work on poor quality samples such as powdered horn or ivory products including statues and carvings.
An appropriate DNA extraction technique is required to obtain at least 1 ng of DNA from which the
amplification of part of the cytochrome 4 gene using universal primers is performed. This produces a frag-
ment of 486 bp in size which can be sequenced using standard technologies. The resulting sequences are
then aligned to voucher specimens or sequences on reliable databases. Analyses of the data should lead to
confident species identification.

Key words CITES, DNA, Mitochondria, Cytochrome &, Species identification, Wildlife

1 Introduction

The trade in endangered species is an acute problem in many parts
of the world affecting many rare animal and plant species. High
profile examples include the body parts of tiger and rhino, which
play a part in spurious medicines, and the trade in elephant ivory.
The value of the illegal trade in wildlife is illustrated by rhino horn,
which is now estimated to be worth between $65,000 and
$100,000 USD per kilogram making it more expensive than gold
[1]. Ivory is equally sought after leading to the slaughter of ele-
phants and tigers are considered a living pharmacy contributing to
a dramatic decline and extinction in many of their previous habi-
tats. Additionally, the illegal trade in endangered exotic birds, rep-
tiles, and hard woods leads to wildlife crime being highly lucrative,
but disastrous for the species traded (e.g., seeref. 2). The Convention
on International Trade in Endangered Species of Wild Flora and

William Goodwin (ed.), Forensic DNA Typing Protocols, Methods in Molecular Biology, vol. 1420,
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Fauna (CITES) lists a growing and depressing number of species
on the verge of extinction in the wild (see www.cites.org). As so
many of these animal species are traded illegally, often for their
skins or for supposed medicinal qualities, it is the role of laborato-
ries to determine if seized samples are from a protected species.
This chapter focuses on DNA sequence techniques as they work
effectively on trace material. The choice of DNA locus is key to the
success of the test and there are certain criteria that must be met. It is
necessary to use a locus that is sufficiently conserved such that all
members of the same species have a very similar DNA sequence; the
locus must be sufficiently polymorphic such that members of differ-
ent, but closely related species, can be distinguished; the locus must be
on a fragment of DNA that can be amplified from poor quality sam-
ples; and it must be possible to analyze the locus from a wide range of
species using the same protocol. Two loci on the mitochondrial
genome have been used routinely; these are the cytochrome & (cyt 4)
[3-12] and cytochrome oxidase 1 (COI) [13-16] genes. Other loci
can be used and while this chapter focuses on the cyt &locus, the same
methodology can be applied to any gene locus of comparable size.
The cyt & gene is part of a complex of genes involved with oxi-
dative phosphorylation [17]. The complete cyt & gene is approxi-
mately 1140 bp and encodes a protein of 380 amino acids in
length. It may not always be possible to amplify such a large frag-
ment from processed samples. A range of primers have been pub-
lished that amplifies a 486 bp fragment of this locus from any
mammalian DNA (Table 1). If performing species identification
using another locus it is essential that the target sequence has suf-
ficient interspecies variation and that there are comprehensives
DNA sequence databases available for comparison purposes
(see Note 1). The primers used in this chapter are designed to
amplify a 486 bp product of which 402 bp are used for sequence
comparison. The structure of the cyt & gene is shown in Fig. 1.

Primers used in amplifying part of the Cyt b gene

Location Sequence (5'-3') Size (bp) Reference
114841 AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA 308 [19]
H15149 AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA

L14724 CGAAGCTTGATATGAAAAACCATCGTTG 425 [17]
H15149 AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA

114816 CCATCCAACATCTCAGCATGATGAAA 358 [20]
H15173 CCCCTCAGAATGATATTTGTCCTCA

114724 CGAAGCTTGATATGAAAAACCATCGTTG 425 [5]

H15149

AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA
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Fig. 1 The position of the primers 14724 and H15149 on mitochondrial DNA is shown. Numbering is according
to the human mtDNA sequence [18]

A list of the primers used in amplifying a section of the cyt &

gene for the purpose of species identification is shown in Table 1.
These primer sets are listed to show those that have been published
for the purpose of species identification. The primer sets listed on
the last two rows of the table are those validated for a range of
mammalian species specifically for the purpose of species identifica-
tion. Note that the position of the primers at the 3’ end is based on
the human DNA sequence [18] and will be different for other
mammalian species.

2 Materials

. L14724 (7.5 pM): 5'-CGAAGCTTGATATGAAAAACCAT

CGTTG-3".

. H15149 (7.5 pM): 5'-AAACTGCAGCCCCTCAGAATGATA

TTTGTCCTCA-3'.

. AmpliTaq Gold DNA Polymerase (Applied Biosystems, CA,

USA) (5 U/pL).

. AmpliTaq Gold PCR Butffer (Applied Biosystems, CA, USA)

(10x).

. dNTPs (10 mM each of dATP, dCTP, dGTP, and dTTP diluted

in sterile H,O).

. DNA Terminator Sequencing Kit (ABI PRISM™ BigDye™

Cycle Sequencing Kit, Applied Biosystems, CA, USA).

. Quick Spin Columns (Boehringer-Mannheim, Mannheim,

Germany).

. Template Suppression Reagent (Applied Biosystems, CA, USA).
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9. Thermal cycler.
10. PRISM 310 Genetic Analyzer (Applied Biosystems, CA, USA).
11. Vacuum Evacuator.
12. MicroAmp Reaction Tubes.
13. EXO-Sap (Illustar™, GE Healthcare, Victoria, Australia).

3 Methods

3.1 PCR
Amplification of Part
of the Cytb Locus

3.2 Confirmation
of PCR

3.3 Sequencing
of PCR Products

3.3.1 PCR Cleanup

1. Aliquot approximately 1 ng of DNA into a sterile 0.2 mL tube
(see Notes 2 and 3).

. Add 1 pL of each primer (final 0.15 pM of each) (see Note 4).
. Add 5 pL of PCR Bulffer.

. Add 5 pLL dNTDs.

. Add 0.5 pL of AmpliTaq Gold.

. Add water to 50 pL.

. Amplify using the following conditions: 95 °C for 11 min, fol-
lowed by 35 cycles of 95 °C for 45 s, 50 °C for 45 s, and 72 °C
for 90 s, followed by 72 °C for 30 min (se¢ Notes 5 and 6).

N O Ut W

Samples can be separated on an agarose gel to confirm the success
of the amplification. A 2 % agarose gel should be cast in 1x TAE
with 1 pg/mL ethidium bromide. A small size gel is normally suf-
ficient requiring 50 mL of agarose mix.

1. Add 1 g agarose to 50 mL TAE.

2. Heat the agarose in a microwave to dissolve the agarose com-
pletely and allow to cool to 55 °C before casting the gel.

3. Once the gel has solidified, run 5 pL of each sample along with
a size marker for 20 min at around 80 V before visualizing the
bands on a UV transilluminator (245 nm). The PCR products
should be approximately 486 bp in length. An example of a
successful amplification is shown in Fig. 2. See Note 7 if no
PCR product is present.

The PCR products can be directly sequenced. As the size is 486 bp
the complete sequence can be determined in one reaction, provid-
ing the PCR product is sufficiently pure. The primers used in the
PCR can be used in the sequencing reaction, but the buffer is dif-
ferent for sequencing compared to PCR and the unused dNTPs
need to be removed. A standard means is to use an Exo-Nuclease
to digest the single-stranded primers, and Shrimp Alkaline
Phosphatase (SAP) to digest the free dNTPs. The protocol for this
procedure is called commonly Exo-SAP as the two enzymes can be
used in combination. The method below is for one reaction but if
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L1 23435 6L

500bp —

Fig. 2 An agarose image of PCR products after amplification of part of the cyt b
gene. Lane L is the 100 bp ladder; lanes 7—6 are PCR products from human,
macaque, Asian elephant, mouse, white rhino, and pig respectively. The expected
size of the product is 486 bp

sequencing with both the forward and reverse primer separately
(i.e., sequencing both strands) then simply double the volume of
this Exo-SAP reaction.

1. Incubate 5 pL of PCR product with 2 pL. of Exo-SAP (typi-
cally 1 U of enzyme) at 37 °C for 15 min.

2. Transfer the tubes to a heater set at 80 °C and incubate for
15 min to denature both enzymes. The solution is now ready
for the addition of a single primer used in a sequencing
reaction.

The method of DNA sequencing is a standard dye labeled termina-
tor method. A commercial kit is used (ABI PRISM™ BigDye™
Terminator) as this method has been found to be successful. The
optimum amount of template DNA is approximately 50 ng,
although DNA concentrations of between 10 and 80 ng will still
produce good quality sequence data. The primers used in the DNA
sequence reaction are the same as those used in the amplification.

The DNA sequence of both strands should be determined and
compared to ensure that there are no differences due to the
sequencing reaction.

1. To two separate tubes, aliquot 7 pL of template solution con-
taining the purified PCR product (se¢ Note 8). Make up to
10 pL with sterile H,O.

2. Add 8 pL sequencing reaction mix to the tube.

3. Add 2 pL of primer L.14724 to one tube and primer H15149
to the other. The final concentration of each primer should be
0.25 pM.
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3.3.3 Separation
of Sequenced Fragments

3.4 Analysis
of Results

3.5 Analyses of DNA
Data

4. Seal the tubes and place in a thermal cycler.

. Perform cycle sequencing reactions using the following condi-

tions: 96 °C for 1 min, followed by 25 cycles of 96 °C for 10 s,
50 °C for 5 s, and 60 °C for 4 min, followed by a rapid thermal
ramp to 4 °C and hold until ready to purify.

. The extract from the DNA sequencing reaction must be treated

to remove the unincorporated primers. A number of methods
are available to do this, and most use a simple spin column.
Pipette the fluid containing the sequenced DNA into the top
basket and spin for 10 min at 13,000 x g (check the manufac-
turer’s protocol as this might vary depending on the tube
used) to remove the unincorporated primers and free bases.
The final volume will be ideally around 5 pL.

2. Pipette this volume into a new 1.5 mL tube.

. Place the samples in a vacuum evacuator and allow the samples

to dry (see Note 9).

. Resuspend the dried pellet in 25 pL of Template Suppression

Reagent.

. The samples are now ready for separation. This is preformed

almost exclusively by capillary electrophoresis using any suit-
able platform, for example the ABI 3500.

. The expected size of the sequence products should be 486 bp

based on the length in bp of the cyt b gene (se¢ Note 10).

. Remove sequence from the 5’ end of the 114724 primer to

mitochondrial position 14746 so that the sequence starts at
the start of the cyt & gene (position 14747) (see Note 11). This
should result in sequence lengths of 402 bp if the original
product was 486 bp.

. Align the sequence data from each of the two primers used to

determine a consensus DNA sequence for the gene sequence.
Alignments can be performed using a range of software (such
as Sequencher and Geneious). DNA sequencing should ideally
be performed in both directions. Any anomalies or bases that
are not identified clearly on one strand should be confirmed by
sequencing of the complementary strand.

. Export the DNA sequences to a software program such as

GCG or MEGA (see Note 12).

. If the full 402 bp sequence is determined and if all the bases are

designated with confidence, then the sequence should be com-
pared to known DNA sequences on DNA sequence databases
or from a voucher specimen (Fig. 3).

. The percentage similarity between the unknown and known

sequences should be recorded. The example shown in this



Species Determination: The Role and Use of the Cytochrome b Gene 293

z 50
H. szapiens 7 ...... cca. .g8..0 at ta. Cove vnennn c.a. LJt...c.
H. sapiens 2 ,..... [slar- TN o at <a. [ T t.a. .t...c.
M. cyclopis 1 ..... tceca. .a..c =R a.C teenean ca. .c..tc
M. cycloplis 2 ....ttcca. .a..<..... - 3.C e a. .t..tcg..
E. maximus ...... Coan CCLL i T, [STRs S s s C. Ci..a..E.
L. africara ...... o T ct.. c.t..... c. .c..t..a
M, domesticus 1 ..... - I TR A, B L T R
M. domesticuas 2 ..... R a. d...... [ PR N R Y oI
C. simum  ..... o N P o WO Ca e
C. bicornis ..... A o e C e PRSI of o
3. scxofa I Lo LL. [ = = O 8
S. scrofa 20 ..., [ SN = R« q.
B. ramacaicus T ..... o O [ S tg.
B. ramacicuas 2 ..... L Gae oo ieninaie sanneeinn [ SN tag.
C. nippon taionanrias - .. L - Gave vravaaas T vy a.
C. nippon taiouarus 2 ........ t. .ol - o [ A a.
M. reevesl micrucuas 2 ..... a..t. ..., = [+ F .
M. reevesi micrucus 2 ..... a..t. .coooan, = A [ S .
0. aries . o, o S [ ls;
Q, aries 2 PP o s = T [« g.
C. crispas swinhoel Z ... 0. i = P g ....t...qg.
C. crispus swinhoeil 2 .......... ... . ..., 2 g ....t...q
C. familiaris Z ... crevnann - JCCe e v vnn g .T..t.....
C. familiaris 2 ... 000 oo =N JOC. L. [ S A
M. pentadactyla Lirnaeus 2 ..... Eoevn i [ DS D Cuve CaCunnnn CY wnmnn [+ SR
M. pentadactyla Lirnaeus 2 ..... L . ... (ST o S o S ot A s
2. laruata taivana 1 ... i i e T e c geto.oo.. c..tg.a
P. laruata taiuara 2 .. .eiiain aanen e [ coget.eaoaa. PRSI s BTN
P. tigris 7 ..o i - Cuoel LiCawinann e N
P, £igris 2 i vin i = I L A S eI
F. bengalensis cairensis 7 L.l ii000 i i i [ [T & PN c. LCoLLC.
F. bengalensis chirensis 2 ... ..t i, [- R CueT veCuvunns C. vC.ev.Cunnn
T.oooatias Do e e Huvrus (S o [ SO ol I
TooCatUS 2 e e e e - [ [S FRS  o

Fig. 3 Alignment of the first 50 bp of the PCR products from the cyt b gene from 19 different mammalian spe-
cies. The sequence alignment was by the PileUp program of the GCG computer package and the consensus
sequence was determined using the Pretty program. “.” indicates the same base as the consensus sequence

chapter analyses the DNA sequence of a mammalian species
where it is known that the minimum interspecies variation is
2.5 % and maximum intraspecies variation is 1.5 % [21].

3. Based on the above assumption, there should be no more than
six bases different over the 402 bp aligned between the known
and unknown DNA sequences. If such a similarity is recorded,
there is a 99.9 % probability that the unknown is from the same
species as the known (see Note 13).

4 Notes

1. Both cyt 4 and COI have extensive coverage in the DNA data-
bases such as GenBank (www.ncbi.nlm.nih.gov/genbank) and
for COI there is also the Barcode of Life Consortium (www.
barcodinglife.com).
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2.

DNA should be extracted, purified, and quantified using a
standard method. The use of chelating agents such as Chelex®
is simple and safe but will not always produce DNA free from
inhibitors. Solid phase extraction using a silica membrane (e.g.,
QIAamp micro kit from Qiagen) or a resin (e.g., DNA IQ
from the Promega corporation) have proved a successful means
of extracting DNA from a wide range of tissue types. DNA can
also be extracted from bone using the salt chloroform method.
An extraction negative should be performed at the same time
as the unknown sample. Analysis of any reference sample
should be performed either in a different laboratory or at a dif-
ferent time; this minimizes the opportunity for any contamina-
tion. An out-group control DNA can be used at the same time
as unknown DNA. A good control DNA is from a domestic or
farmed animal unlikely to be the same species as the unknown.
Cow ( Bos namadicus) or Mouse (Mus domesticus) DNA is ideal
and normally available.

. This protocol uses 1 ng of total DNA extracted. As the DNA

to be amplified is on the mitochondrial genome, there are
many more copies of this DNA relative to nuclear counterparts
and therefore significantly less (100 pg) template DNA should
produce a PCR product with good quality DNA. It may be
however that the DNA is highly degraded and hence adding
more than the suggested 1 ng is needed.

. The primers used in this method amplify a 486 bp fragment.

This primer set has been found to be useful in the amplification
of products from highly degraded samples and is also validated
for species identification. The full cyt & gene locus can be
amplified from good quality samples using the primer sets
described in ref. 5.

. If more than three samples are being prepared it is better to

create a master mix. For each sample add 1.1 pL of each primer,
5.5 pL bufter, 5.5 pL. of ANTDPs, 0.5 pL of enzyme, and make
with a marginal excess of dH,O to a volume of 50 pL per
sample. Aliquot the appropriate volume into separate tubes
then add 1-10 ng of template DNA.

. The cycling parameters have been specified using the Applied

Biosystems 9600. It is possible that the parameters will need to
be altered if another thermal cycler is used.

. If no PCR product can be seen on the gel then it is likely that

there will be insufficient DNA to act as a template of the DNA
sequencing. Initially check to see if the positive control has
worked. If performing a master mix (se¢ Note 5) then a prod-
uct for the positive control indicates that the reaction should
have worked if there was good quality DNA and at sufficient
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quantity. It is most likely that more DNA is needed. Increasing
the number of cycles past 35 is not recommended.

8. The quantity of DNA template required to generate optimal
sequence data is 50 ng. This should be diluted into a volume
of 10 pL. Adequate sequence data can be obtained from as low
as 20 ng and as high as 100 ng of template DNA. It is advised
to dilute, or concentrate, the sample to between 20 and 100 ng
in a volume of 10 pL.

9. A vacuum pump is the normal method for drying the sequence
products, but if unavailable it is possible to place the open reac-
tion tubes used to collect the purified sequence products in a
heating block with water filling the holes of the heating block.
Leave the heating block at 95 °C to remove the fluid.

10. Most mammalian species will produce a fragment of 486 bp
using the primers listed in this chapter. There are exceptions
including the African lion (Panthera leo) where there are 21
bases that are deleted resulting in a fragment size of 464 bp.

11. The human consensus sequence starts at position 14747 with
the sequence 5-ATGACCCCAAT-3’. Edit the sequence to
the 5’ side of this particular DNA sequence.

12. A range of free and commercial software programs can per-
form sequence alignments. Sequencher and Geneious are com-
mercially available. MEGA performs a range of sequence
alignments and is of more use once a verified sequence is
confirmed.

13. A match between an unknown sample and a reliable sequence
from a known species with a 100 % similarity over 400 bp of
the cyt & locus indicates that either the unknown is from the
same species as the known; the unknown is from another spe-
cies on the database but there is an exceptionally large amount
of interspecies variation (this is very unlikely given the data in
ref. 21); or the unknown is from a species not on the database
(this depends on the coverage of the database).
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