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ABSTRACT 
 
Quantitative PCR was used to evaluate the efficacy of sodium hypochlorite in the 
removal of contaminating DNA from bone surfaces.  While our findings are consistent 
with previous studies that found sodium hypochlorite to be highly efficient (~81-99%) at 
contamination removal, there emerged no treatment that removed 100% of the 
contamination across all of the experiments.  Furthermore, this study suggests that 
previous claims that sodium hypochlorite is particularly damaging to endogenous ancient 
DNA (aDNA) molecules are inaccurate.  Experiments conducted during this phase of the 
grant led to two additional relevant observations.  First, mitochondrial DNA (mtDNA) 
preservation across individual bones was determined to be highly variable and not 
related to the density of the bone material, despite previous belief of such a relationship.  
Secondly, utilizing qPCR and a synthesized “standards” approach to measure the 
efficiency of some common DNA extraction methods for degraded skeletal samples, all 
methods were determined to perform poorly in retaining short segments of DNA.  These 
findings challenge low copy number (LCN) expectations, suggesting that ancient and 
forensic specimens may contain far more preserved genetic material than previously 
recognized.   
 
Secondly, we evaluated the overall effectiveness of nine different thermo-stable 
polymerases and polymerase blends in their ability to amplify mtDNA present in 
extractions from archaeological salmon vertebrae known to contain high levels of PCR 
inhibitors.  Overall, Omni Klentaq LA outperformed the other 8 polymerases in two 
measures: 1) its success in permitting genetic species identification of these vertebrae, 
and 2) its ability to amplify an ancient DNA positive control when spiked with a volume of 
inhibited extract from the vertebrae.  
 
Lastly, we evaluated the “behavior” and degree of post-mortem damage of DNA 
template molecules extracted from ancient human remains.  Miscoding lesions observed 
in direct sequences correlated positively to amplicon length, which indirectly suggests 
that it is negatively related to starting template copy number.  Thus, this is another 
characteristic of aDNA template molecules.  Moreover, none of our PCRs were initiated 
from >1000 molecules, demonstrating that this cut-off, while regularly cited in the 
literature, is arbitrary for generating authentic aDNA results.  Combined with results from 
previous studies, the degree of post-mortem damage appears to sample specific, 
making it difficult to generalize for all aDNA specimens and/or rely on a single set of 
recommendations as a means for absolute authentication.  Overall, miscoding lesion 
damage was found to be random and, therefore, not to correlated to mutational hotspots, 
as previously argued for human mtDNA. 
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EXECUTIVE SUMMARY 
 
The analysis of DNA extracted from degraded human source materials is complicated by 
three major factors: 1) contaminating DNA, 2) co-extracted polymerase chain reaction 
(PCR) inhibitors, and 3) post mortem DNA damage. These associated problems make 
the authentication of DNA profiles from these sources particularly problematic, if not 
impossible.  Common to both forensic science investigations and ancient DNA (aDNA) 
research, these issues have opened a fruitful dialogue between the fields (Alonso et al., 
2004; Bär et al., 2000; Capelli et al., 2003; Kemp et al., 2006; Kemp and Smith, 2005; 
von Wurmb-Schwark et al., 2008).  Despite recent advancements in both fields, there is 
a need for continued development of methods that increase the yield and purity of 
genetic material extracted from degraded sources.  Alleviating these problems promises 
to facilitate future investigations of, for example, older cases (Nelson and Melton, 2007), 
cold cases ( Isenberg, 2002; NIJ, 2002), war dead (Holland et al., 1993; Primorac et al., 
1996), compromised samples (Foran, 2006), skeletal elements (Deng et al., 2005), 
missing persons (Bender et al., 2000), unknown victims (Erlich and Calloway, 2007), and 
mass fatality incidents (Prinz et al., 2007; Zehner, 2007). 
 
This project was divided into three phases, one of each focused on contamination, PCR 
inhibition, or DNA damage.  However, the results of the experiments from any one phase 
can and do address problems outside the major focus of the phase.  The goal of this 
research was to validate methods that will improve reliability as well as reduce future 
time, cost, and effort needed for the analyses of degraded specimens.  Additionally, 
these results have provided an increased understanding of the “behavior” of degraded 
DNA, knowledge that should continue to strengthen the legitimacy of this type of 
evidence. 
 
Phase I: Contamination Removal from Ancient Specimens 

As a part of the first phase of the grant, we evaluated the efficacy of sodium hypochlorite 
(i.e., Clorox bleach) to remove experimentally introduced contamination from the 
surfaces of bones, as well as determine its effect on DNA endogenous to the bones 
(these experiments are detailed in the main body of this report in the paper entitled 
“Further Evaluation of the Efficacy of Contamination Removal From Bone Surfaces”).  
Previously, both aDNA researchers and forensic scientists have conducted experiments 
aimed at evaluating methods of contamination removal, many of which conclude that it is 
difficult to entirely remove the contaminants (Gilbert et al., 2006; Malmstrom et al., 2005; 
Malmstrom et al., 2007; von Wurmb-Schwark et al., 2008).  Moreover, there is concern 
that treatment with sodium hypochlorite will negatively impact the DNA endogenous to 
the sample.  For example, Malmström and colleagues (2007) claimed that the amount of 
authentic aDNA is reduced by 77% when powdered bone or tooth is subjected to sodium 
hypochlorite before extraction. 
 
Our experiments were conducted by bare hands handling ~3500 year old northern fur 
seal (Callorhinus ursinus) ribs to introduce contamination onto their surfaces.  
Subsections of the ribs were then removed from the whole and subjected to various 
concentrations of bleach.  Following DNA extraction, quantitative PCR (qPCR) was 
employed to compare mitochondrial DNA (mtDNA) yields of both northern fur seal and 
human from treated bone sections to those left untreated.    
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Our findings are consistent with previous studies that found sodium hypochlorite to be 
highly efficient (~81-99%) at contamination removal, however there emerged no 
treatment that removed 100% of the contamination across all of the experiments.  
Moreover, the ability to estimate the degree of damage witnessed by endogenous 
northern fur seal molecules was compromised due to the inherent variability of 
preserved mtDNA across the bones, and the presence of co-extracted PCR inhibitors.  
These findings are in contrast to previous claims that sodium hypochlorite is particularly 
damaging to endogenous aDNA molecules and may in fact be highly inaccurate.    We 
argue that assessing whether sodium hypochlorite “destroys” endogenous DNA is 
impossible, because the exact same sample of bone material would need to be 
assessed for endogenous DNA copy number with and without treatment.  Nevertheless, 
in the pursuit of addressing this concern, additional observations were made that should 
positively impact standard forensic DNA practices. 
 
While conducting the research just described, it became apparent to us that the inherent 
variability of mtDNA preserved across the northern fur seal ribs presented a serious 
obstacle to accurately evaluating the degree to which sodium hypochlorite negatively 
impacts DNA endogenous to the samples.  In other words, it was observed that bleach 
treatment in some cases appeared to decrease the endogenous copy yield, whereas in 
other cases it appeared to increase the yields, which is impossible unless DNA is 
unevenly preserved across the bone section studied.   
 
Data from these experiments, combined with those from additional qPCR experiments 
on the same collection of northern fur seal ribs further confirmed that indeed mtDNA 
preservation across a single bone is highly variable (these experiments are detailed in 
the main body of this report in the paper entitled “Mitochondrial DNA Preservation 
Across Individual Bones is Not Related to Bone Density”).  The average preservation 
between the samples was significantly different (ANOVA, p=1.9*10-9) with 15% of the 
total variance observed within samples.  However, the majority the specimens (12 of 19, 
~63.2%) exhibited at least an order of magnitude difference in mtDNA preservation 
across the whole.   
 
Interestingly, while recent forensic research has focused on determining which skeletal 
elements are superior in their preservation of DNA over the long-term (e.g., Edson et al., 
2009; Edson et al., 2004; Leney, 2006; Milos et al., 2007; Mundorff et al., 2009), less 
focus has been placed on measuring intra-element variation.  Moreover, while there is a 
general belief that dense (cortical) bone material will contain better-preserved DNA than 
does spongy (cancellous) bone, to our knowledge this relationship has not been 
empirical demonstrated.  To address this issue, we developed a novel measure taken on 
the rib subsections called the “density index”, which amounts to an estimation of the 
density of a section of rib given its volume.  Regression of the amount of mtDNA 
extracted per gram of the material against the density index of the bone from which it 
was extracted demonstrates no relationship between these variables (R2=0.03, p=0.28).  
Similar experiments should be conducted on other skeletal elements to determine 
whether this lack of relationship is specific to ribs. 
 
Another novel insight to emerge during this phase of the grant was the realization that, 
despite previous attempts to do so, different DNA extraction methods are not directly 
comparable in their recovery of low copy number (LCN) and degraded DNA.  Previously, 
experiments have relied on the assumption that adding a relatively similar amount of 
sample (e.g., milligrams of bone) to each replicate at the beginning of an extraction, 
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allows the efficacy of the extraction to be tested by comparing the relative yields at the 
end of the protocol.  Yet, because there was no knowledge of the absolute amount of 
DNA or recognition of the inherent variability of DNA preserved across single skeletal 
elements prior to extraction, the results from each method are not directly comparable.  
This idea became the foundation for another set of experiments conducted during this 
phase of the grant (these experiments are detailed in the main body of this report in the 
paper entitled “One of the Key Characteristics of Ancient and Forensic DNA, Low Copy 
Number, May be a Product of its Extraction”). 
 
DNA from ancient and forensic sources is generally believed to be of low copy number, 
despite the previous lack of direct measurement of DNA loss accumulated through the 
extraction process. We developed synthesized “standards” to measure the efficiency of 
some common DNA extraction methods for degraded skeletal samples, and used qPCR 
to estimate a known quantity of DNA subjected to a given extraction method (i.e., 
“copies in”) versus quantity of DNA retained (i.e., “copies out”).  All methods performed 
poorly in retaining short segments of DNA, giving low copy number results even when 
pre-extraction copy numbers far exceeded those expected of ancient samples.  These 
findings challenge low copy number expectations, suggesting that ancient and forensic 
specimens may contain far more preserved genetic material than previously recognized.  
Furthermore, they emphasize the importance of optimizing and/or developing 
specialized extraction methods for retrieving degraded DNA. 
 
Phase II: Co-Extraction of PCR Inhibitors and their Effects on Degraded DNA 
 
Numerous substances can potentially inhibit PCR and are routinely encountered in both 
the study of aDNA (see review by Kemp et al., 2006) and forensic DNA (see review by 
Alaeddini, 2011).  In these types of investigations, once contaminating DNA is 
sufficiently controlled for (e.g., see results from phase I of this report) and because the 
degree of post-mortem damage (Lindahl, 1993; Molak and Ho, 2011) witnessed by a 
sample cannot be controlled, co-purified PCR inhibitors remain as the greatest threat to 
the successful study of ancient, degraded, and/or LCN DNA samples.   
 
The extent to which alternative forms of polymerases can tolerate inhibitory substances 
as well as amplify degraded samples is only beginning to be understood in aDNA and 
forensic studies.  It is therefore compelling to determine which polymerase or 
manufactured blends of polymerases give the most optimal yield, fidelity, and resistance 
to a wide-range of inhibitors.  
 
In this phase of the grant we evaluated the overall effectiveness of nine different thermo-
stable polymerases and polymerase blends [1) Amplitaq Gold® DNA Polymerase 
(Invitrogen), 2) Herculase II Fusion DNA Polymerase (Agilent), 3) Omni Klentaq LA 
(DNA Polymerase Technology, Inc.), 4) Phusion® High Fidelity DNA Polymerase 
(Finnzymes), 5) Platinum® Taq DNA Polymerase (Invitrogen), 6) Pwo DNA Polymerase 
(Roche), 7) rTth (Applied Biosystems) 8) Tfl DNA Polymerase (Promega), and 9) VentR® 
DNA Polymerase (New England Biolabs)] in their ability to amplify mtDNA present in 
extractions from salmon vertebrae from two archaeological sites (DgRv-003 and DgRv-
006) (these experiments are detailed in the main body of this report in the paper entitled 
“Evaluating the Efficacy of Various Thermo-Stable Polymerases Against Co-Extracted 
PCR Inhibitors in Ancient DNA Samples”).  These samples were chosen for two 
reasons.  First, in a previous study of salmon vertebrae from the DgRv-003 site (Grier et 
al., 2013), DNA extracted from the samples was found to be particularly challenging to 
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purify requiring on average 4.62 (SD= 2.31) repeat silica extractions to sufficiently 
remove the inhibitory effects (following Kemp et al., 2006).  In our experience, these 
samples are some of the most inhibited samples we have ever worked with, rivaling 
even ~6000-9000 year old human fecal samples (or “coprolites”) from archaeological 
sites located in Southeastern Utah (Kemp et al., 2010).  Secondly, working with non-
human, non-domestic animal samples minimizes the influence that contamination might 
otherwise have had.   
 
In the end, we posed a simple question—that is, which of a number of commercially 
available polymerases or blends of polymerases performs best in the study of these 
highly inhibited samples.  Our approach was not exhaustive to the number of 
polymerases available on the market; those tested represent only a portion of them.  
Performances were measured very simply as percent return of salmonid mtDNA 
sequences and percent of samples that amplified when spiked with an aDNA positive 
control.  Overall, Omni Klentaq LA (DNA Polymerase Technology, Inc.) outperformed the 
other eight polymerases in these two measures.  Use of this commercial polymerase is 
cost efficient and switching to this polymerase when working with samples that are 
highly compromised by PCR inhibitors requires no special training. 
 
Phase III:  Evaluating the Extent of Post Mortem DNA Damaged in Degraded 
Samples 
 
The key to the success of any aDNA study relies on the authentication of results.  While 
true of any line of scientific inquiry, conclusions drawn from the study of aDNA are only 
as strong as data generated to support them.  Since DNA extracted from ancient 
remains is typically recovered in LCN and is short with regards to strand length (see 
review by Gilbert, 2006; Pääbo, 1989; Pääbo et al., 1988), the success of aDNA studies 
can be highly compromised by contamination originating from “modern” sources (Kemp 
and Smith, 2005; Malmstrom et al., 2005; Yang and Watt, 2005) and PCR inhibitors 
(Kemp et al., 2006).  Moreover, ancient template molecules often exhibit further 
chemical modifications (e.g., miscoding lesions) that have occurred post-mortem (Gilbert 
et al., 2003a; Gilbert et al., 2003b; Hofreiter et al., 2001; Pääbo, 1989).  If gone 
unrecognized, this form of damage can result in artificial “mutations” that can skew 
estimates of genetic diversity and mutation rates, and lead to problems in inferring 
demographic histories (Axelsson et al., 2008; Ho et al., 2007a; Ho et al., 2007b; 
Rambaut et al., 2009).  The degree to which these problems will influence a study 
varies, with the study of ancient human DNA arguably being of the highest risk (Gilbert 
et al., 2005a). 
 
Investigations of forensic and/or LCN DNA samples suffer similar problems of 
contamination, PCR inhibition, and post-mortem damage (Alaeddini, 2011; Alaeddini et 
al., 2010; Alonso et al., 2004; Bär et al., 2000; Capelli et al., 2003; Edson et al., 2004; 
Jobling and Gill, 2004; von Wurmb-Schwark et al., 2008).  While over a decade ago, 
Fattorini and colleagues (2000) showed that reliable allele-specific oligonucleotide (ASO) 
probing could not be conducted on some forensic samples due to “artifacts” in the 
degraded DNA, today forensic DNA researchers and those faced with interpreting 
sequences from such aged and degraded specimens need a full appreciation for the 
extent of post mortem genetic damage.  This topic has been approached by the forensic 
DNA community (Fattorini et al., 1999; Fattorini et al., 2000; Previdere et al., 2002), 
however recent discussion has been dominated by aDNA researchers (however, see the 
excellent review by Alaeddini et al., 2010).  While artifactual mutations encountered in 
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aDNA studies might distort, for example, our reconstruction of the evolution of a species, 
their potential impact in forensic investigations is markedly more alarming.  Thus, 
knowledge of the degree of damage exhibited by aged and/or degraded remains will 
guide interpretation, for example, of mtDNA mismatches to comparative samples, as has 
been needed to account for the markedly high mutation rate of the genome and 
prevalence of heteroplasmy (Buckleton et al., 2005; Tully et al., 2001). 
 
In response to the recognized problems associated with the study of aDNA, a number of 
researchers have made recommendations to others in the field on how to properly 
conduct research and, in turn, authentic results (e.g., Cooper and Poinar, 2000; Gilbert 
et al., 2005a; Kemp and Smith, 2010; Pääbo et al., 2004; Willerslev and Cooper, 2005; 
Winters et al., 2011).  While the views of these researchers vary, one point that appears 
to be widely agreed upon across the field is that aDNA should exhibit appropriate 
molecular behavior.  On account of its degraded state, aDNA “behaves” differently than 
does “modern” DNA in experiments, an observation that stems from the seminal work of 
Pääbo and colleagues (1988) and Pääbo (1989) in which a strongly negative 
relationship between amplicon size and PCR efficiency was first noted.   
 
Other recommendations for authenticating aDNA results rely on quantifying the number 
of template molecules that initiate a PCR.  This recommendation is based on the idea 
that the number of staring template molecules should not be too large (which might 
indicate contamination) nor too small [which might permit miscoding lesions to be 
directly observed in the PCR product (see Figure 3 of Pääbo and colleagues (2004)].  
There is also concern that when the starting number of aDNA molecules is very low 
subsequent PCRs will be particularly prone to contamination (Bunce et al., 2012; Cooper 
and Poinar, 2000), which at times can completely outcompete the aDNA during 
amplification (e.g., Kemp et al., 2006; Kemp and Smith, 2005).   
 
In this phase of the grant, DNA extracted from 127 ancient human bone, teeth, and 
coprolite samples was amplified for eleven fragments varying in lengths from 62-1144 
base pairs (bps) to evaluate the “behavior” and degree of post-mortem damage of aDNA 
template molecules (these experiments are detailed in the main body of this report in the 
paper entitled “Evaluating the Behavior and Degree of Post-Mortem Damage in Ancient 
DNA Template Molecules”).  Of the 211 sequences not compromised by contamination, 
34 (16.1%) exhibited miscoding lesions presumably due to post-mortem damage.  
Observation of this form of damage in direct sequences is positively related to amplicon 
length, which indirectly suggests that it is negatively related to starting template copy 
number.  We have termed this phenomenon as “frequency dependent damage 
detection” (or FD3), which is a characteristic of aDNA that may become useful in the 
authentication of future aDNA results.  However, where qPCR results were generated in 
this study, they demonstrated no statistical difference in mean starting copy number for 
sequences that exhibited damage versus those that did not display damage (p=0.25 for 
166 base pair (bp) amplicon, p=0.486 for 215 bp amplicon).  Moreover, none of our 
PCRs were initiated from >1000 molecules, demonstrating that this cut-off, while 
regularly cited (stemming from the results described by Handt et al., 1996), is arbitrary 
for generating authentic aDNA results.  Lastly, in this study we observed intact aDNA 
molecules in excess of 500 bps in length and found the contamination in this study to be 
both more degraded with regards to strand length and lower in copy number than some 
aDNA samples.  Combined with results from previous studies, the degree of post-
mortem damage appears to sample specific, making it difficult to generalize for all aDNA 
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specimens and/or rely on a single set of recommendations as a means for absolute 
authentication. 
 
Due to the degree of miscoding lesions witnessed in aDNA molecules, many ancient 
DNA researchers have adopted cloning aDNA amplicons as opposed to directly 
sequencing them.  However, no standardized protocol has emerged regarding the 
necessary number of clones to sequence, how a consensus sequence is most 
appropriately derived, or how results should be reported in the literature.  In addition, 
there has been no systematic demonstration of the degree to which direct sequences 
are affected by damage or whether direct sequencing would provide disparate results 
from a consensus of clones. 
 
To address this issue, during this phase of the grant we conducted a comparative study 
that examined both cloned and direct sequences recovered from ~3,500 year-old 
ancient northern fur seal DNA extracts (these experiments are detailed in the main body 
of this report in the paper entitled “To Clone or Not to Clone: Method Analysis for 
Retrieving Consensus Sequences in Ancient DNA Samples”).  The goal of this study 
was to begin the systematic determination of whether a difference, if any, exists between 
cloning and direct sequencing in order to generate an aDNA consensus sequence.  
Working specifically with non-human, non-domesticate animal samples decreases the 
probability that contamination has contributed to these results  
 
Majority rules and the Consensus Confidence Program (Bower et al., 2005) was used to 
generate consensus sequences for each individual from the cloned sequences, which 
exhibited damage at 31 of 139 base pairs across all clones.  In no instance did the 
consensus of clones differ from the direct sequence.  This study demonstrates that, 
when appropriate, cloning need not be the default method, but instead, should be used 
as a measure of authentication on a case-by-case basis, especially when this practice 
adds time and cost to studies where it may be superfluous. 
 
Yet, it has been further argued that miscoding lesions occur non-randomly and “damage 
hotspots” may coincide with mutational hotspots.  For example, in an experimental study 
of wheat (Triticum aestivum) DNA treated at 95°C for 2-21 days, Banerjee and Brown 
(2004) observed 107 of 124 cloned sequences to have damage at the same position in 
the atpA gene of the mitochondrial genome, resulting in an artifactual A>G transition.  
This, however, is in contrast to an earlier study of heat-treated wheat seeds, in which the 
damage appears to have been randomly distributed across the atpA gene and the A>G 
artifact just described was not observed (see figures 4 and 5 in Threadgold and Brown, 
2003).  Gilbert and colleagues (2003a) demonstrated that damage preferentially occurs 
at mutational hotspots in the mitochondrial hypervariable region I (HVRI) of the human 
mitochondrial genome, and that while coding region DNA (in this case the cytochrome 
oxidase III gene) damages less frequently, it shows no positional bias within codons.  
Gilbert and colleagues (2005b) also demonstrated that contamination did not likely 
influence this conclusion, as damage hotspots in ancient bison (Bison bison) 
mitochondrial control region DNA coincide with mutational hotspots.  More recently, 
however, Kuch and colleagues (2007) found damage to be randomly distributed across 
HVRI, and only 1 of 10 damaged sites described by Dissing and colleagues (2008) is 
considered a mutational hotspot. 
 
To address this outstanding issue and to follow-up on the cloning experiments 
conducted on the northern fur seal samples, in this portion of the third phase of the grant 

 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 

and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



 10 

we compared cloned and directly sequenced mitochondrial HVRI amplicons from ~220 
to 6000 year old ancient human remains (these experiments are detailed in the main 
body of this report in the paper entitled “Cloning May Not Be a Necessary Criterion for 
the Authentication of Ancient DNA Consensus Sequences and Damage Appears to be 
Randomly Distributed Across the Human Mitochondrial HVRI Region”).  As in the 
previous study of this phase of the grant, in no instance did the consensus of clones 
offer any added confirmation to the endogenous DNA sequence than did the direct 
sequence.  From these same data, a relative rate of nucleotide damage was estimated 
across 255 cloned fragments and a comparison of expected to observed counts of 
substitutions was analyzed using a goodness of fit test. Post-mortem nucleotide damage 
across HVRI was shown not to deviate statistically from a random distribution (G = 
6.4992df=5, P = 0.2606).  Moreover, there was not a strong relationship between damage 
hotspots and mutational hotspots, as previously argued for human mtDNA. 
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ABSTRACT 
 
Studies of low copy number (LCN) and degraded DNA are prone to contamination from 
exogenous DNA sources that in some cases can completely out-compete endogenous 
DNA in PCR amplification, thus leading to false positives and/or aberrant results.  
Particularly problematic is contamination that is inadvertently deposited on the surfaces 
of bones though direct handling.  Whereas some previous studies have shown that 
contamination removal is possible by subjecting samples to sodium hypochlorite prior to 
DNA extraction, others caution that such treatment can destroy a majority of the 
molecules endogenous to the sample.  To further explore this topic, we experimentally 
contaminated ancient northern fur seal (Callorhinus ursinus) ribs with human DNA and 
treated them with sodium hypochlorite to remove that contamination.  Our findings are 
consistent with previous studies that found sodium hypochlorite to be highly efficient 
(~81-99%) at contamination removal, however there emerged no treatment capable of 
removing 100% of the contamination across all of the experiments.  Moreover, the ability 
to estimate the degree of damage to endogenous northern fur seal molecules was 
compromised due to the inherent variability of preserved mtDNA across the bones, and 
the presence of co-extracted PCR inhibitors. 
 
INTRODUCTION 
 
The advent of the polymerase chain reaction (Saiki et al., 1985) revolutionized the fields 
of forensic and ancient DNA (aDNA) studies (e.g., Hagelberg et al., 1991; Hagelberg et 
al., 1989; Jeffreys et al., 1992; Pääbo, 1989; Pääbo et al., 1988).  Subsequent 
advancements in PCR technology and chemistry have allowed DNA amplification from 
increasingly minute amounts of template molecules.  While PCR now permits the routine 
study of genetic markers contained in degraded samples, it simultaneously represents a 
system that is hypersensitive to amplifying contaminant DNA (Kemp et al., 2006; Kwok 
and Higuchi, 1989; Yang et al., 2003).   
 
Tempering the strength of DNA evidence collected from degraded remains and other 
aged biological materials is its challenging retrieval and authentication, principally 
because of the damage that the molecules have undergone since the death of the 
individual or the deposition of the biological material. Degradation by nucleases, 
oxidation, hydrolysis, deamination, and depurination lead to destabilization, breaks, and 
chemical modifications of DNA strands, leaving DNA template molecules that are few in 
number, typically short in length and carry “damaged” nucleotide positions (Gilbert et al., 
2007; Gilbert, 2006; Hofreiter et al., 2001; Pääbo, 1989; Pääbo et al., 1988).  As a result, 
studies of low copy number (LCN) and degraded DNA are prone to contamination from 
exogenous DNA sources that in some cases can completely out-compete endogenous 
DNA in PCR amplification, thus leading to false positives and/or aberrant results (e.g., 
Kemp and Smith, 2005). 
 
There are four ways that contaminating DNA may be introduced into a study: 1) DNA 
introduced in the field (e.g., through handling), 2) DNA introduced by laboratory 
personnel, 3) cross contamination between samples and/or PCR products and samples, 
and 4) DNA present in pre-packaged laboratory reagents and/or present on labware. 
Addressing the second and third sources of contamination is generally an issue of 
maintaining high standards within the laboratory, so it is not surprising that forensic DNA 
researchers and others working with LCN and degraded DNA samples largely agree on 
a common set of practices (Butler, 2010; Cooper and Poinar, 2000; Kemp and Smith, 
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2010).  Probably the most effective way to minimize contamination in the laboratory is to 
separate all pre- and post-PCR activities and equipment, especially when this is 
reinforced by rules that restrict movement from the post-PCR area back into the pre-
PCR area before showering and changing into clean clothing. Additional safeguards that 
minimize contamination originating in the laboratory include wearing clean/disposable 
lab coats/suits, disposable gloves, hairnets, and facemasks.  Purchasing goods and 
reagents guaranteed to be DNA-free can aid in minimizing the fourth source of 
contamination. 
 
While educating those in the field about the potential threat they pose to the success of a 
study is the best line of defense against the first source of contamination (Edson et al., 
2004; NIJ, 1999; Yang and Watt, 2005), contaminating DNA can be inadvertently 
deposited on the surfaces of bones and teeth through handling, from contact with other 
bodily fluids (e.g. perspiration or saliva), or when a specimen comes into contact with 
another contaminated object.  In aDNA studies this source of contamination often enters 
the study during archaeological excavation and analyses (Yang and Watt, 2005).  In the 
case of forensic investigation, crime labs are often presented with human remains that 
have poor provenience and have been directly handled (Steadman and Andersen, 
2003).  While Steadman and Anderson (2003) experimentally determined that latent 
fingerprints could be lifted from bones for the purpose of identifying those that have 
handled them, it is these very fingerprints that can compromise the success of a DNA 
investigation.  While forensic researchers are most aware of the problems that 
contamination poses, law enforcement officers, morticians, and pathologists may be less 
informed (Baldwin and May, 2000; Mayo, 2004; Rutty, 2000; Rutty et al., 2000; 
Warrington, 2005).  In order to spread awareness about DNA contamination throughout 
the law enforcement community, the National Institute of Justice published a pamphlet 
that encourages officers to “Wear gloves.  Change them often”, “Use disposable 
instruments or clean them thoroughly before and after handling each sample”, “Avoid 
touching the area where you believe DNA to exist”, among other common sense 
suggestions (NIJ, 1999).  One finds striking parallels with respect to aDNA studies where 
archaeologists are urged to “…change gloves and clean or change tools from one 
specimen to another…” (Yang and Watt, 2005: pg 334) 
 
If contamination is detected, determining its source can be time consuming, expensive, 
and/or impossible when, for example, comparative DNA profiles of law enforcement 
officers and others involved with a case are nonexistent (Rutty, 2000).  It is compelling, 
therefore, to develop a method that can remove contaminating DNA, while 
simultaneously having an insignificant effect on the endogenous target DNA.  Achieving 
this goal could reduce the cost of future studies, make them less labor-intensive, and 
strengthen the weight of evidence gathered from degraded sources. 
 
Subjecting bones and teeth to sodium hypochlorite (NaOCl or bleach) is one of the most 
common methods used for contamination removal (see studies reviewed by Kemp and 
Smith, 2005).  Both aDNA researchers and forensic scientists have conducted 
experiments aimed at evaluating methods of contamination removal, many of which 
conclude that it is difficult to entirely remove the contaminants (Gilbert et al., 2006; 
Malmstrom et al., 2005; Malmstrom et al., 2007; von Wurmb-Schwark et al., 2008).  It is 
most likely that failure to completely remove contamination stems from employing 
methods not robust enough to destroy the contaminants, as other studies have shown 
that complete decontamination is possible (Dissing et al., 2008; Kemp and Smith, 2005; 
Watt, 2005).  For example, Kemp and Smith (2005) demonstrated that contaminating 
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human mitochondrial DNA (mtDNA), experimentally deposited on the surfaces of ancient 
human bones, could only be removed by submersion in ≥3.0% sodium hypochlorite1 for 
15 minutes.  In contrast, studies by Malmström and colleagues (2005; 2007) and Gilbert 
and colleagues (2006) utilized 0.5-3.0% sodium hypochlorite which in turn failed to 
sufficiently remove contamination. 
 
The ability to amply DNA from a bone or tooth after any treatment with sodium 
hypochlorite suggests that the endogenous DNA is protected from this heavy oxidant 
through its adsorption to hydroxyapatite, a bond not afforded to the contaminating DNA 
(Salamon et al., 2005).  In fact, Kemp and Smith (2005) demonstrated that endogenous 
mtDNA was still recoverable from a bone fragment submerged in 6.0% sodium 
hypochlorite for twenty-one hours.  In this case, it is likely that that the sodium 
hypochlorite had lost its activity at some point during treatment, but this was not 
considered by the authors.  While mtDNA was recoverable following various other 
bleach treatments, Kemp and Smith (2005) did not evaluate the extent of degradation, if 
any, witnessed by the endogenous DNA during experimental treatments.  Dissing and 
colleagues (2008) have shown that radioactively labeled hypochlorite (ClO- containing 
the Cl36 isotope) migrates into the pulp of teeth after 30 minutes of submersion, 
suggesting, but not demonstrating, that a bleach treatment may indeed destroy some of 
the endogenous DNA that is well-preserved within the interior of a specimen.  Utilizing 
quantitative PCR (qPCR), Malmström and colleagues (2007) argued that the amount of 
authentic aDNA is reduced by 77% when powdered bone or tooth is subjected to sodium 
hypochlorite before extraction. 
 
To our knowledge, no investigations have evaluated the effect of bleach on endogenous 
DNA when whole bone fragments or teeth are treated for contamination.  Here the 
efficacy of contamination removal from whole bone pieces by various treatments with 
bleach is measured in parallel to the effects that these treatments have on endogenous 
target DNA. 

 
MATERIALS AND METHODS 
 
Samples 
 
The northern fur seal (Callorhinus ursinus) ribs studied here were excavated from the 
Amaknak Bridge Site in Unalaska, AK and date to approximately 3,500 years before 
present (YBP) (Crockford et al., 2004).  They have an unknown handling history since 
excavation and have previously been determined to contain variable amounts of 
preserved mtDNA (Barta et al., in review; Winters et al., 2011).  Segments of the ribs 
that remained after the study of Barta and colleagues (in review) were used in these 
experiments.  These segments of bone span: 1) from the proximal pieces removed to 
the middle portions removed (here these remaining segments are called “proximal 
segments”) and 2) from the middle portions removed to the distal portion removed (here 
these remaining segments are called “distal segments”). 
 
Experimental Contamination 
 
                                                        
1 Many researchers inconsistently report their usage of bleach, leading to confusion about what has been employed (see 
discussion of this by Kemp and Smith, 2005).  In this paper, all percentages of bleach represent percent of sodium 
hypochlorite (w/v).  In this case 3% sodium hypochlorite is equivalent to a 1:1 dilution of full strength Clorox beach (6% 
sodium hypochlorite) to water. 
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Each segment was bare-hands handled by Kemp for twenty minutes, rotating the bone 
in his hand with the intention to thoroughly and evenly introduce contamination across 
the bone.  Following this treatment, the segments were placed in a plastic bag, 
immediately given to Barta, and further processed within 24 hours. Cross-sections of 
bones were removed perpendicular to the length of ribs working in the direction from 
proximal to distal using a new Dremel® rotary blade for each cross-section removed. 
This work was conducted under a fume hood in the geoarchaeological laboratory at 
Washington State University, which is located in a separate building from the post-PCR 
facility.  The inside surfaces of fume hood were wiped down with ~1.5% sodium 
hypochlorite before and after use.  The first cross-section removed was intentionally not 
processed further.  This was done because throughout the bare-hands handling 
procedure, the ends of the segments were also subjected to the introduction of 
contamination, so that the first cross-section might have been more contaminated 
because of its greater surface area exposed to contamination compared to the 
subsequent cross-sections removed.  This was not an issue for the last cross-sections 
removed, as they did not include distal end of the segments. 
 
Experimental Treatments 
 
All subsequent preparation methods (i.e., experimental decontamination, DNA extraction 
and PCR set-up) were conducted in the aDNA laboratory at Washington State 
University, one dedicated to the analysis of degraded and low copy number (LCN) DNA. 
Appropriate measures to minimize contamination and, importantly, to detect it if present, 
were employed (Kemp and Smith, 2010). 
 
Cross-sections removed from seven rib segments [809038 and 809039 proximal 
segments, and 809007, 809021, 809039, 809046 and 809053 distal segments (for the 
remainder of this paper these segments will simply be referred to as: 809007D, 
809021D, 809038P, 809039P, 809039D, 809046D, and 809053D)] were examined in 
this study.  Each portion of bone removed from the whole was weighed and cross 
section photographs were taken with an accompanying scale.  The scaled photographs 
were imported into ImageJ 1.43s (Rasband, 1997-2012), and the total area of each 
cross section was recorded as the average of three measures taken (i.e., by tracing 
around the perimeter of the cross section).  The thickness of each cross section was 
estimated by taking the average of 3-8 measures with digital calipers.  From this, the 
density index of each cross-section was calculated following Barta and colleagues (in 
review) by dividing the volume (cross section area estimated from the photograph times 
the average thickness taken with calipers) of each cross-section by its weight (Table 1). 
   
Cross-sections taken from across each rib segment were subsequently treated, prior to 
DNA extraction, as follows: 
 

1. No treatment 1 
2. Submersion in 30 mL of 6.0% sodium hypochlorite for 15 minutes 
3. Submersion in 30 mL of 4.8% sodium hypochlorite for 15 minutes 
4. Submersion in 30 mL of 3.6% sodium hypochlorite for 15 minutes 
5. No treatment 2 
6. Submersion in 30 mL of 3.0% sodium hypochlorite for 15 minutes 
7. Submersion in 30 mL of 1.5% sodium hypochlorite for 15 minutes 
8. Submersion in 30 mL of 0.6% sodium hypochlorite for 15 minutes 
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9. Submersion in 30 mL of water for 15 minutes [with the exception of sample 
809021D] 

10. No treatment 2 
 
DNA Extraction and Quantification 
 
DNA was extracted from the samples in batches, according to their segment, following 
Kemp and colleagues (2007).  One or two extraction negative controls accompanied 
each extraction to monitor contamination. 
 
Quantification by real time PCR was conducted with Applied Biosystems 7300 system 
with two different primer sets and three different probes.  First, a 181 base pair (bp) 
portion of the cytochrome B gene of the northern fur seal mitochondrial genome was 
amplified and quantified following Winters and colleagues (2011).   
 
Second, a 149 bp portion of the first hypervariable region (HVRI) of the human 
mitochondrial genome was amplified with primers 15986F and 16153R (Kemp et al., 
2007) and quantified with two separate probes in two separate reactions.  The first of 
these, designed to count all human DNA, was a MAR labeled probe 5’-
GACTCACCCATCAACAACC-3’ (Allelogic).  This probe corresponds to nucleotide 
positions (nps) 16065-16083 of the Cambridge Reference Sequence (Anderson et al., 
1981; Andrews et al., 1999).  The second human probe was designed to count the 
amount of Kemp’s mtDNA in each extract.  Kemp is a member of mitochondrial 
subhaplogroup U2e and his mitochondrial genome exhibits a G>C transversion at 
nucleotide position (np) 16129.  The locked nucleic acid (LNA) MAR labeled probe 5’-
A+TATTG+TACCGTACCA used in the Kemp assay corresponds to nps 16120-16135 
[the bolded nucleotide reflects an intentional transversion from the Cambridge Reference 
Sequence (Anderson et al., 1981; Andrews et al., 1999) at np 16129. Cycling conditions 
included a 10 minute hold at 95°C followed by 50 cycles of 15 seconds at 95°C and 60 
seconds at 55°C.  At least four negative template controls were included on each 96-well 
plate to monitor contamination in reagents and ROX-labeled passive reference dye was 
included to correct for variation in well-to-well background fluorescence. Amplification 
curves were analyzed with the automatic baseline feature of the 7300 System SDS 
software (Applied Biosystems).  Initial optimization investigations demonstrated that the 
Kemp probe was specific and could not be used to quantify non-Kemp human 
standards, but the human probe quantified both the Kemp standards and non-Kemp 
standards. 
 
Mitochondrial DNA quantity was estimated from full concentration extracts from 2-3 
reactions with each set of primers and respective probes.  Similarly, mtDNA quantity was 
estimated from 1:10 dilutions of the extracts to explore the possible role of inhibitors in 
the data obtained from full concentration extracts. In all cases, quantifications that were 
“undetermined” by the qPCR system were recorded as zeros. 
 
Data Analysis 
 
The data collected for the northern fur seal mtDNA were used to calculate: 1) the 
average copy number per µL of extract (in the case of quantification from 1:10 dilutions 
these counts were multiplied by 10), 2) the average copy number per gram of material 
extracted [i.e. average copy number per µL times 100 (total extract volume) divided by 
the amount of bone processed], and 3) the standard deviation of those averages.  
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The Kemp and total human mtDNA quantification data were used to calculate: 1) the 
average copy number per µL of extract (in the case of quantification from 1:10 dilutions 
these counts were multiplied by 10), 2) the standard deviation of that average. 
 
The percent inhibition (following the logic of Schwarz et al., 2009) between the full 
concentration extracts and their 1:10 dilutions was calculated as: 
 
Inhibition (%)= 100 X [1-(average copy number per µL in the full extract/average copy 
number full per µL in the dilute extract)]. 
 
All statistical analyses were conducted in StatPlus with Microsoft Excel.  An alpha value 
of 0.05 was used as the cut-off for statistical significance. 
 
RESULTS AND DISCUSSION 
 
Efficiencies of the northern fur seal DNA real time PCRs ranged from 90.62-97.32% as 
calculated from the slopes of the standard curves, with R2-values ranging from 0.999-
1.000.  No northern fur seal mtDNA was detected in the extraction negative controls or 
the PCR negative reactions.  Efficiencies for the human DNA real time PCRs that 
employed the Kemp probe ranged from 88.22-102.74% as calculated from the slopes of 
the standard curves, with R2-values ranging from 0.998-0.999. No Kemp mtDNA was 
detected in the extraction negative controls or the PCR negative reactions.  Efficiencies 
for the total human DNA real time PCRs that employed the human probe ranged from 
84.34-106.20% as calculated from the slopes of the standard curves, with R2-values 
ranging from 0.998-0.999.  No human mtDNA was detected in the PCR negative 
reactions, but occasional low level human contamination was detected in some of the 
extraction negative controls, as discussed below. 
 
Tremendous variation was observed in the qPCR measures taken in this study.  It is first 
crucial to explore the degree of inhibition observed across the no treatment cross-
sections.  Twelve of the 21 (~57%) full concentration extraction cross-sections were 
demonstrably inhibited relative to the 1:10 dilute extraction, with percent inhibition 
ranging 6.11-48.46%.  All three no treatment cross-sections from two segments, 
809039D and 809053D, were found to be inhibited relative to their 1:10 dilutions.  The 
average level of inhibition between all of the segments was not found to differ according 
to a one-way ANOVA (p=0.279), with 62% of the total variance being accounted for by 
intra-segmental variation.  Given the inhibition effect observed in the no treatment cross-
sections, all of the following results and discussion, where applicable, are based on the 
larger of the two counts of DNA quantification (i.e., from full concentration extracts or 
1:10 dilution of those extracts) measured for the northern fur seal, Kemp, and human 
mtDNA (Table 1).  This choice comes with the recognition that if the full concentration 
extract or its dilution is still inhibited, the average copy number counts for them will be 
underestimated.   
 
A one-way ANOVA indicates that the average copy numbers per gram of the no 
treatment cross-sections are statistically different between the seven segments of bones 
(p=0.002), with 73% of the total variance accounting for inter-segment variation, and the 
remaining 27% accounting for within sample variation.  This observation is consistent 
with statistically different average mean differences measured from proximal, middle, 
and distal portions of these same bones (one-way ANOVA, p=0.00004), where 88% of 
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the variance accounts for inter-segment variation [calculated here from the data 
presented by Barta and colleagues (in review)]. 
 
The average density index, measured from the no treatment cross-sections, is also 
statistically different between the seven segments of bones (one-way ANOVA, 
p=0.0002), with 81% of the total variance found between samples.  This observation is 
inconsistent with the lack of difference detected in the average density, estimated from 
the same proximal, middle, and distal portions just mentioned (minus 809007D, for 
which these data were not available), of these bones (one-way ANOVA, p=0.196), where 
42% of the variance accounts for inter-segment variation [calculated here from the data 
presented by Barta and colleagues (in review)].  Nevertheless, the lack of correlation 
between average copy number per gram and density index observed in this study 
(R2=0.09, p=0.165), is consistent with the findings of Barta and colleagues (in review).  
This provides additional support for the observation that, despite a widely held belief, the 
density of cross sections of these bones is not predictive of DNA content (Barta et al., in 
review).  It also demonstrates that the density of bone can vary tremendously along ribs. 
 
The average amount of Kemp mtDNA, measured from the no treatment extracts, 
deposited on the seven segments of bones is statistically different (one-way ANOVA, 
p=0.00004), with 88% of the total variance accounted for by inter-segmental variation.  
Human mtDNA detected in these same extracts demonstrated a similar pattern, with 
average differences being statistically different (one-way ANOVA, p=0.00001) and 88% 
of the total variance accounted for by inter-segmental variation.  Across five segments, 
the amount of Kemp mtDNA differed by an order of magnitude (809007D, 809039P, 
809039D, 809046D, 809053D), two of which agree with the observation of human 
mtDNA (809007D, 809053D).  A third segment also differed by an order of magnitude in 
the amount of human mtDNA deposited on it (809046D), but in a different direction than 
that of the Kemp mtDNA.  Segment 809021D also had an order of magnitude of 
difference in the human mtDNA detected on it, but not for Kemp mtDNA.  Lastly, 
segment 809038P demonstrated two orders of magnitude difference in both the Kemp 
and human mtDNA deposited across its surface.  In total, variation in the Kemp mtDNA 
contamination observed between and within each segment was not anticipated, as the 
intensive and precise timing of the bare-hands handling of the bone was aimed to 
minimize just this variance.  While remains typically studied in an aDNA or forensic 
context may not have been subject this level of handling, this is, nevertheless, quite 
illustrative to the fact that handling of remains can pose a threat spanning several orders 
of magnitude in its severity.  Variation in the total human mtDNA contamination may 
have been further influenced by the handling history of these bones prior to them being 
delivered to the ancient DNA laboratory at Washington State University, the details of 
which are unknown to us. 
 
With consideration of all of the variation described above, what lines of evidence can be 
drawn from the results of experimental attempts to remove contamination and assess 
the degree of damage witnessed by the endogenous DNA? 
 
Regarding Kemp mtDNA contamination removal, for five of the seven segments results 
will be explored relative to the greatest amount of contamination observed on any one of 
the no treatment cross-sections.  Since the most amount of Kemp mtDNA was detected 
in the water treated cross-section of 809039P and the 0.6% bleach treated cross-section 
of 809039D, these counts will be used as the baseline of contamination for the two 
segments, respectively.  This approach will produce the most conservative estimate that 
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can be made of the efficacy of the treatments.  Since complete contamination removal 
from the surface of a bone, if possible, should be the goal prior to DNA extraction, it is 
notable that this was achieved with: 1) 6.0% sodium hypochlorite treatment of 809007D, 
809038P, and 809053D, 2) 4.8% sodium hypochlorite treatment of 809007D and 
809038P, 3) 3.6% sodium hypochlorite treatment of 809007D, 809038P, and 809053D, 
4) 3.0% sodium hypochlorite treatment 809007D, and 5) 1.5% sodium hypochlorite 
treatment 809007D (Table 2).  It is the least surprising that contamination from the 
surfaces of 809007D cross-sections were easiest to remove, as the least amount of 
Kemp mtDNA was deposited across that segment (maximum 59.59 copies/µL, SD 28.48 
copies/µL).  Overall, there is a trend of increased contamination removal as the percent 
of sodium hypochlorite is increased from 0.6% (81.08% average removal, SD 36.32%) to 
6.0% (99.78% average removal, SD 0.25%).  However, it is notable that on average 
46.29 % (SD 34.72%) of the contaminating molecules were removed simply by the 
submersion in water for 15 min. 
 
The patterns of contaminating human mtDNA detected after experimental treatment 
mirrors that of the Kemp mtDNA observations (Table 1).  However, it is notable that 
human mtDNA was detected in 11 of the 12 extraction negatives.  The only extraction 
negative to not test positive for human mtDNA was the one that accompanied the 
extraction from segment 809053D (Table 1).  No Kemp mtDNA was detected in any of 
the extraction negative controls.  Since a low level of nonhuman, non-Kemp mtDNA 
entered the experiments after handling, it could not be removed by the experimental 
treatments tested here.  Thus, these results are not applicable to the focus of this study. 
 
Given the general effectiveness of sodium hypochlorite in the removal of contamination 
from the surface of bones [even at 1.5%, after 15 minutes 98.77% (SD 1.34%) of the 
Kemp contamination is estimated to have been removed], the next question to address 
is how much endogenous DNA has been destroyed during the process.  Contrary to our 
expectation that this would have been straightforward to estimate with our experimental 
approach [as it has been done in the past on powered bones and teeth (Malmstrom et 
al., 2007)], the observations made in this study demonstrate that answering this question 
is very difficult and would probably be made with little accuracy.  First, five of the seven 
segments produced experimental cross-sections that yielded copy numbers of northern 
fur seal mtDNA per gram that exceed yields from any of the respective no treatment 
cross-sections (Table 1): 1) water treatment of 809007D, 2) 3% sodium hypochlorite 
treatment of 809021D, 3) 3.6% and 3.0%, and 0.6% sodium hypochlorite treatments of 
809038P, 4) water treatments of 809039P, and 5) 3.6% and 1.5% sodium hypochlorite 
treatments of 809039D.  Moreover, in the case of three segments (809038P, 809039P, 
and 809039D) the 6.0% sodium hypochlorite treated cross-sections demonstrate higher 
copy numbers of northern fur seal mtDNA per gram than one of the no treatment cross-
sections of the same bone.  The copy number per gram of the 6.0% sodium hypochlorite 
treated cross-section of 809007D exceeded two no treatment cross-sections from that 
same bone.  It is also notable that in no case did all of the sodium hypochlorite treated 
cross-sections yield lower northern fur seal mtDNA per gram than the lowest yield from a 
respective no treatment cross-section.  Since our experimental treatments could only 
potentially destroy or remove endogenous DNA, these observations are probably the 
result of the inherent variability of mtDNA preserved across the bones [confirming the 
observations of Barta and colleagues (in review)].  It is possible also that some of the 
bleach treatments might have removed or subdued inhibitors (as suggested by Watt, 
2005), thus permitting more accurate and, in this case, possibly larger copy number 
counts.  Yet, taking this outcome into consideration requires further consideration of the 
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natural variance in inhibitors found across the bones.  It is possible that some 
endogenous northern fur seal mtDNA was destroyed by any one of our sodium 
hypochlorite treatments, but the degree of that destruction is not anywhere as clear as 
the efficiency of bleach at removing contaminating exogenous mtDNA. 
 
Given the results of the present study, it is instructive to compare them with previous 
studies.  While Kemp and Smith (2005) found sodium hypochlorite to be effective at only 
3.0% or higher for 15 minutes, they had no knowledge of the amount of contaminating 
molecules experimentally introduced in their study.  Their observations were simply 
based on visible bands on polyacrylamide gels following PCR amplification, not from the 
number of molecules that initiated those reactions.  While the patterns observed in this 
study are generally consistent with that of Kemp and Smith (2005), it is notable in this 
study how effective even low concentrations of bleach are on destroying exogenous 
contamination (Table 2). 
 
While from this study, we are reluctant to calculate how much destruction to endogenous 
mtDNA is caused by sodium hypochlorite, Malmström and colleagues (2007) previously 
argued that the amount of authentic aDNA is reduced by 77% when powdered bone or 
tooth material is subjected to sodium hypochlorite before extraction.  In this case, it is 
important to take a closer look at the methods and results of Malmström and colleagues 
(2007) to find possible discrepancies that might illustrate why the current data could not 
be used to draw a similarly confident claim.  Malmström and colleagues (2007) 
compared the yields of dog mtDNA from powered bone and tooth material [data 
published by Malmström and colleagues (2005)] to that from powered tooth material 
from the same 23 individuals following submersion in 0.5% sodium hypochlorite for 15 
minutes.  However, in only seven of these cases was the copy number of the same 152 
bp fragment directly compared.  These data (reproduced here in Table 3) show that the 
amount of dog mtDNA from three sodium hypochlorite treated samples increased by 
93.25-7048.57% over the no treatment comparisons.  Copies of dog mtDNA from the 
other four sodium hypochlorite samples exhibited declines of 71.86-89.34% following 
sodium hypochlorite treatment.  Nevertheless, on average over the seven samples, 
sodium hypochlorite treated samples yielded more dog mtDNA than those untreated 
(Table 3).  It appears that Malmström and colleagues (2007) may have inadvertently 
detected the same inherent variability of endogenous copy number detected in this study 
(see also Barta et al., in review), but did not recognize it as such.  However, Malmström 
and colleagues (2007) state that their estimate of a 77% decline of endogenous dog 
mtDNA derived from data presented in their Figure 2A.  That figure depicts copy 
numbers of 111 bp fragments from across 25 samples and it is not clear how these data 
were compared to the 152 bp fragment from the 23 samples reported by Malmström and 
colleagues (2005).  In any case, it is not appropriate to compare the copy number counts 
estimated by qPCR from two differently sized fragments (Pääbo et al., 2004) because of 
the negative relationship between fragment length and preserved copy number (Poinar 
et al., 2006; Schwarz et al., 2009).  Furthermore, Malmström and colleagues (2007) did 
not control for endogenous copy number per unit of material extracted nor for potential 
complications due to the co-extraction of PCR inhibitors.  In sum, this suggests that the 
average 77% loss figure reported by Malmström and colleagues (2007) lacks accuracy. 
 
In addition, García-Garcerà and colleagues (2011) cautioned that sodium hypochlorite 
treatment of bones yields depurinated contaminant fragments, a characteristic that also 
occurs naturally post-mortem among the endogenous aDNA molecules.  As such, they 
recommend against decontamination with sodium hypochlorite if shotgun sequencing is 
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to be employed.  As illustrated by the data presented in this study, if bleach does not 
completely remove contamination, it can reduce it to levels lower than the endogenous 
aDNA (Table 1).  In essence, contamination subjected to sodium hypochlorite can take 
on another characteristic of aDNA—low copy number.  While this would not be a 
problem in the study of northern fur seal remains subjected to bleach to remove 
contaminating DNA, it does add complication to the study of forensic or ancient human 
remains treated for contamination prior to extraction.  This possibility may have been 
easier to assess if García-Garcerà and colleagues (2011) had reported the percent 
sodium hypochlorite used to decontaminate their specimens2.  Nonetheless, their 
observations are reminiscent of those made by Prince and Andrus (1992) who noted that 
very dilute sodium hypochlorite (0.1375%) caused nicks to DNA and thus, sodium 
hypochlorite treatment can cause contaminating DNA to take on characteristics of 
degraded aDNA. 
 
CONCLUSIONS 
 
One particularly problematic form of contamination is that which can inadvertently be 
deposited on the surfaces of bones though direct handling.  Our findings are consistent 
with previous studies that found sodium hypochlorite to be highly efficient (~81-99%) at 
contamination removal, however there emerged no treatment that removed 100% of the 
contamination across all of the experiments.  Moreover, the ability to estimate the 
degree of damage witnessed by endogenous northern fur seal molecules was 
compromised due to the inherent variability of preserved mtDNA across the bones, and 
the variable presence of co-extracted PCR inhibitors.  The nature of these findings also 
suggest previous claims that sodium hypochlorite is particularly damaging to 
endogenous aDNA molecules may be highly inaccurate.  Lastly, further exploration of 
contamination removal with sodium hypochlorite or alternative methods is needed given 
that this study reinforces sodium hypochlorite treatment can cause exogenous 
contaminating DNA molecules to take on characteristics of degraded and aDNA.  If gone 
unrecognized, this can lead to false conclusions that results originating from 
contamination are indeed authentic. 
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2 García-Garcerà and colleagues (2011) cite the decontamination employed by Ramirez and colleagues 
(2009), who report that bone powder was incubated in sodium hypochlorite for five minutes according 
Malmström and colleagues (2007).  Since Malmström and colleagues (2007) used 0.5-3.0% sodium 
hypochlorite in their experiments, it is not clear exactly what was employed by García-Garcerà and 
colleagues (2011). 
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Figure 1.  Photograph depicting, in the left seven tubes in the top row, DNA extractions 
from salmonid vertebrae (samples 1, 21, 49, 75, 94, 160, and 167) recovered from the 
Late period plankhouse at the DgRv-006 site.  These samples date to approximately 
1000 to 700 cal BP.  Dilutions of these samples are found in the left seven tubes of the 
middle row (1:10) and the bottow row (1:50).  The eighth tube in each row represents the 
extraction negative control and dilutions of that control  (1:10 and 1:50).  This batch of 
samples illustrates the range of inhibitors visual observed in this study (and the range we 
have typically observed in other studies).  In the top row, from left to right the samples 
were described as follows: (1) light brown, (2) brown, (3) light brown, (4) dark, dark 
brown, (5) brown, (6) light brown, (7) light brown, and (8) clear.  In the middle row, from 
left to right the 1:10 dilutions were described as follows: (1) clear, (2) light tinge, (3) 
clear, (4) brown, (5) light tinge, (6) clear, (7) clean, and (8) clear.  In the bottom row, from 
left to right the 1:50 dilutions were described as follows: (1) clear, (2) clear, (3) clear, (4) 
tinged, (5) clear, (6) clear, (7) clean, and (8) clear.   
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Table 1.  Samples studied and results.  Note: X=amplification, O=no amplification  
 
 
For ease of viewing this table, it has been included as an excel file called 
“Appendix E” with this NIJ final report. 
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Table 2.  Specification of PCR components and conditions of the salmonid mtDNA reactions conducted in this study.  All reactions 
were 15µL in volume, employed primers “OST12S-F” and “OST12S-R” (Jordan et al., 2010), and were run for 60 cycles.  The PCR 
reactions used to test for inhibition were set-up as described for salmonid mtDNA, employed primers “BSP1” and “GooseR” (Wilson 
et al., 2011), but were spiked with 1.5µL of “Goose Collective” ancient positive control (resulting in total volume of 16.5µL).  Sixty 
cycles of touch-down PCR, during which the initial annealing temperature of 60°C was reduced by 0.1°C each round, were 
conducted according to Wilson et al. (2011).  
 

 PCR Components 
 Amplitaq 

Gold 
Herculase II Omni Klentaq Phusion Platinum 

Taq 
Pwo rTth Tfl Vent 

dNTPs 0.32 mM 0.32 mM 0.32 mM 0.32 mM 0.32 mM 0.32 mM 0.32 mM 0.32 mM 0.32 mM 
Buffer 1X PCR 

Gold 
Buffer 

1X Herculase II 
Reaction Buffer 
(including final 

concentration of 
2mM MgCl2) 

1X Omni Klentaq 
Reaction Buffer 
(including final 

concentration of 
3.5mM MgCl2) 

1X 
Phusion® 
HF Buffer 

1X PCR 
Buffer 

1X PCR 
Buffer 

1X XL Buffer 
II 

1X 
Reaction 

Buffer 

1X ThermoPol 
Reaction 

Buffer 

Cofactor 1.5 mM 
MgCl2 

In buffer In buffer 1.5 mM 
MgCl2 

1.5 mM 
MgCl2 

1.5 mM 
MgSO4 

1.5 mM 
Mg(OAc)2 

1.5 mM 
MgSO4 

1.5 mM 
MgSO4 

Primers 0.24 µM 
each 

0.24 µM each 0.24 µM each 0.24 µM 
each 

0.24 µM 
each 

0.24 µM 
each 

0.24 µM each 0.24 µM 
each 

0.24 µM each 
Polymerase 0.3 U 0.3 U 0.3 U 0.3 U 0.3 U 0.3 U 0.3 U 0.3 U 0.3 U 
Template DNA 1.5 µL 1.5 µL 1.5 µL 1.5 µL 1.5 µL 1.5 µL 1.5 µL 1.5 µL 1.5 µL 
 PCR Reactions 
 Amplitaq 

Gold 
Herculase II Omni Klentaq Phusion Platinum 

Taq 
Pwo rTth Tfl Vent 

Initial 
Denaturing 

95°C/5 
min 

95°C/2 min 94°C/3 min 98°C/30 
sec 

94°C/3 
min 

94°C/3 min 94°C/1 min 94°C/30 
sec 

95°C/2 min 

Denaturing 95°C/15 
sec 

95°C/15 sec 95°C/15 sec 98°C/15 
sec 

94°C/15 
sec 

94°C/15 
sec 

94°C/15 sec 95°C/15 
sec 

95°C/15 sec 

Annealing 55°C/15 
sec  

55°C/15 sec  55°C/15 sec  55°C/15 
sec  

55°C/15 
sec  

55°C/15 
sec  

55°C/15 sec  55°C/15 
sec  

55°C/15 sec  

Extension 72°C/15 
sec  

72°C/15 sec  68°C/15 sec  72°C/15 
sec  

72°C/15 
sec  

72°C/15 
sec  

72°C/15 sec  74°C/15 
sec  

72°C/15 sec  

Final 
Extension 

72°C/3 
min  

72°C/3 min  68°C/3 min  72°C/3 
min  

72°C/3 
min  

72°C/3 min  72°C/3 min  74°C/3 min  72°C/3 min  
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ABSTRACT 
 
DNA extracted from 127 ancient human bone, teeth, and coprolite (i.e., feces) samples 
was amplified for eleven fragments varying in lengths from 62-1144 base pairs (bps) to 
evaluate the “behavior” and degree of post-mortem damage of ancient DNA (aDNA) 
template molecules.  Of the 211 sequences not compromised by contamination, 34 
(16.1%) exhibited miscoding lesions presumably due to post-mortem damage.  
Observation of this form of damage in direct sequences is positively related to amplicon 
length, which indirectly suggests that it is negatively related to starting template copy 
number.  We have termed this phenomenon as “frequency dependent damage 
detection” (or FD3), which is a characteristic of aDNA that may become useful in the 
authentication of future aDNA results.  However, where quantitative PCR (qPCR) results 
were generated in this study, they demonstrated no statistical difference in mean starting 
copy number for sequences that exhibited damage versus those that did not display 
damage (p=0.25 for 166 base pair (bp) amplicon, p=0.486 for 215 bp amplicon).  
Moreover, none of our PCRs were initiated from >1000 molecules, demonstrating that 
this cut-off, while regularly cited, is arbitrary for generating authentic aDNA results.  
Lastly, in this study we observed intact aDNA molecules in excess of 500 bps in length 
and found the contamination in this study to be both more degraded with regards to 
strand length and lower in copy number than some aDNA samples.  Combined with 
observations from previous studies, the degree of post-mortem damage appears to 
sample specific, making it difficult to generalize for all aDNA specimens and/or rely on a 
single set of recommendations as a means for absolute authentication. 
 
INTRODUCTION 
 
The key to the success of any ancient DNA (aDNA) study relies on the authentication of 
results.  While true of any line of scientific inquiry, conclusions drawn from the study of 
aDNA are only as strong as data generated to support them.  Since DNA extracted from 
ancient remains is typically recovered in low copy number and is short with regards to 
strand length (see review by Gilbert, 2006; Pääbo, 1989; Pääbo et al., 1988), the 
success of aDNA studies can be highly compromised by contamination originating from 
“modern” sources (Kemp and Smith, 2005; Malmstrom et al., 2005; Yang and Watt, 
2005) and PCR inhibitors (Kemp et al., 2006).  Moreover, ancient template molecules 
often exhibit further chemical modifications (e.g., miscoding lesions) that have occurred 
post-mortem (Gilbert et al., 2003a; Gilbert et al., 2003b; Hofreiter et al., 2001a; Pääbo, 
1989).  If gone unrecognized, this form of damage can result in artificial “mutations” that 
can skew estimates of genetic diversity and mutation rates, and lead to problems in 
inferring demographic histories (Axelsson et al., 2008; Ho et al., 2007a; Ho et al., 2007b; 
Rambaut et al., 2009).  The degree to which these problems will influence any one study 
varies, with the study of ancient human DNA arguably being of the highest risk (Gilbert 
et al., 2005). 
 
Investigations of forensic and/or low copy number (LCN) DNA samples suffer similar 
problems of contamination, PCR inhibition, and post-mortem damage (Alaeddini, 2011; 
Alaeddini et al., 2010; Alonso et al., 2004; Bär et al., 2000; Capelli et al., 2003; Edson et 
al., 2004; Jobling and Gill, 2004; von Wurmb-Schwark et al., 2008).  While over a 
decade ago, Fattorini and colleagues (2000) showed that reliable allele-specific 
oligonucleotide (ASO) probing could not be conducted on some forensic samples due to 
“artifacts” in the degraded DNA, today forensic DNA researchers and those faced with 
interpreting sequences from such aged and degraded specimens need a full 
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appreciation for the extent of post mortem genetic damage.  This topic has been 
approached by the forensic DNA community (Fattorini et al., 1999; Fattorini et al., 2000; 
Previdere et al., 2002), however recent discussion has been dominated by ancient DNA 
researchers (however, see the excellent review by Alaeddini et al., 2010).  While 
artifactual mutations encountered in aDNA studies might distort our reconstruction of the 
evolution of a species, their potential impact in forensic investigations is markedly more 
alarming.  Thus, knowledge of the degree of damage exhibited by aged and/or degraded 
remains will guide interpretation, for example, of mitochondrial DNA (mtDNA) 
mismatches to comparative samples, as has been needed to account for the high 
mutation rate of the genome and prevalence of heteroplasmy (Buckleton et al., 2005; 
Tully et al., 2001). 
 
In response to the recognized problems associated with the study of aDNA, a number of 
researchers have made recommendations to others in the field on how to properly 
conduct research and, in turn, authentic results (e.g., Cooper and Poinar, 2000; Gilbert 
et al., 2005; Kemp and Smith, 2010; Pääbo et al., 2004; Willerslev and Cooper, 2005; 
Winters et al., 2011).  While the views of these researchers vary, one point that appears 
to be widely agreed upon across the field is that aDNA should exhibit appropriate 
molecular behavior.  On account of its degraded state, aDNA “behaves” differently than 
does “modern” DNA in experiments.  This observation stems from the seminal work of 
Pääbo and colleagues (1988) and Pääbo (1989) in which a strong negative relationship 
between amplicon size and PCR efficiency was noted.  Quantitative behavioral 
differences between ancient and modern DNA continues to be used as a means of 
authenticating results (e.g., Malmstrom et al., 2009; Malmstrom et al., 2007; Ottoni et al., 
2009; Schwarz et al., 2009), while some researchers will simply use the failure to 
produce large amplicons as evidence that their data are derived from authentic aDNA 
molecules (e.g., Caramelli et al., 2003; Caramelli et al., 2008; Hekkala et al., 2011; 
Lawrence et al., 2010; Wang et al., 2007).  Regardless of the approach taken, a 
confounding factor is that PCR inhibitors have been shown to preferentially affect 
amplification of larger fragments [(Pusch and Bachmann, 2004), but see Deagle (2006)]. 
Another important aspect of the appropriate molecular behavior of aDNA is that, due to 
differences in copy number, nuclear DNA results should only be obtainable from ancient 
remains when the analysis of mtDNA is possible (Cooper and Poinar, 2000). 
 
Given the agreement that aDNA should behave in a certain manner, one might expect 
that there should be some agreement over just how intact are these template molecules.  
In other words—How degraded are aDNA molecule supposed to be?  The answer to this 
question is important as it could serve as another point of authentication for aDNA 
results, however a review of the literature reveals quite a range of answers.  Many of the 
estimates for the average aDNA strand length are found in review papers.  For example, 
O’Rourke and colleagues (2000: pg 219) stated “recovery and amplification of aDNA, 
when possible, is usually limited to fragments <300–500 bp in length, and only for 
samples in the range of tens of thousands, or fewer, years old.”  These authors cite no 
evidence for this claim.  Citing Pääbo (1989) and Hofreiter and colleagues (2001b), 
Pääbo and colleagues (2004: pg 647) stated “The most obvious type of damage to DNA 
extracted from subfossil and fossil remains is its degradation to small average size, 
generally between 100 to 500 bp.”  It is worth noting that in their review, Hofreiter and 
colleagues (2001b: pg 355) noted, “Generally, amplification of only short DNA pieces is 
possible” (italics ours), without providing clarification or citation for what is defined as 
“short”.  In their recently published introductory textbook, Brown and Brown (2011), 
stated “With even the best preserved specimens it is rarely possible to obtain products 
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longer than 300bp” (pg 118) and “Amplification products greater than 500 bp should be 
rare or never obtained” (pg 144).  This introductory textbook was intentionally written 
without in-line citations, thus it is difficult to know upon which empirical data these claims 
are based.  Cooper and Poinar (2000: pg 1139) noted that “large 500- to 1,000 base pair 
products are unusual”.  Lastly citing Pääbo (1989), Handt and colleagues (1994), and 
Höss and colleagues (1996) as evidence, Willerslev and Cooper (2005: pg 5) claimed 
“most ancient specimens do not contain any amplifiable endogenous DNA, while those 
that do possess only fragments in the 100–500 bp size range.”  Interestingly, in neither 
the review by Handt and colleagues (1994) nor the study of Höss and colleagues (1996) 
do the authors discuss the expected size range of aDNA molecules. 
 
Highlighting the variation of length estimates for typical DNA recovered from ancient 
samples is not to suggest that they are incorrect.  Taking a consensus view from the 
papers cited above, perhaps most aDNA molecules are less than 500 bps in length.  
However, given the paucity of cited empirical evidence, one can only conclude that this 
estimate has been drawn from personal experiences and/or intuition for what should be 
correct.  The problem with this is that intuition should not be used as the underlying 
basis of a criterion for authenticating aDNA results.  Many of the papers cited above 
draw evidence from a single study conducted twenty-three years ago by Pääbo (1989).  
In that study, whole genomic DNA extracted from 12 specimens, ranging in age from a 
four year old dried pork sample to a 13,000 year old ground sloth (Mylodon sp.) skin 
sample. After visualization of extracted DNA on an agarose gel (see Figure 1 in Pääbo, 
1989) DNA fragment size was estimated to be on average 100-200 bps in length (with 
an estimated range of 40-500 bps).  Given that recent whole genome extracts from 
ancient remains have been shown to contain large proportions of DNA not endogenous 
to the specimen (e.g. Green et al., 2006; Poinar et al., 2006), it is difficult to rely on 
estimates drawn from the agarose gel image of Pääbo (1989).  It is fascinating to note 
that in only a single specimen, an ~4,000 year old liver sample from an Egyptian 
mummy, did Pääbo (1989) use PCR to estimate the intactness of the aDNA.  In this 
case, the sample amplified in PCRs targeting 84 and 121 bp fragments of mtDNA, but 
not for 471 bps.  These simple observations have largely formed our expectations for the 
state of aDNA in general. 
 
With the adoption of next generation sequencing new estimations for the state of aDNA 
molecules have been made.  For example, Briggs and colleagues (2009), found the 
mean length of Neanderthal mtDNA (from five specimens captured from library 
preparations) to range between 51.3-79.3 bps.  From three of these same samples, 
Green and colleagues (2009) calculate that only 11-37% of the molecules are in excess 
of 80 bps.   Mitochondrial DNA captured from the library preparations of 59 animal 
specimens (primates, horses, and cows), ranging from 18-2,400 years old, exhibited 
variable median lengths from 44-170 bps (Sawyer et al., 2012).  The only samples with 
median lengths in excess of 100 bps were three monkey museum specimens that range 
41-98 years old.  Since intra-specimen ranges of DNA fragments were not reported, one 
can only conclude that 50% of the intact DNA in these samples was in excess of 44-170 
bps in length.  Combined with data from Briggs and colleagues (2009), median sizes of 
aDNA have been demonstrated to not be correlated with the age of the specimens, 
suggesting that degradation to short strand length occurs rapidly post-mortem (Sawyer 
et al., 2012).  One possible explanation for this lack of correlation, which was not 
explored in either study, is that it might be an artifact originating from the way in which 
next generation sequencing libraries are produced.  Short sections of DNA, containing 
sections for universal priming, are ligated onto blunt end repaired aDNA molecules, from 

Comment [BK1]: Add later the new paper about 
the decay rate of aDNA (Allentoft et al 2012) 
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which PCR amplification is used to build the library.  During the library build, theoretically 
all tagged molecules will be amplified.  However, shorter molecules in the pool of 
template molecules will be preferentially amplified (Williams et al., 2006), possibly 
skewing the average molecule length to a lower end after the library build. 
 
Other attempts to estimate the extent of aDNA fragmentation have circumvented this 
problem by directly estimating, via quantitative PCR (qPCR), the number of different 
sized fragments extracted from ancient remains.  First, from a >20,000 year old Shasta 
ground sloth (Nothrotheriops shastensis) coprolite, Poinar and colleagues (2003) found 
that only 1% of the mtDNA fragments counted were ≥ 252 bps in length and 0.006% 
were ≥ 522 bps 7.  From the study of woolly mammoth (Mammuthus primigenius) bones 
from Siberia, Poinar and colleagues (2006) found that 45.5% of the mtDNA fragments 
counted were ≥151 bps in length and 0.3% were ≥921 bps.  In a similar study of six 
mammoth remains, Schwarz and colleagues (2009), found that 19.2-51.1% of the 
counted mtDNA fragments from the EDTA supernatants (called SN fraction) and 51.5-
75.8% from the dematerialized bone pellets (called PLT faction) were ≥151 bps.  In one 
sample (BVM), fragments ≥921 bps comprised 0.9% of the molecules in the SN and 
2.3% from the PLT.  Of course, calculating portions of molecules in this manner is highly 
contingent on the size of the smallest fragment subjected to qPCR, and also the number 
of bins, but this latter observation would also be true of estimating the state of aDNA 
from library builds.  Regardless, a qPCR approach to estimating the state of DNA 
recovered from samples has thus far been applied on samples that are unusually old, 
and most of which have been preserved under unusual conditions (i.e., permafrost 
preserved mammoths).  This approach has not been explored across a wide range of 
samples. 
 
Other recommendations for authenticating aDNA results rely on quantifying the number 
of template molecules that initiate a PCR.  According to Willerslev and Cooper (2005: pg 
7), this is “particularly important in studies where interpretation is based on few 
substitution differences, or few specimens.”  We believe that this recommendation is 
based on the idea that the number of staring template molecules should not be too large 
(which might indicate contamination) nor too small [which might permit miscoding lesions 
to be directly observed in the PCR product (see Figure 3 of Pääbo and colleagues 
(2004)].  There is also concern that when the starting number of aDNA molecules is very 
low, subsequent PCRs will be particularly prone to contamination (Bunce et al., 2012; 
Cooper and Poinar, 2000), which at times can completely outcompete the aDNA during 
amplification (e.g., Kemp et al., 2006; Kemp and Smith, 2005).   
 
Nevertheless, what number or range of numbers is “just right” for aDNA templates has 
not been established, especially for the upper end.  In other words—Where does copy 
number of aDNA end and contaminating molecule copy number begin? This is similar to 
debate in the forensic literature on what constitutes a LCN sample (Gill and Buckleton, 
2010).  On the lower end, however, Cooper and Poinar (2000: pg 1139) have stated 
“When the number of starting templates is low (<1,000), it may be impossible to exclude 
the possibility of sporadic contamination, especially for human DNA studies.”  Pääbo and 
colleagues (2004: pg 656), even argue that, “If consistent changes can be excluded 
(roughly for extracts containing >1000 template molecules), a single amplification is 
sufficient [for authentication of results].”  This reference to 1000 molecules originates 
                                                        
7 Assuming the qPCR numbers are additive, these figure is calculated as an average of 79 copies 
that are ≥252 bps and 0.5 copies ≥522 bps of the 7,653 copies that are ≤251 bps in length. 
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from a study conducted by Handt and colleagues (1996: pg 375) who stated “A minimum 
of 100-1,000 molecules per amplification may be necessary to obviate such problems 
[as those discussed above]”.  Their observation was made with cruder quantitative 
methods (i.e., competitive PCR) than have been developed since (i.e., qPCR), yet to our 
knowledge the relationship between starting template numbers and reliability of the 
resultant sequences have not been explored.  Gilbert and colleagues (2003b: pg 43) 
more simply recommended that “…samples with low template numbers should be 
replicated…”, but more recently Gilbert and colleagues (2009) have placed weight on 
replication over quantification in the authentication of aDNA results. 
 
In any case, there are two obvious problems with the use of quantification in 
authenticating aDNA results.  First, quantification alone cannot reveal if the pool of 
starting template molecules represents a heterogenous pool of authentic and 
contaminating molecules or a homogenous pool of either (Willerslev and Cooper, 2005).  
Secondly, as noted by Pääbo and colleagues (2004), if quantification of molecules is 
going to be properly used as a criterion of authentication, it must be conducted with 
every set of primer pairs, as the length of molecules in aDNA extracts is correlated with 
their copy number in a negative manner (Malmstrom et al., 2005).  Likewise, 
quantification of a subset of samples should not be used to generalize about samples 
across an entire archaeological or paleontological site, as the quality and quantity of 
aDNA is probably sample specific (Winters et al., 2011), and indeed may vary within a 
single bone (Barta et al., In Review). 
 
The goal of the present study is to follow up on related, but unpublished observations of 
post-mortem damage made by Kemp during a study of DNA extracted from an ~5,000 
year old Native American skeleton from the Big Bar site (EhRk 4:1) in British Columbia 
(Malhi et al., 2007).  During that study, over the standard procedure of amplifying and 
sequencing sections of hypervariable regions I and II (HVRI and II) ranging from 140-
173 bps in length, Kemp attempted to amplify larger and larger fragments of the 
individual’s mtDNA, which resulted in the recovery of amplicons as large as 859 bps in 
length (Table 1), an unexpected result given theoretical expectations for the degradation 
of DNA in solution (Pääbo and Wilson, 1991).  The sequence of this amplicon exhibited 
transitions at nucleotide positions (nps) 16507 and 16508, mutations that were not 
identified in a smaller amplicon of 519 bps.  Because: 1) the sequence of the 519 bp 
amplicon was consistent with sequences determined for smaller amplicons (Table 1), 2) 
the two mutational positions are not known to be variable among humans according to a 
search of mtDB - Human Mitochondrial Genome Database and Mitomap (Ruiz-Pesini et 
al., 2007), and 3) both mutations were C>T transitions [the most common form of 
miscoding lesions leads to artificial C>T “transitions” (Gilbert et al., 2007)], these 
observations are likely the product of post mortem genetic damage.   
 
It is likely that most DNA extracted from a degraded specimen contains miscoding 
lesions, but these observations suggest that the ability to observe modified bases in 
direct sequences may be a function of the number of intact DNA molecules of a given 
length.  This is at the root of concern over initiating a PCR from few template molecules, 
as discussed above.  While not quantified in this case, it is hypothesized that damage 
was observed only in the largest amplicon because the frequency of template molecules 
of this size or larger must have been comparatively lower than those targeted by the 
other sets of primers.  Since there were no observable underlying competitive peaks at 
nps 16507 and 16508, theoretically the PCR could have been initiated from a single 
molecule.  Alternatively, this phenomenon of observing damage in direct sequences may 
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occur at smaller or larger amplicon sizes depending on the extent of post mortem strand-
breakage, which is probably sample specific.   
 
This hypothesis is explored by generating amplicons of variable length from ancient 
human samples from North and South America in order to determine the relationship 
between amplicon size and damage detection (here termed “Frequency Dependent 
Damage Detection” or FD3).  If a positive relationship is demonstrated, targeting long 
template molecules, even if they exist, may not be preferred when studying degraded 
samples.  In additional, qPCR is employed to quantify starting template numbers in a 
number of these experiments.  In total, this study assesses both appropriate molecular 
behavior and quantification as a means of authenticating aDNA results.   
 
MATERIALS AND METHODS 
 
Archaeological Samples 
 
DNA extractions were performed on 127 ancient human samples and human bi-products 
(i.e., ancient feces or “coprolites”) (Table 2).  Site 42Bo1071 (N=1) is located near 
Willard Bay, Box Elder County, Utah, and dates to AD 1600-500 (Lambert and Simms, 
2003).  Aztec (ATB series, N=8) sacrificial victims excavated from Temple R in Tlatelolco 
date to AD 1457-57 and were previously studied by De la Cruz and colleagues (2008).  
Additional Post-Classic Aztecs (N=14) from Tlatelolco post-date AD 1325-1345 and were 
previously studied by Kemp and colleagues (2005).  Human coprolites (BMII C series, 
N=20) from the Turkey Pen Ruins site (42SA3714 and 5109) located in Grand Gulch, 
San Juan County, southeast Utah, date to 200 BC to AD 450 (Speller et al., 2010).  
Cave 7 (site 42SA22180, N=2) in southeastern Utah dates to ca. 200 BC to AD 530 
(Coltrain et al., 2012).  Burials from CA-SCL-38 (“Yukisma”, N=20) located in the Santa 
Clara Valley date Radiocarbon dating places deposition from 245 to at least 2205 YBP, 
with the majority being dated between 230-740 YBP (Gardner et al., 2011).  Falls Creek 
Rock Shelter (FCRS and EBM samples, N=7) Falls Creek, CO.  Kin Bineola (N=10) 
dates to ~1000 YBP.  Fremont samples (NSRL series N=3) range from AD 779 to 1127.  
Peñasco Blanco (N=7) dates to ~1000 YBP.  Pueblo Bonito (N=16) dates to ~1000 YBP.  
Talus Village Site (N=3) dates to ~2000 YBP.  Colonial Maya samples (N=14) from 
Xcaret post-date 500 YBP.  Two samples from Chile (Ayayene and Punta Santana) date 
to ~4500-6500 YBP. 
 
DNA Methods 
 
All preparation methods (i.e., extraction and PCR set-up) were conducted in the aDNA 
laboratory at Washington State University, one dedicated to the analysis of degraded 
and low copy number (LCN) DNA. Appropriate measures were employed to minimize 
contamination and, importantly, to detect it if present (Kemp and Smith, 2010). 
 
DNA Extraction 
 
Portions of the bones, teeth, and coprolites (i.e., desiccated feces) weighing between 
26-641 mg (Table 2), were carefully removed from the whole.  Bone and teeth samples 
were submerged in 6% w/v sodium hypochlorite (Clorox bleach) for four minutes to 
remove contaminating DNA from the surfaces of the samples (Kemp and Smith, 2005), 
followed by being rinsed twice with DNA-free ddH2O.  Coprolite material was not treated 
prior to extraction. 
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DNA was extracted from the samples in batches of seven (which is not reflected in Table 
2, because some of the samples studied here were extracted with samples from other 
on-going studies in the Kemp lab), with an accompanying extraction negative control 
(labeled EC with the corresponding date of extraction in Table 2) using one or two of 
three methods (Table 2).  First, some samples were extracted according to a modified 
protocol of Kemp and colleagues (2007) changed specifically in the silica extraction 
portion of the method as follows (labeled as Method #1 in Table 2): 1) following the 
isopropanol precipitation, 750 µL of 2% celite in 6M guanidine HCl8 and 250 µL of 6M 
guanidine HCl were added to samples and vortexed numerous times over a 2 minute 
period, 2) 3 mL of DNA-free ddH2O was pulled across the syringe and Promega 
Wizard® Minicolumns to wash them before pulling the samples across the columns, 3) 
the DNA bound silica was rinsed with 3 mL of 80% isopropanol (versus 2 mL 
recommended by the manufacturer), 4) 50 µL of 65ºC DNA-free ddH2O was added to 
the column and left for 3 minutes prior to centrifugation, and this step was repeated 
again resulting in 100 µL of extracted DNA.  
 
Second, some samples were extracted as just described, but an ethanol precipitation 
was conducted in place of the isopropanol precipitation described by Kemp and 
colleagues (2007) (labeled as Method #2 in Table 2).  Following the phenol:chloroform 
extraction, one half volume of 5M ammonium acetate was added and to this combined 
volume was added 2 volumes of -20ºC absolute ethanol.  The samples were inverted to 
mix this solution, and stored overnight at -20ºC. 
 
For the third method, the samples were moved to 1.5 mL tubes to which 500 µL of EDTA 
(pH 8.0) was added (labeled as Method #3 in Table 2).  The samples were incubated 
with agitation at room temperature for >48 hours. Three milligrams of proteinase K were 
added to the samples and incubated at 65ºC for 3 hours.  The digested samples were 
extracted according to the modified silica extraction portion of the Kemp et al. (2007) 
method described above. 
 
In total, the 127 ancient human bone, teeth, and coprolite samples were extracted in 26 
batches (A-Z, Table 2) yielding 151 extracts. 
 
Pre-Screening Samples for the Preservation of mtDNA (Haplogroup 
Determination) and Testing for Inhibitors 
 
From batches A, B, and D (Table 2), the volumes of some extracts (i.e., CA-SCL-38 B4, 
CA-SCL-38 B80, CA-SCL-38 B171, BMII C3, BMII C7, Talus 3, and BMII C2) were split 
up and either diluted 1:10 or resilica extracted following the modified silica extraction 
portion of the Kemp et al. (2007) method just described.  This produced an additional 6 
extracts for a total of 157 processed as follows.  All of the extracts were typed for the 9 
bp deletion, which is one of the markers defining Native American mitochondrial 
haplogroup B, following Kemp and colleagues (2007).  This amplicon is 112 bp if deleted 
and 121 bp if not deleted.  A positive control, added in the post-PCR lab just prior to 

                                                        
8 This solution is intended to mimic the Wizard PCR Preps DNA Purification Resin, as best could be 
ascertained from the Material Safety Data Sheet (MSDS).  To make this solution, add DNA-free 
ddH2O to 1.25 mg of Celite Analytical Filter Aid II (CAFA II, Sigma) up to 25mL, vortex and let incubate at 
room temperature overnight.  Pour off the water carefully as to not pour off the celite and add DNA-free 
ddH2O to 5mL and 6M guanidine HCl (Teknova) to 50mL. 
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running the PCRs, accompanied each batch of reactions to preclude PCR failure.  The 
extraction negative controls and PCR negatives were tested in parallel with all rounds of 
amplification.   
 
Extracts that produced negative results were tested for inhibitory effects following the 
rationale provided by Kemp and colleagues (2006) and as recently put into practice by 
Grier and colleagues (2013) using DNA extracted from ~170-415 year old goose 
remains (Wilson et al., 2011) as the “positive aDNA controls.”  Extraction negative 
controls were also all tested for the presence of inhibitors. 
 
Fifteen microliter PCRs, which included 1.5 µL of ancient goose positive contol, were set 
up according to amplify a 159 bp portion of goose mitochondrial cytochrome B gene 
using the primers “BSP-I” and “GooseR” described by Wilson and colleagues (2011).  To 
these reactions, 1.5 µL of the ancient human DNA extract or extraction negative control 
was added (totaling 16.5 µL reactions).  PCRs were run according to Wilson and 
colleagues (2011) in parallel with a goose PCR that was not spiked (this reaction was 
used as a positive control, which allowed us to preclude PCR failure from contributing to 
our results [(Kemp and Smith, 2010)].  PCR negatives accompanied each round of 
amplification.  If the goose DNA failed to amplify when spiked with ancient human DNA 
extract or extraction negative control, we concluded them to be inhibited.  If the goose 
DNA amplified when spiked, but exhibited a noticeably dimmer band, we considered this 
to be “slightly” inhibited, and treated it as if it were inhibited. 
 
Extracts deemed to be inhibited were subjected to “repeat silica extraction” (Kemp et al., 
2006) following the modified silica extraction portion of the Kemp et al. (2007) method 
just described, adjusting for expended volume.  Following repeated silica clean up, 
extractions were again screened for the 9 bp deletion. Samples that failed to amplify 
were tested again for inhibition and repeat silica extracted if necessary. All samples 
extracted in this study were carried to the point at which they: 1) yielded negative results 
and were deemed “free” of inhibitors, or 2) yielded positive amplification in screening for 
the 9 bp deletion and were deemed “free” of inhibitors as determined with the 
methodology just described.  In the case of the former scenario, samples were 
concluded to not contain analyzable mtDNA and were no longer processed in the 
following experiments.  In the case of the latter scenario, the samples were subsequently 
screened for the markers defining Native American mitochondrial haplogroups A, C, and 
D following Kemp and colleagues (2007).  These amplicons range from 113 bp 
(haplogroup D) to 176 bp (haplogroup A) and 183 bp (haplogroup C).  All extracts that 
were determined to contain a Native American mtDNA type, even if there was 
observable non-Native American mtDNA among the amplicons (e.g., in an incomplete 
digestion of the haplogroup A fragment when subjected with HaeIII), were considered in 
the experiments describe below.  Ancient coprolite samples can also potentially contain 
more than one Native American DNA type due to leaching as result of depositional site 
processes.  Observation of contamination in a sample might indicate that the extraction 
itself is contaminated or it could have originated in the PCR from which it was observed.  
This allowed us to analyze both the behavior of the aDNA and, in the case of a 
contaminated sample, the behavior of both the aDNA and contaminant DNA. 
 
Testing Samples for the Preservation of Increasingly Long mtDNA Fragments I 
 
A portion of the extractions (i.e., those from Batches A-G, Table 2) determined to contain 
Native American mtDNA were subjected to the following experiments.   All 
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corresponding extraction negative controls from these batches were included in these 
experiments.  Extracts were amplified for eleven fragment lengths ranging from 149-
1144 bps across the d-loop, using a common forward primer (i.e., 15986F) and eleven 
reverse primers (Table 3).  This approach is depicted in figure 1A and where it is 
contrasted against the more conservative approach for sequencing the d-loop in eleven 
short overlapping fragments (figure 1B) as employed by Kemp and colleagues (2007). 
 
Fifteen microliter PCRs contained 3.2 mM dNTPs, 1 X PCR Buffer (Invitogen), 1.5 mM 
MgCl2, 240 nM of each primer, and 0.3 U of Platinum® Taq DNA Polymerase.  PCR 
conditions were as follows: 94°C for 3 min, followed by sixty cycles of denaturing at 94°C 
of 15 sec, annealing (according to Table 3, minus 0.1°C each round) for 15 sec, and 
extension at 72°C for 30 sec, followed by a final 72°C extension for 3 min.  PCR 
negatives were run in parallel with each batch of PCRs.  One or two positive controls 
(DNA extract from a buccal swab), added in the post-PCR lab just prior to running the 
PCRs, accompanied each batch of reactions to preclude PCR failure.   
 
PCR products were run on 2% agarose gels stained with ethidium bromide to confirm 
amplification.  All amplicons (including contamination, but not the positive controls) were 
prepared for sequencing by addition of 10 U of ExoI and 2 U of FastAP. Reactions were 
incubated at 37º C for 20 min, followed by 80ºC for 20 min. Sequences were generated 
in both directions at Elim Biopharm (Hayward, CA) aligned against the Cambridge 
Reference Sequence (Anderson et al., 1981; Andrews et al., 1999) in Sequencher 
(version 4.8). 
 
 
Testing Samples for the Preservation of Increasingly Long mtDNA Fragments II  
 
The remaining portion of the extractions (batches H-Z, Table 2) determined to contain 
analyzable mtDNA were subjected to the following experiments.  Extracts were amplified 
for nine fragment lengths ranging from 166-940 bps across the d-loop, using a common 
forward primer (i.e., 16190F) and nine reverse primers (Table 4).  The choice to switch 
to this approach was done on account of Native American mtDNA haplogroups 
exhibiting characteristic mutations in the “D-loop 3” amplicon (Table 4).  Thus, starting 
with this amplicon (versus “D-loop 1” in Table 3) makes these results easier to 
authenticate as endogenous to the samples.  Amplifications from a number of samples 
were replicated for D-loop 3, 3-4, 3-5, 3-6, 3-7.  After this experimental design was 
established and the experiments conducted, inclusion of an additional fragment 62 bp in 
length (i.e., D-loop 3* in Table 4) was included in the study [However, it should be noted 
that the results for the smallest fragment as of yet does not have corresponding 
sequence data, as the small amplicon length precludes traditional/commonly used 
sequencing chemistry and will require differing techniques in order to acquire these 
data].  
 
Fifteen microliter qPCRs contained contained 3.0 mM dNTPs, 1 X PCR Buffer 
(Invitogen), 2.25 mM MgCl2, 0.12X SYBR Green I, 1X ROX, 240 nM of each primer, and 
0.3 U of Platinum® Taq DNA Polymerase.  Quantitative PCR conditions were as follows: 
94°C for 3 min, followed by sixty cycles of denaturing at 94°C of 15 sec, annealing for 30 
sec, and extension at 72°C for 30 sec.  Three no template controls (NTC) controls were 
run with each plate.  Standard curves were run using eight dilutions of each respective 
target fragments (i.e., copy numbers of 10,000, 5000, 2500,1250, 625,125, 25, 5). 

 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 

and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



 90 

However, lower quantity standards (i.e., copy numbers of 5 and 25) were stochastic and 
may have been undetermined. Melt curve analysis was performed with every run and 
qPCR efficiency was between 87-100% with R2 values > 0.990. 
 
It was originally our plan to be able to quantify starting template number in each of ten 
different reactions [i.e., to make the data comparable to that of Poinar and colleagues 
(Poinar et al., 2006) and Schwarz and colleagues (2009), who quantified mammoth 
mtDNA fragments ranging from 84-921 bps].  However, only for the four shortest 
amplicons (i.e., D-loop 3*, D-loop 3, D-loop 3-4, and D-loop 3-5) were the counts found 
to be consistent and demonstrated efficiencies between 87-100%. 
 
PCR products from reactions D-loop 3-6, D-loop 3-7, D-loop 3-8, and D-loop 3-9 were 
run on 2% agarose gels stained with ethidium bromide to confirm amplification.  
Amplicons were prepared for sequencing by addition of 10 U of ExoI and 2 U of FastAP 
(Fermentas). Reactions were incubated at 37º C for 20 min, followed by 80ºC for 20 min. 
Sequences were generated in both directions at Elim Biopharm (Hayward, CA) aligned 
against the Cambridge Reference Sequence (Anderson et al., 1981; Andrews et al., 
1999) in Sequencher (version 4.8). 
 
Miscoding Lesion Damage Analysis 
 
In addition to screening damage to strand lengths as described above, we used the 
direct sequences of the amplicons to assess “mutations” that resulted from miscoding 
lesions.  This was accomplished in a number of ways.  First, we evaluated the 
sequences for markers that define Native American mtDNA haplogroups A-D, or 
additional expected markers given what is known about regional Native American 
diversity.  For this, we relied on our database that currently contains 3806 partial or full 
d-loop sequences reported for Native Americans.  This aided us in determining if the 
sequences are derived from the samples, and not originating from contamination.  
Secondly, for those samples that amplified for more than one of the fragments, we could 
directly compare the results of these sequences where they overlap.  Inconsistencies 
here could be the result of damage.  For those regions sequenced without overlap, we 
simply had to consider again what is known about Native American mtDNA diversity.  
Moreover we also relied on the web sites Mitomap (www.mitomap.org) (Ruiz-Pesini et 
al., 2007) and mtDB- Human Mitochondrial Genome Database (www.mtdb.igp.uu.se) 
(Ingman and Gyllensten, 2006), for mtDNA positions documented to be variable among 
humans in general. 
 
RESULTS AND DISCUSSION 
 
Testing Samples for the Preservation of Increasingly Long mtDNA Fragments I 
 
Of the 42 extractions conducted in this part of the study (i.e., those from Batches A-G), 
24 were typed as belonging to Native American mtDNA haplogroup A, B, C, or D (Table 
2).  An additional four extracts exhibited haplogroup B mtDNA mixed with non-
haplogroup B mtDNA and one sample exhibited a mix for the haplogroup C marker.  In 
total 28/42 samples (66.7%) were determined to contain Native American mtDNA, 
whether mixed or exhibiting a single type.  The remaining 14 samples were 
demonstrated to not contain mtDNA or not to exhibit markers defining Native American 
mtDNA haplogroup A, B, C, or D.  In a few cases, extraction negative controls amplified, 
but none were found to exhibit any these markers. 
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Considering the additional modified extractions from batches A, B, and D (i.e., CA-SCL-
38 B4, CA-SCL-38 B80, CA-SCL-38 B171, BMII C3, BMII C7, Talus 3, and BMII C2), 
amplification of the eleven fragments (Table 3) was attempted on 36 extracts.  Five 
extractions [FCRS 10 (RS) 5/17/11, BMII C7 5/17/11 (full), Talus 1 Powder 5/22/11 (full), 
BMII C4 5/25/11 (2RS), NSRL 1286 OLD 6/3/11 (2RS)] failed to amplify in any of these 
reactions.  The remaining extractions produced a variable number of positive results, 
with successful amplifications ranging from 168-1020 bps (Table 5). 
 
From these extracts, 89 amplifications were sequenced (Table 6).  Probable 
contamination was observed in D-loop 1 of: 1) NSRL 1306 6/3/11 NEW (2RS) that 
contradicted the observations from the remaining amplicons from this extract as well as 
observations from NSRL 1306 OLD 6/3/11, and 2) BMII C7 5/17/11 (RS) that 
contradicted BMII C7 5/17/11 1:10.  Contamination matching the d-loop sequence of 
Kemp was observed in three amplifications originating from two extractions: 1) D-loop 1-
2 and 1-5 from Talus 3 5/22/11 (RS), and 2) D-loop 1-8 from Xcaret 94 OLD 6/3/11 (RS).  
Kemp’s mtDNA also accounts for 4 of the 5 instances of contamination observed in the 
extraction negative controls.  In the fifth incident, the D-loop 1 sequence of EC 6/3/11-2 
matched the Cambridge Reference Sequence, a result that could not have originated 
from Kemp’s mtDNA. 
 
Damaged bases were observed in 13 of the 84 (15.5%) of the amplifications not 
compromised by contamination (Table 6).  There is a trend towards observing damage 
in increasingly larger amplicons.  In total, damage was observed in: 1) 16.7% (5/30) of 
D-loop 1 amplifications, 2) 20% (3/15) of D-loop 1-3 amplifications, 3) 14.3% (1/7) of D-
loop 1-5 amplifications, 4) 60% (3/5) of D-loop 1-7 amplifications, and 5) 100% of the D-
loop 1-10 amplifications (the sole amplification).  D-loops 1-2, 1-4, and 1-6 amplifications 
exhibited no damage.  Note that amplifications of D-loops 1-8 and 1-9 produced no 
positive results (Table 5). 
 
Of the 8 extractions that amplified in two or more of the eleven reactions and exhibited 
damage, 5 of them did so only in the largest amplicons produced (Table 6).  In the three 
samples that defied this pattern: 1) NSRL 1299 6/3/11 NEW (8RS) exhibited damage in 
D-loop 1, but not in D-loop 1-2, 2) Ayayene 6/8/11 exhibited damage in D-loop 1, but not 
in D-loop 1-2 and 2) CA-SCL-38 B 152 6/8/11 (2RS) exhibited damage in D-loop 1-3, but 
not in D-loop 1, 1-2, 1-5, or 1-6. Since we did not collect quantitative data in portion of 
the study, we can only suggest that deviations from the general pattern are due to 
stochasticity inherent when dealing with low copy number target DNA.  In addition there 
were three extracts that amplified for only D-loop 1 and were also damaged: FCRS 9 
(RS) 5/17/11, Talus 3 5/22/11 (full), 42 Bo1017 B10 6/8/11. 
 
It is important to emphasize that most of the sequences (84.5%) did not exhibit damaged 
bases.  On the larger end of these, 769 bp fragments from two different samples appear 
undamaged.  Fragments without damaged bases were also observed ranging down the 
line from 690-168 bps.  These observations demonstrate that aDNA can be very well 
preserved, with a wide range of variation in its state of length degradation. 
 
Testing Samples for the Preservation of Increasingly Long mtDNA Fragments II 
 
Of the 109 extractions conducted in this part of the study (i.e., those from Batches H-Z, 
Table 2), 70 were typed as belonging to Native American mtDNA haplogroup A, B, C, or 
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D (Table 2). An additional two extracts exhibited haplogroup B mtDNA mixed with non-
haplogroup B mtDNA.  In total 72/109 extracts (66%) were determined to contain Native 
American mtDNA, whether mixed or exhibiting a single type.  The extraction from ATB 5 
NEW 5/11/11 (RS) (from Batch C) was also re-analyzed in this portion of the study.  
Amplification for ten fragments (Table 4) from these extracts produced a variable 
number of positive results, with successful amplifications ranging from 62-736 bps 
(Table 7).  The sequencing results from these amplifications are reported in Table 8 
 
The percent of amplification of endogenous mtDNA, not compromised by contamination, 
across the ten PCRs (i.e., D-loop 3* to 3-11) decreases with fragment size: 1) 89% for 
D-loop 3* [Note that as these are still to be sequenced, this percentage could decrease 
with the removal of compromised sequences], 2) 56% for D-loop 3, 3) 32% for D-loop 3-
4, 4) 22% for D-loop 3-5, 5) 9% for D-loop 3-6, and 6) 9% for D-loop 3-7.  No amplicons 
were produced in the reactions for D-loop 3-8, 3-9, 3-10, 3-11 (Table 9).  These figures 
exclude extraction negative controls, and further excludes unclear amplifications, 
specifically: 1) those that had no band on an agarose gel but did have a count/quantity 
from qPCR, 2) those that had low melt curve with a count/quantity and no visible gel 
band, or 3) a gel band but no count/quantity (Tables 7 and 8) 
 
Damaged bases were observed in 21 of the 137 (15.3%) of the amplifications not 
compromised by contamination.  There is a trend towards observing damage in 
increasingly larger amplicons (Tables 8 and 9).  In total, damage was observed in: 1) 
11.6% (8/69) of D-loop 3 amplifications, 2) 9.7% (3/31) of D-loop 3-4 amplifications, 3) 
14.3% (3/21) of D-loop 3-5 amplifications, 4) 25% (2/8) of D-loop 3-6 amplifications, and 
5) 62.5% (5/8) of the D-loop 3-7 amplifications.  Of the 8 extractions that produced 
sequence in two or more of the eleven reactions and exhibited damage, 7 of them did so 
only in the largest amplicons produced (87.5%).  In the four samples that defied this 
pattern: 1) Aztec 39 8/14/11 (full) exhibited damage in D-loop 3, but not in D-loop 3-4, 2) 
CA-SCL-38 B 25 (2RS) exhibited damage in D-loop 3 and 3-6, but not in D-loop 3-4, 3) 
ATB 10 (2RS) exhibited damage in D-loop 3 and D-loop 3-4, 4) BMII C21 12/1/11 (full) 
exhibited damages in all fragments except one replicate of D-loop 3.  In addition there 
were three extracts that amplified for only D-loop 3 and were also damaged: Aztec 08 
EtOH (4RS), Aztec 42 8/14/11 (2RS), Penasco Blanco 07 (full), Pueblo Bonito 14-NEW 
(2RS). 
 
Results from some of the experiments were influenced by non-specific amplification, 
primer dimer (i.e., detected in low melt curves), or being of such low concentrations that 
sequencing of the amplicon was unachievable. 
 
The majority of contamination witnessed in this portion of the study, as was true in the 
first portion, was attributable to Kemp (16256T; 16362C; 16519C, reative to the 
Cambridge Reference Sequence), with lesser frequencies attributable to individuals 
matching the Cambridge Reference Sequence (CRS) or belonging to haplogroups H5, 
H6, or L2a9 (Table 8). 
 
The frequency of amplification of extraction controls is negatively correlated with 
fragment length (Table 9).  Percent contamination ranged from: 1) 80% (12/15) for D-

                                                        
9 Note that Monroe conducted all of the qPCR and she belongs to haplogroup V, exhibiting the following 
mutations compared to the CRS: 16298C;16311C;72G. H5, H6, and L2a is also not found among laboratory 
personnel.  
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loop 3* [these have yet to be sequenced], 2) 44% (11/25) for D-loop 3 (but, only 5 were 
sequencable), 3) 4.7% (1/21) for D-loop 3-4, 4) 4.7% (1/21) for D-loop 3-5, and 5) 4.7% 
(1/21) for D-loop 3-6.  No extraction negative control amplified in the reactions of D-loop 
3-7, 3-8, 3-9, 3-10, or 3-11.  These observations contradict predictions that 
contamination should be better preserved than aDNA with regards to stand length.  
 
Observed contamination within sample extracts, mixed with endogenous aDNA or 
observed alone, is reported in Tables 8 and 9.  In contrast to contamination observed in 
the extraction negative controls, the percent contamination per instance of amplification 
increased with fragment lengths up to 486 bp (i.e., up to D-loop 3-6) followed by a 
decrease: 1) 21.6% (19/88) for D-loop 3, 1) 24.4% (10/41) for D-loop 3-4, 3) 27.6% 
(8/29) for D-loop 3-5, 4) 20% (2/10) for D-loop 3-6, 5) 11.1% (1/9) for D-loop 3-7, and 6) 
1.3% (1/78) for D-loop 3-9.  Contamination was not observed in D-loops 3-8, 3-10, or 3-
11. 
 
When contamination was observed, it was most often represented by a single haplotype 
present in any given amplicon; however the contaminating haplotype was not always 
repeatable (Table 8).  In other cases, endogenous aDNA appears to be in competition 
with contaminating haplotypes, where one or the other or both are observed in a single 
amplicon.  When contamination was found in conjunction with the endogenous 
haplotype a higher frequency was associated with damage. 
 
Interestingly, two coprolite samples BMII C25 12/1/11 (RS) and BMII C28 12/1/11 (RS) 
each displayed two different Native American haplotypes (Table 8).  In the case of 
sample BMII C25 12/1/11 (RS), it was originally typed has haplogroup C (based on the 
AluI site gain at np 13262), however the sequences from different amplicons were of 
haplogroups C and B.  Interestingly, the smaller amplicon (D-loop 3-4) produced a 
haplogroup C sequence; while a larger fragment size (D-loop 3-7) produced a 
haplogroup B sequence.  In the case of sample BMII C28 12/1/11 (RS), it was originally 
typed has haplogroup B (based on the presence of the 9 bp deletion), however the 
sequences from different amplifications of D-loop 3 were of haplogroups B or C.  
Previous study of this sample also indicated that it contains mtDNA belonging to both 
haplogroups B and C (Kemp et al., 2010).  Observing mixed types in ancient feces, while 
rare in our study, was not entirely unexpected due to leaching and site processes, as 
well as their deposition within a communal setting (latrine/midden area) (Gilbert et al., 
2008; Gilbert et al., 2009; Poinar et al., 2009). 
 
Quantitative PCR and DNA Preservation 
 
To explore the relationship between template DNA copy number and amplicon length, 
only results with >0.01 copies/µL were considered, including amplifications from which 
we were unable to retrieve sequence data, as long as endogenous sequences were 
found in a majority of total amplicons.  Results from amplifications that reveal complete 
contamination were excluded, with mixed samples not removed from this analysis.  
Since sequence data is presently unavailable for D-loop 3*, we included the qPCR data 
only if there was at least one other endogenous sequence from other fragments.  
Overall, the data collected in this study indicate that both mean and median copy 
numbers decrease with fragment size: 1) D-loop 3* 554.72 copies/µL (SD 1156), 2) D-
loop 3 62.04 copies/µL (SD 139.3), 3) D-loop 3-4 13.07 copies/µL (SD 29.27), and D-
loop 3-5 4.85 copies/µL (6.89) (Table 10).  These observations are consistent with the 
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classic observation of a negative relationship between amplicon length and PCR 
efficiency (Pääbo, 1989; Pääbo et al., 1988), of which starting template copy number is 
one factor.  Moreover, the pattern of these qPCR data is consistent with the findings of 
previous studies (Poinar et al., 2003; Poinar et al., 2006; Schwarz et al., 2009), despite 
our inability to confidently quantify amplicons ≥486 bps in length. 
 
To explore the relationship between template DNA copy number and observable 
damage in the direct sequences, only non-contamination results with >0.01 copies/µL 
were considered.  For D-loop 3, the 47 undamaged sequences originated from an 
average of 80.49 copies/µL  (SD 164.32, range 0.36-1000.57) and the 8 damage 
sequences originated from an average of 12.34 copies/µL  (SD 18.35, range 2.07-56.87) 
(Table 10).  A two-tailed t-test demonstrated that these averages are not statistically 
distinguishable at the 0.05 level of probability (p=0.25).  For D-loop 3-4, the 24 
undamaged sequences originated from an average of 16.46 copies/µL  (SD 33.29, range 
0.046-159.34) and the 3 damage sequences originated from an average of 2.63 
copies/µL  (SD 3.83, range 0.01-7.03).  A two-tailed t-test demonstrated that these 
averages are also not statistically distinguishable (p=0.486).  For D-loop 3-5, the 15 
undamaged sequences originated from an average of 4.83 copies/µL (SD 6.88, range 
0.06-25.5).  For this amplicon, both damaged sequences originated from <0.01 
copies/µL, so no statistical test was performed. 
 
CONCLUSIONS 
 
Whereas the observation of damage across the amplicons sequenced in this study was 
in the minority (34/211 amplicons not compromised by contamination, 16.1%), a positive 
relationship between amplicon length and the occurrence of damage has been 
demonstrated.  While we were only able to generate quantitative data for a few of these 
amplicons, it is justifiable to assume that our ever increasingly larger fragments were 
initiated from fewer and fewer molecules [based on the data presented here in 
conjunction with those from previous studies (e.g., Briggs et al., 2009; Pääbo, 1989; 
Pääbo et al., 1988; Poinar et al., 2003; Poinar et al., 2006; Sawyer et al., 2012; Schwarz 
et al., 2009)].  Thus, frequency dependent damage detection (or FD3) is a characteristic 
of aDNA and may become useful in the authentication of future aDNA results.  On the 
other hand, because of FD3, targeting long template molecules, even if they exist, may 
not be preferred when studying degraded samples.  As a complicating factor, it is 
curious that in the extracts that were quantified, there was no statistical difference in 
mean starting copy number for sequences that exhibited damage versus those that did 
not display damage.  In addition, we note that none of our PCRs were initiated from 
>1000 molecules, demonstrating that this cut-off (Handt et al., 1996), while regularly 
cited (e.g., Cooper and Poinar, 2000; Pääbo et al., 2004), is arbitrary for generating 
authentic aDNA results. 
 
Of the criteria used to authenticate aDNA results, “appropriate molecular behavior” of 
aDNA molecules is largely recognized as key.  While many argue that most aDNA is 
degraded to perhaps under 500 bps in length (as reviewed in the introduction), the 
extent of its degradation with regards to strand length has previously only been 
systematically explored in exceptional samples (e.g., Neanderthals, Mammoths, Shasta 
ground sloth).  While in this study we found that most aDNA molecules are indeed 
degraded below 500 bps in length, we have cases of authentic aDNA that in excess of 
this mark.  In fact, one sample produced a 1020 bp amplicon, albeit one that showed 
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damage in the direct sequence that otherwise appears authentic.  This observation, 
combined with the observations of undamaged fragments 690 bps in length and the 
unpublished results of the study by Kemp (detailed in the introduction) warrants caution 
in placing a definitive upper bounds for just how intact are aDNA molecules.  Moreover, 
we found the contamination in this study to be both more degraded with regards to 
strand length and lower in copy number than some aDNA samples.  Thus, in some 
cases, the observed characteristics of aDNA and contamination might be the reverse of 
widely held expectations.   
 
The degree of post-mortem damage appears to sample specific, making it difficult to 
generalize for all aDNA specimens as a means for absolute authentication.  We suggest 
that rather than turning to immediate suspicion of results like these from ancient 
samples, simply because they are “unusual”, replication of such results and 
demonstrating that the data makes sense should trump intuition when evaluating aDNA 
data.   
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Table 1 Selection of studies over a 16-year period that utilized cloning in the study of 
aDNA 
  Number of Clones Sequenced  

Study 

Compa
rison 

to 
Direct 
Seque
nce? 2 3 

4
-
5 

6
-
8 

9
-
1
1 

1
2
-
2
0 

2
1
-
4
0 

4
1
-
6
0 

6
1
-
8
0 

8
1-
1
0
0 

10
1+ Species/Samples 

(Handt et al., 
1994) N      X      Human (Tyrolean 

Iceman) 
(Handt et al., 
1996) N  X X X        Human 

(Krings et al., 
1997) N   X X X X      Neanderthal 

(Poinar et al., 
1998) N    X X X      Ground Sloth 

(Krings et al., 
1999) N    X X X      Neanderthal 

(Ovchinnikov et 
al., 2000) Y  X X         Neanderthal 

(Hofreiter et al., 
2001) N    X X       Cave Bear 

(Loreille et al., 
2001) Y  X X X        Cave Bear and 

Brown Bear 
(Hofreiter et al., 
2002) N  X X X X X      Cave bear 

(Monsalve et al., 
2002) Y   X X        Human 

(Caramelli et al., 
2003) N   X X X       Human 

(Gilbert et al., 
2003) N X  X X X X X X X   Human 

(Orlando et al., 
2003) N X X X X        Woolly rhinoceros 

(Poinar et al., 
2003) N    X X X      Sloth 

(Gilbert et al., 
2004) N   X X X X      Human 

(Serre et al., 
2004) N   X X X X      Human, Cave Bear 

and Brown Bear 
(Bouwman and 
Brown, 2005) Y   X         Humans, Syphilis 

(Gilbert et al., 
2005a)^ N    X        Bison 

(Haak et al., 
2005) N   X X X X      Human 

(Kim et al. 2005) N  X          Cows 
(Karanth et al. 
2005) N  X X         Lemurs 

(Malmström et al. 
2005) N        X    Human, Dog 

(Salamon et al. 
2005) N   X X        Cat, Penguin, 

Human 
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Table 1 (cont’d) 
 

 
This table was adopted from Winters et al (2011) with more studies added. Categories 
for number of clones were arbitrarily chosen.  
^estimated number of clones based on an average (679clones/81 samples) (Gilbert et 
al. 2005a) 
*estimated number of clones from Figure 3 (Kuch et al. 2007) 
 
 
 
 
 
 
 
 
 
 
 

 

 

Table 2 Mitochondrial haplotypes for the CA-SCl-38 and Chumash samples 

Sample B001 B009 B023 B024 B026 B038 B048 B064 CHT4 CHT6 

Haplotype A D B D D D D C A A* 

*CHT6 was tentatively haplotyped as A but was not confirmed 

  Number of Clones Sequenced  

Study 

Comparison 
to Direct 

Sequence? 2 3 
4-
5 

6-
8 

9-
11 

12-
20 

21-
40 

41-
60 

61-
80 

81-
100 101+ Species/Samples 

(Binladen et al. 2006) Y   X  X       Woolly Rhinoceros, Lion, Pig, Moa 
(Gilbert et al. 2006) N     X   X X   Human 
(Orlando et al. 2006) N    X  X      Neanderthal 
(Stiller et al. 2006) N   X X X X      Dog 
(Krause et al. 2007) N  X  X  X    X X Neanderthal 
(Kuch et al. 2007)* N   X X        Human 
(Dissing et al. 2008) N   X X X       Human 
(Green et al. 2008) N           X Neanderthal 
(Helgason et al. 2009) N X X X X X X X X X   Human 
(Kuhn et al. 2010) Y     X       Caribou 
(Lari et al. 2010) N      X X     Neanderthal 
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Table 3 Results from the sequencing and consensus analysis of all samples. Samples 
were sequenced from nucleotide positions 16011-16382 using four overlapping 
fragments of the human mitochondrial D-loop, relative to the human mtDNA Cambridge 
Reference Sequence (CRS) (Anderson et al. 1981; Andrews et al. 1999). 
Polymorphisms listed are relative to the CRS, with polymorphisms that represent 
damage/error listed in bold, and polymorphisms that represent haplotype markers not 
listed in bold. CCP refers to the consensus sequence determined by the Consensus 
Confidence Program (Bower et al. 2005). For the direct sequence category, “MATCH” 
indicates that the sequence is the same as the majority rules determined by the clones. 
 
Sample  Majority Rules CCP Direct Sequence 
B001 - D loop 
1 N/A N/A 16076N, 16080N, 16089N, 

16111T 
B001 - D loop 
2 16223T 16223T MATCH 
B001 - D loop 
4 

16290T, 16319A, 
16362C 

16290T, 16319A, 
16362C MATCH 

B009 - D loop 
3 16223T, 16325C N/A MATCH 
B009 - D loop 
4 16325C, 16362C 16325C, 16362C MATCH 
B023 - D loop 
1 16126C 16126C MATCH 
B023 - D loop 
3 16217C N/A MATCH 
B023 - D loop 
4 Reference N/A MATCH 
B024 - D loop 
2 16223T 16223T MATCH 
B024 - D loop 
3 16223T, 16325C N/A MATCH 
B024 - D loop 
4 16325C, 16362C 16325C, 16362C MATCH 
B026 - D loop 
4 16325C, 16362C N/A MATCH 
B038 - D loop 
1 Reference N/A MATCH 
B038 - D loop 
3 16223T, 16325C 16223T, 16325C MATCH 
B038 - D loop 
4 16325C, 16362C 16325C, 16362C MATCH 
B048 - D loop 
1 16089A 16089A 16098N 
B048 - D loop 
2 16223T N/A MATCH 
B048 - D loop 
4 16325C, 16362C N/A MATCH 
B064 - D loop 
3 

16223T, 16298C, 
16325C, 16327T 

16223T, 16298C, 
16325C, 16327T MATCH 
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Table 3 Cont’d 
 
 
B064 - D loop 
4 

16298C, 16325C, 
16327T 

16298C, 
16325C, 16327T MATCH 

CHT4 - D loop 
3 N/A N/A 16223T, 16263A, 16290T, 

16319A 
CHT6 - D loop 
3 16223T, 16292T 16223T, 16292T MATCH 
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Table 4 Direct sequencing and clone results for the first and second fragment of the 
human mtDNA HVRI (positions 16011-16131 and 16127-16229). Letters in red 
represent damage or error (N sites). With the exception of B001, the first clone 
sequence represents the consensus. 
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B001 - 
Clones (1) . . . . . . . . . . . . . . . . T . .           
B001 - 
Clones (1) . . . . . . . . . . . . C . . . T . .           
B001 - 
Clones (1) . . . . . . . T . . . . . . . . T . .           
B023 - Direct 
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B038 - 
Clones (1)  . N . . . . . . . . . . . . . . . . .           
B048 - Direct 
1st . . . . . . . . . . . N . . . . . . .                 
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Clones (9) . . . . . . . . . . . A . . . . . . .           
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Table 5 Direct sequencing and clone results for the third fragment of the human mtDNA 
HVRI (positions 16210-16330). Letters in red represent damage or error (N sites). With 
the exception of CHT4, the first clone sequence represents the consensus. 
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Table 5 cont’d 
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Table 6 Direct sequencing and clone results for the fourth fragment of the human 
mtDNA HVRI (positions 16250-16382). Letters in red represent damage. The first clone 
sequence represents the consensus. 
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