




 6 

base uracil in the presence of water (see Fig. 1; Lindahl 1993). Cytosine deamination is 

the only known DNA damage process in which a constant rate has been identified as a 

function of temperature and pH (Lindahl and Nyberg 1974). In single-stranded DNA, the 

half-life of an individual cytosine base residue has been identified at approximately 200 

years at 37oC and pH 7.4 (Lindahl and Nyberg 1974; Lindahl 1993). Cytosine 

deamination has also been experimentally simulated in modern DNA using heat. For 

example, a slow reaction rate has been demonstrated at 37o Celsius, while higher 

temperatures yielded faster rates of deamination (Lindahl and Nyberg 1974; Sampietro et 

al. 2006). Figure 2 illustrates all potential sites of DNA damage. 

 
Bleach and its Effects on DNA 

 

 Sodium hypochlorite (NaOCl) is a chemical compound composed of a sodium 

cation (Na+) and a hypochlorite anion (ClO-) that, when dissolved in water, is known 

more commonly as liquid bleach. Household bleach products (e.g., Clorox® brand 

products) generally contain 3-8% sodium hypochlorite and 0.01-0.05% sodium hydroxide 

in distilled water. Sodium hydroxide is used to slow the decomposition of sodium 

hypochlorite to its constituent elements, sodium chloride and sodium chlorate. Bleach 

solutions used in general laboratory settings consist of at least 3.0% weight by volume 

(w/v) sodium hypochlorite, or approximately equal parts distilled water and commercial 

bleach. In ancient DNA laboratory settings, a higher bleach solution of 6.0% (w/v) is 

often used to better eliminate DNA from lab surfaces. 

Sodium hypochlorite penetrates and damages cell walls and membranes due to its 

electrical neutrality and modest molecular size, similar to that of water. In living cells, it 

inhibits essential enzyme activities, causes the loss of DNA’s physiological functions, 

and inhibits DNA repair mechanisms. As cells are attacked from both the outside and the 

inside, their inactivation rate is accelerated (Fukuzaki 2006). This destructive nature of 

sodium hypochlorite makes it an effective germicide and household disinfectant. Sodium 

hypochlorite also acts as an oxidizing agent, which is destructive to DNA in particular. 

Following exposure to sodium hypochlorite, the carbon-hydrogen bonds present in DNA 

deoxyribose are attacked via oxidative DNA cleavage, producing strand breaks that cause 

the “shearing” of DNA (Meunier 1992). 
 

 
 

 
 

Figure 1. Cytosine is susceptible to hydrolysis, deaminating to uracil with the addition of 

water. Deamination occurs by removing the amine groups of the molecule. 

ATDBio. https://www.atdbio.com/content/15/Mutagenesis-and-DNA-repair (accessed 

April 14, 2019). 
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Figure 2. Potential sites of chemical alteration in DNA. Most bond cleavage is brought 

about by hydrolytic damage, although modifications can also be attributed to oxidation or 

UV radiation damage and pH variations (Schweitzer [2004]: Figure 1). 

 

 

Bleach as Decontaminant 

 

Several experimental studies on archaeological skeletal samples have 

demonstrated the elimination most, but not all, foreign genetic material following bleach 

exposure. Malmström et al. (2007), for example, claimed 99% elimination of modern 

contamination, while Barta et al. (2013) claimed ~81-99% removal of modern 

contamination.  

However, the use of a DNA “decontaminant” begs the question of how much of a 

sample’s endogenous DNA is also being eliminated by a decontamination treatment, 

especially one as powerful as bleach. Thus, bleach treatment presents a double-edged 

sword, especially for those researchers already working with samples with limited 

amounts of endogenous DNA.  

For these reasons, aDNA researchers first attempted to assess the recovery ratio of 

endogenous to exogenous (contaminant) DNA post-bleach treatment, and how this ratio 

could be affected by factors such as sample integrity (i.e., pulverized or whole), specimen 

type (i.e., bone or tooth), and length of submersion time in different concentrations of 

bleach (Malmström et al. 2007; Dissing et al. 2008; Barta et al. 2013). These studies 

showed that submersion in bleach differentially affects exogenous vs. endogenous DNA 

regardless of specimen integrity.  

Three non-mutually exclusive explanations have been proposed to explain why 

contaminant DNA seems to be relatively more vulnerable to bleach oxidation. First, 

endogenous DNA is more protected from surface bleach treatment because it tends to be 

internal to a sample. (“Internal” ranges anywhere from the central cortex of a long bone 

shaft, to the center of a granule of pulverized bone or teeth.) Second, DNA adsorbs to 

skeletal hydroxyapatite. The adsorption of DNA to hydroxyapatite is promoted through 
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electrostatic interactions between DNA’s negatively charged phosphate groups, which 

form the phosphodiester bonds between deoxyribose sugars, and the positively charged 

calcium ions of skeletal tissue (Korlević et al. 2015). This may be a time-dependent 

process that better occurs in a relatively protected, internal environment (i.e., not the 

surface of a bone or tooth). Third, collagen – the main organic component of bone and 

teeth – may have a role in long-term preservation of endogenous DNA through the 

formation of collagen-DNA complexes. These collagen-DNA complexes may help to 

protect endogenous DNA by trapping it within protein matrix (Campos et al. 2012; 

Korlević et al. 2015).  

While internally-located endogenous aDNA appears to be relatively protected 

from bleach action, it is likely that it may nevertheless negatively be impacted by 

exposure to bleach.  Researchers have variously estimated percent losses of endogenous 

DNA after experimental studies of bleach exposure on archaeological skeletal samples: 

Malmström and colleagues (2007) estimated a 77% loss of endogenous DNA, while 

Korlević and colleagues (2015) estimated a 63% loss. Both of these studies applied 

bleach treatment (0.5% w/v NaOCl) to powdered specimens for 15 minutes. Despite 

these high proportion endogenous DNA losses, these studies have also shown that bleach 

decontamination skews the DNA content ratio in favor of endogenously derived aDNA, 

which ultimately allows for more successful PCR amplification of target aDNA. Given 

this variability in endogenous aDNA loss, Korlević et al. (2015) advise to avoid bleach 

treatment decontamination on samples that cannot be repeatedly tested for aDNA, as in 

the case when working with small or precious specimens. 

 

Ancient DNA Damage Patterns 

 

In a 2000 letter to Science entitled “Ancient DNA: Do it right or not at all,” Alan 

Cooper and Hendrick Poinar argued that identifying diagnostic damage patterns could 

help address the field’s problems in establishing the authenticity of endogenous DNA 

(especially aDNA) over contaminant DNA. 

Accordingly, aDNA researchers authenticate aDNA on the basis of three distinct 

damage patterns: first, shortened DNA fragments due to a preponderance of strand breaks 

(Malmström et al. 2007); second, a reduced number of template molecules, denoted as 

“low copy number” or LCN. These occur because abasic sites block the replication of 

DNA molecules from polymerases, such as those used in laboratory-induced 

amplification procedures (Dabney et al. 2013b). This causes DNA template molecules to 

be relatively less available for amplification, and therefore effectively fewer in number 

when compared to that of modern DNA. The reduction of template molecules can hinder 

many forms of genetic analysis (Barta et al. 2013; Dabney et al. 2013b).  

The third damage pattern, cytosine deamination, has only recently been 

recognized as consistent damage pattern of aDNA (Briggs et al. 2007). After cytosine 

deaminates to uracil in the presence of water, nucleotides that are not complementary to 

the original template molecules are misincorporated during downstream amplification 

processes. During amplification, DNA polymerase reads uracil as thymine and inserts an 

adenine on the opposite strand. What would have been originally a C-G base pair is then 

converted to a T-A base pair in resulting sequence data.  
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Bleach Treatment and “aDNA Mimicry” 

 

In 2011, García-Garcerà et al. raised the concern that our decontamination 

methods – especially bleach treatment – may cause contaminant DNA to mimic damage 

patterns typical of aDNA. In other words, rather than eliminate contaminant DNA, bleach 

may damage contaminant DNA in ways similar to damage caused by natural degradation 

processes, primarily via oxidation.  

García-Garcerà et al. (2011) compared endogenous aDNA and modern 

contaminants retrieved from bleach-treated specimens, and found that fragment length 

distribution of aDNA overlaps with that of contaminant DNA (given that contaminant 

DNA often has its own history of degradation). Barta et al. (2013) later compared 

endogenous aDNA and modern contaminants in specimens that were bleach-treated by 

submersion in 6% w/v NaOCl, and untreated specimens, and found overlaps between 

ancient and contaminant DNA in both fragment length distribution and LCN. 
The question of whether or not bleach treatment of modern contaminants on 

ancient specimens produces cytosine deamination patterns similar to those found in 

aDNA has not yet yielded a straightforward answer.  

In 2007, Briggs et al. showed that cytosine deamination in aDNA from ancient 

specimens that were surface-treated with a bleach solution of 10% w/v NaOCl and 

subsequently 454-pyrosequenced demonstrated a distinct distribution pattern: within the 

first ca.10 nucleotide bases at 5’ ends, cytosine to thymine substitutions were elevated at 

least 50-fold over all other substitutions (Fig. 3). They also demonstrated elevated 

guanine to adenine substitutions at 3’ ends, but attributed this pattern to the presence of 

the elevated C to T substitutions on the original template molecules’ complementary 5’ 

ends. 

 

 

 
 

Figure 3. Misincorporation frequencies for ancient DNA exhibit elevated C to T 

substitutions starting at the 5’ position. C to T substitutions decrease toward the 3’ ends. 

Misincorporation frequencies are plotted as a function of distance from the 5’- and 3’- 

ends (Briggs et al. [2007]: Table 3). 
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Other types of substitutions were considerably more rare and did not vary with 

position along a DNA sequence. Given this observed distribution pattern, Briggs et al. 

(2007) proposed that cytosine residues close to the ends of aDNA molecules are most 

susceptible to deamination. They hypothesize that this pattern is due to the ubiquitous 

presence of single-stranded overhang ends in aDNA, given that the rate of cytosine 

deamination is ~2 orders of magnitude higher in single-stranded contexts than in double-

stranded contexts (Lindahl 1993).  

This finding was replicated by García-Garcerà et al. (2011), who showed that 

human contaminants retrieved from specimens that were bleach treated by submersion in 

0.5% bleach and subsequently 454-pyrosequenced exhibited an excess of C to T and G to 

A substitutions. Further, those substitutions were distributed in the same pattern as 

described by Briggs et al. (2007).  

In contrast, Korlević et al. (2015) saw no evidence of increased cytosine 

deamination in bleach-treated powdered specimens, nor did they observe demonstrable 

distribution patterns of any type of substitution when analyzing the DNA base 

composition around breaking points. Boessenkool et al. (2016) also obtained no evidence 

for increased or altered fragmentation on bleach treated powdered samples; further, they 

saw no consistent increases in cytosine deamination following bleach treatment. Basler et 

al. (2017) recently published a surprising finding, in which they observed decreased 

damage, including cytosine deamination (inferred from thymine overrepresentation), in 

aDNA libraries retrieved from bleach-treated bone powder relative to untreated 

specimens. 

Interestingly, whether bleach-induced cytosine deamination was observed appears 

to correlate with the laboratory methods and practices used in these studies, which have 

seen a shift over the past 10+ years. The two reports of increased cytosine deamination 

with distinct distribution patterns were from studies that used 454 pyrosequencing 

(Briggs et al. 2007; García-Garcerà et al. 2011). The studies with contrasting findings 

(Korlević et al. 2015; Boessenkool et al. 2016; Basler et al. 2017) all used shotgun 

sequencing on powdered specimens that underwent a relatively low (0.5%) bleach 

treatment.  Collectively, these studies report no increased cytosine deamination in 

contaminants with bleach exposure, and any evidence of deamination had no observable 

distribution pattern (Korlević et al. 2015; Boessenkool et al. 2016; Basler et al. 2017). 

With the increasing use of shotgun sequencing, concerns with decontamination 

have shifted from surface removal of human contaminant DNA from (often) human 

skeletal remains to whole-specimen removal of any contaminant DNA – especially 

microbial DNA (Korlević et al. 2015). The concern with contaminant microbial DNA is 

also the reason why many current decontamination protocols involve bleach treatment of 

powdered bone, rather than of external specimen surfaces.  

Outside of PCR amplification, targeted enrichment capture protocols can be used 

to bypass concerns of contaminants from non-target species. Among aDNA researchers 

focused on humans, mtDNA capture protocols remain a favorite, as complete 

mitochondrial genomes remain useful in population history studies (e.g., Kivisild 2015; 

Baldi and Crawford 2016; Postillone and Perez 2017). Here, the focus of 

decontamination protocols is the effective elimination of human contaminant DNA. The 

effect of bleach treatment on the presence and distribution of cytosine deamination in 

human DNA contaminants therefore remains an important, unresolved question. A better 
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understanding of how the effects of bleach present themselves under targeted capture 

paired with NGS will also help to better authenticate sequence data generated from these 

methods.  

 
Summary 

 

  Our ability to reliably authenticate endogenous aDNA has been a central topic of 

interest since the rise of aDNA as a research field. Technological improvements have 

allowed researchers to reflect on the efficacy of what have become standard protocols, as 

well as the reliability of the criteria we now use to authenticate aDNA. With an 

understanding of natural degradation processes that affect DNA through time, recent 

studies have investigated whether bleach treatment effectively eliminates modern DNA 

from archaeological material, or instead confounds our aDNA authentication criteria by 

degrading more modern contaminant DNA to mimic aDNA damage patterns. Currently, 

research demonstrates bleach-induced mimicry in contaminant DNA in two of the three 

most common aDNA authentication criteria – short fragment sizes and low copy number. 

However, it remains unclear whether bleach can also induce cytosine deamination in 

contaminant DNA, as studies addressing this question report conflicting results.  

 Should bleach induce cytosine deamination in contaminant DNA, this finding 

would have considerable implications for the ways in which we authenticate aDNA. 

There is a pressing need for a study investigating bleach-induced mimicry of cytosine 

deamination in modern contaminant DNA especially, given that cytosine deamination is 

believed the most reliable authentication criterion, due to its accumulation at a known, 

consistent rate. A better understanding of the possible presence and distribution of 

cytosine deamination in modern contaminants will help to better authenticate aDNA 

generated from targeted enrichment approaches and next generation techniques. As of 

yet, it appears no study has examined the effect of bleach on the presence and distribution 

of cytosine deamination under a targeted capture paired with NGS, with a specific focus 

on modern contaminants. This project addresses this gap in research. 
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Chapter III 

 

Research Design 

 

Objectives 
 

This project assesses the extent of cytosine deamination in human mtDNA 

retrieved from archaeological faunal skeletal material. These materials experienced a 

more than 40-year post-excavation history of human handling as well as recent, 

deliberate handling by two laboratory personnel. I compare bleach-treated (by specimen 

submersion) and non-bleach treated samples to evaluate whether human mtDNA 

extracted from bleach-treated samples show increased cytosine to thymine substitutions 

relative to untreated samples. Further, I investigate whether the length of bleach 

submersion time affects the amount of any induced cytosine deamination, and whether 

the distribution of deamination differs among treatment groups.  

Briefly, samples of contaminated specimens were randomly sorted into three 

groups, two treated and one untreated control. The two treated groups consisted of 

samples of bone or tooth specimens submerged in solution of diluted Clorox® bleach 

(6% weight by volume sodium hypochlorite). “Group A” samples underwent a 15-minute 

submersion (per Kemp and Smith 2005). “Group B” samples underwent a 5-minute 

bleach treatment to explore time-dependency in possible bleach-induced cytosine 

deamination. “Group C” underwent no bleach treatment. All samples, regardless of 

treatment group, subsequently underwent standard ancient DNA practices of 

contamination control, DNA recovery, amplification, library preparation, human mtDNA 

capture, and sequencing. 

To assess the extent to which bleach treatment induces similar patterns of cytosine 

deamination in human mtDNA in human skeletal material from archaeological mortuary 

contexts, differences in frequency and distribution patterns of cytosine deamination in 

recovered human mtDNA sequence reads are statistically evaluated among the three 

groups using data generated by the program mapDamage 2.0 (Jónsson et al. 2013).  

 

Materials and Methods 

 

Materials 

 

This study analyzed contaminant human mtDNA deposited onto archaeological 

substrate for the presence, extent, and distribution of cytosine deamination. Although the 

complete handling history of the substrate is unknown, it ostensibly includes handling 

and DNA deposition from archaeologists and museum curators. To ensure the retrieval of 

sufficient contaminant products, two volunteers at the University of Tennessee Molecular 

Anthropology Laboratories agreed to deposit their mtDNA onto the substrate via 

intentional bare hands handling less than 24 hours before bleach treatment. 

This project used 30 white-tailed deer (Odocoileus virginianus) bone and tooth 

specimens excavated in the early 1970s from the Bussell Island archaeological site in 

Lenoir City, Tennessee. These have been curated at the Frank H. McClung Museum of 

Natural History and Culture since the mid-1970s. These 30 specimens were comprised of 
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15 long bones (humeri, radii, metacarpals, and metatarsals) and 15 teeth (molars and 

premolars).  

The use of archaeologically-recovered zooarchaeological samples is deliberate. 

First, the use faunal bone allows for a clear differentiation between contaminating human 

DNA and endogenous faunal DNA. Second, the use of archaeological skeletal remains 

serves two purposes: first, it replicates typical aDNA recovery conditions, i.e., 

archaeological and museum contexts, and second, it replicates the typical material 

substrate from which aDNA is extracted. Specifically, using archaeological samples as 

the substrate by which to test the effects of bleach on modern contaminants takes into 

account the possible interactive effects of bone degradation including loss of collagen, 

increased porosity, and decreased bone strength (Hedges 2002; Collins et al. 2002), all of 

which are likely important factors both to the action of bleach treatment as well as to the 

nature of any recovered DNA. Further, using both bone and teeth allows for the 

investigation of any differences in bleach action on modern contaminant material 

deposited onto two different skeletal element types. 

 

Laboratory Methods 

 

Pre-extraction experimental contamination 

 

To ensure the presence of contaminant human DNA on the specimens, two 

laboratory personnel at the University of Tennessee Molecular Anthropology 

Laboratories were recruited to thoroughly rub each specimen using their bare hands. 

Bare-hands handling mimics the typical contaminating conditions of archaeological 

remains by archaeologists and museum staff. 

Each skeletal specimen was then sealed in a Ziplock bag and later sectioned into a 

single 0.2 gram segment sample to be bleach-treated and DNA-extracted. Groups A and 

B were bleach-treated within 24 hours of handling. 

 

Controlling for contamination from exogenous DNA sources 

  

Following experimental contamination, all relevant precautions for preventing 

and detecting exogenous contamination in ancient specimens were followed (c.f., Kaestle 

& Horsburgh 2002).  

DNA extractions and PCR set-up took place in independent and restricted access 

pre-amplification clean rooms that are equipped with dedicated equipment, overhead UV 

lights, positive air pressure, and HEPA-filtered ventilation. The post-amplification 

laboratory is located in a separate wing of the building with a separate air handling 

system. Personnel movement between facilities is unidirectional (from pre- to post-

amplification laboratories). A decontaminated face shield, plus disposable coveralls with 

hood, shoe covers, and gloves were worn at all times. Workspaces and equipment are 

regularly decontaminated with a 10% household bleach solution or DNA AWAYTM, and 

UV-irradiated between uses. Reagents and disposable tubes are certified DNA-free 

and/or molecular grade whenever possible. Negative (blank) controls are included at all 

stages of extraction and amplification. 
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Specimen preparation and treatment 

 

 Specimens were randomly sorted into three groups of 10, with each group 

consisting of five teeth and five bones. Samples for DNA extraction were taken from the 

diaphyses of long bones and the roots of teeth. Bone and tooth samples were cut to 0.2 

gram segments using a Dremel® rotary blade on the lowest speed setting of “10.” Each 

skeletal specimen was cut under a laminar flow hood that was cleaned with DNA 

AWAYTM and UV-irradiated between each sampling. Any unused specimen material was 

placed in a separate labeled plastic bag for storage. 

 Samples in Group A were then submerged for 15 minutes in a bleach solution of 

6% weight by volume (w/v) sodium hypochlorite. Samples sorted into Group B were 

submerged for 5 minutes in a bleach solution of the same concentration. Samples 

belonging to Group C, the control group, remained unsubmerged. Samples in all groups 

were then rinsed thoroughly with ddH20 – a step typically used to remove residual bleach 

– and were left overnight to dry completely.  

 After drying, each sectioned sample was placed into a vial and powdered in a 

Spex 6770 Freezer/Mill® cryogenic grinder (modified from dental drill powdering; c.f., 

Dabney et al. 2013a). 

  

DNA extraction 

 

DNA was extracted using a protocol first outlined by Dabney et al. (2013a), with 

slight modifications as noted below, that allows for the recovery of short (i.e., less than 

50 bp) DNA fragments. The use of this protocol ensures recovery of fragmented 

contaminants due to natural degradative conditions and to bleach treatment. 

The extraction protocol followed a two-day timeline. On the first day, the 

extraction buffer (900 µl 0.45 EDTA, 100 µl 0.25 mg/mL Proteinase K, pH 8.0) and 

Proteinase K solution (10 mg/mL) were prepared. Powdered sample (0.2 g; vs 1.8 g as in 

original protocol) was placed in a 2mL tube with 975 µl of extraction buffer and 25 µl of 

Proteinase K solution. The tubes were inverted by hand until the bone powder had fully 

dissolved. The sample solutions were then incubated at 56oC for 20 hours on a heatblock 

rotator (modified from 37oC for 18 hours per the original protocol).  

On the second day of the protocol, binding buffer (5M guanidine hydrochloride 

(GuHCl), 40% Isopropanol, 0.05% TWEEN®-20, 90 mM sodium acetate) and TET 

buffer (10mM 1M Tris-HCl, 0.1 mM 0.5M EDTA, 49.49 mL water, 0.05% TWEEN®-

20) were prepared. To eliminate potential contaminants from Zymo-Spin™ column 

reservoirs, each column was soaked in a 30% bleach bath for 20 minutes. The columns 

were then thoroughly rinsed using molecular grade water and UV-irradiated for 30 

minutes. At this time, the TET buffer was placed into the incubator at 56oC for later use. 

To begin DNA purification, the sample tubes were removed from the heatblock 

after 20 hours of incubation, and spun for three minutes at 13,000 RPM (rotations per 

minute) in the centrifuge. Meanwhile, 13 mL of binding buffer were added to a 50 mL 

DNA-free conical tube for each sample. After spinning, all of the lysate from each 2mL 

tube was added to a correlating conical tube, with special attention paid to ensure that no 

visible bone powder, if present, was added to the tube so as not to clog the filter. Each 

tube was mixed by inverting in hand several times. The spin column attachments were 
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then prepared for each tube, in which each Zymo™ column reservoir was inserted into a 

Qiagen MinElute® column. Each Zymo™–MinElute® attachment was then placed into a 

new DNA-free conical tube, and each binding buffer/sample mixture was poured slowly 

into respective Zymo™ reservoirs. 

Each buffer/sample mixture was then placed into a large-volume centrifuge and 

spun for four minutes at 1,500 x g. After four minutes, the spin columns were rotated, and 

spun again for two more minutes at the same speed. The reservoir-MinElute® 

attachments were removed, and the conical tube was detached and discarded. The 

MinElute® columns were then placed into clean 2mL tubes and centrifuged for one 

minute at 6,000 RPM. After centrifuging, the flow-through was discarded, and the 

columns were placed into new, unused collection tubes. 750 µl of Qiagen PE Buffer were 

added to each MinElute® column. The columns were placed in the centrifuge for one 

minute at 13,000 RPM, and the subsequent flow-through was discarded. The final two 

wash steps were then repeated, for a total of two washes. The washing procedure was 

finalized by dry-spinning the columns for 1.5 minutes at maximum speed (14,000 RPM) 

without adding any buffer. 

To begin DNA elution, the collection tubes were discarded, and MinElute® 

columns were placed into fresh 2mL tubes. Each MinElute® column lid was opened, 

covered with a Kimwipe™, and left to sit open for 10-15 minutes to evaporate any 

remaining PE-Buffer and GuHCl from the column. Then 15 µl of TET buffer (heated to 

56oC) was added directly to the membrane of each MinElute® column, and left to sit for 

five minutes. Each column/tube combo was spun for one minute at 14,000 RPM in the 

centrifuge. An additional 35 µl of TET buffer was then added directly to each MinElute® 

membrane, and left to sit for five minutes. The MinElute® columns and 2mL tubes were 

placed in the centrifuge again to spin for one minute at 13,000 RPM. After spinning, the 

MinElute® columns were discarded, and the lids of each 2mL tube were securely closed. 

These sample extracts were placed in the refrigerator for short-term storage. 

 

Quantification of extracted DNA 

 

 DNA extracts were quantified using an Agilent Bioanalyzer 2100 high-sensitivity 

chip. Extracts that registered sufficient quantifiable DNA (minimum molarity 1,800 

pmol/l) underwent library preparation.  

 

Library preparation and quantification 
 

Library preparation followed standard protocol (Meyer and Kircher 2010), which 

allowed for parallel sequencing of multiple samples on a single sequencing run. A dual 

index primer was used to sequence from both sides of extracted DNA fragments. Library 

preparation was carried out using a NEBNext® Ultra™ Library Prep kit for Illumina® 

sequencing platforms.  

The first step of library preparation involves the preparation of the ends of DNA 

fragments. This step creates an overhang at the end of DNA fragments for Illumina® 

adaptors to attach. 25 microliters (l) of extracted DNA was combined with 3l of End 

Prep Enzyme Mix, 6.5 l of End Repair Reaction Buffer (10X), and 30.5 l of molecular 

grade ddH20. The solution was mixed by pipetting and spun briefly to collect all liquid 
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from the sides of the tube. Each sample solution was then left to sit at room temperature 

for 30 minutes, covered with aluminum foil, to allow the enzyme to act on the ends of the 

DNA. To deactivate the enzyme, each solution was placed on a heatblock at 65oC with an 

aluminum foil cover for 30 minutes. To begin adaptor ligation, 15 l of Blunt/TA Ligase 

Master Mix, 2.5 l of a 1:20 dilution of NEBNext® Adaptor for Illumina®, and 1ul of 

Ligation Enhancer were added directly to the reaction sample. Each sample was mixed by 

pipetting, spun to collect all liquid from the sides of the tube, and incubated at room 

temperature for 15 minutes. Then, 3 l of USER™ enzyme was added to the ligation 

mixture. This solution was then placed on the heatblock to incubate at 37oC for 15 

minutes, activating the ligation enzyme. 

A Qiagen MinElute® kit was used in the cleanup of the adaptor-ligated DNA. 300 

l of binding buffer (Buffer PB) was added to each sample and mixed by pipetting. This 

solution was transferred to corresponding MinElute® columns and left to sit for 5 

minutes. Each column was then spun in the centrifuge at 6,000 RPM for 1 minute. The 

flow-through was discarded and each column was placed back into a collection tube. 

Then, 750 l of wash buffer (Buffer PE) were added to each column and centrifuged for 

1 minute at 10,000 RPM. The flow-through was discarded again, and each column was 

placed back into the collection tube. Each column-tube combination then underwent a dry 

spin for 1 minute at 10,000 RPM, without adding any buffer. Any flow-through was 

discarded, and each column was transferred to a clean 1.5 mL tube. 28 l of elution 

buffer (Buffer EB) were then added directly to the membrane of each MinElute® 

column. The column-tube combinations were incubated on the heatblock at 37oC for 15 

minutes, and centrifuged for one minute at maximum speed. 

To begin PCR enrichment of the adaptor ligated DNA, 1 l of index i7 primer, 1 

l of index i5 primer, and 25 l of NEBNext® High Fidelity 2X PCR Master Mix were 

added to sterile strip-tubes for each sample. Each DNA sample was assigned a unique 

combination of i5 and i7 primers in order to distinguish samples post-sequencing. Finally, 

23 l of adaptor ligated DNA fragments were added to the corresponding sterile strip-

tubes for a total reaction volume of 50 l. The lids of the strip-tubes were securely 

closed, and the samples were transferred from the restricted access clean room to the 

post-PCR laboratory.  

All following steps took place in the post-amplification laboratory space. The 

samples were placed in a thermal cycler under the NEB® Ultra™ II protocol’s cycling 

conditions, which allows for the attachment of multiplex adaptors to the PCR adaptors. 

The post-PCR products were then placed in the refrigerator for short-term storage. 

The following day, four PCR reactions were created for each library using the 

template DNA taken directly from the previous day’s PCR. First, a master mix was 

created, consisting of 10ul of 5X HF buffer (1X final concentration), 0.5 l of Phusion, 

30.5 l of molecular grade ddH20, 1 l of IS5 primer (200nM final concentration), 1 l of 

IS6 primer (200nM final concentration), 1 l of dNTPs (200uM final concentration), 1.5 

l of DMSO, 1 l of BSA, and 1.5 l of dNTPs per reaction. 45 l aliquots of the master 

mix were added to each strip-cap tube. For each DNA sample, 5 l aliquots were then 

added to four separate strip-cap tubes containing master mix aliquots, for a total of four 

separate reactions per sample, each with a total reaction volume of 50 l. These reaction 

samples were placed in the thermal cycler to run a library amplification PCR protocol 
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derived from the NEB® Phusion® protocol (Wales et al. 2018) with an annealing 

temperature of 60oC (Meyer and Kircher 2010). After completing the PCR program run, 

the four reactions for each library were combined into a 1.5 mL tube.  

 The PCR cleanup followed a modified Qiagen MinElute® protocol. First, binding 

buffer (Buffer PB) was added to each 1.5 mL tube, containing the four combined 

reactions per sample, in a ratio of 5 parts binding buffer to 1 part sample. Each buffer-

sample solution was then transferred to a MinElute column. After spinning for one 

minute at 6,000 RPM, the flow-through was discarded, and 750 l of wash buffer (Buffer 

PE) was added to the column. The columns were spun again for one minute at 10,000 

RPM, and the flow-through was discarded. Then, each column underwent a dry spin for 

one minute at 10,000 RPM without adding any buffer. To begin DNA elution, the 

columns were transferred from the collection tubes to clean 2 mL tubes, and 18 l of 

molecular grade water were added directly to the membrane of the column. The columns 

were left to sit for one minute and then spun for one minute at 14,000 RPM.  

Samples underwent additional screening with an Agilent Bioanalyzer 2100 high-

sensitivity chip to ensure correct preparation of libraries before target capture of mtDNA. 

The Bioanalyzer analysis also verified that all samples demonstrated a concentration of at 

least 14 nanograms per microliter (ng/l), the minimum concentration required for target 

mtDNA capture. 

 

Targeted enrichment capture of mitochondrial DNA 

 

 MtDNA capture was carried out using an Arbor Biosciences myBaits® kit, 

version 4.01. The procedure followed six main steps. First, the DNA library was heat-

denatured in the presence of adapter-specific blocking oligonucleotides. To carry out this 

step, a hybridization master mix was assembled, containing 9.25 l of HYB N, 3.5 l of 

HYB D, 0.5 l of HYB S, 1.25 l of HYB R, and 5.5 l of baits per reaction. For each 

capture reaction, 18.5 l aliquots were transferred to a low-bind 0.2 mL tube. The 

blockers mix was then assembled, containing 0.5 l of Block A, 2.5 l of Block C, and 

2.5 l of Block O per reaction. For each capture reaction, a 5 l aliquot of the blockers 

mix was added to a separate 0.2 mL tube. Then, 7 l of each DNA library were added to 

each blockers mix aliquot and mixed by pipetting. The library and blockers were then 

placed into a thermal cycler programmed to denature the library at 95oC for 5 minutes. 

The second step of the procedure allowed blockers to hybridize to the library 

adapters. Step 2 of the thermal program dropped the temperature to 55oC, the 

hybridization temperature, for 5 minutes. When this step was reached, the program was 

paused, the hybridization mixes were placed in the thermal cycler, and the program was 

resumed.  

The third step introduced biotinylated RNA baits, which hybridize to targets for 

24 hours. When the program reached step 3, the hold temperature, 18 l of each 

hybridization mix was pipetted to each library-blocker mix and gently mixed by pipetting 

up and down five times, while leaving all tubes in the thermal cycler. The tubes 

containing the hybridization mix were then discarded, and the reactions were left in the 

thermal cycler to incubate at 55oC for 24 hours.  

The following day, the Wash Buffer X was prepared by combining 400 l of 

HYB S, 39.6 mL of molecular grade nuclease-free water, and 10 mL of Wash Buffer in a 
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50 mL tube. This buffer solution was vortexed and placed in a water bath heated to 55oC 

for 45 minutes prior to use. Bead preparation also took place prior to the fourth main step 

of the procedure. For each capture reaction, 30 l aliquots of Dynabeads® MyOneTM 

Streptavidin C1 beads were added to a 1.7 mL low-bind tube. The beads were then 

pelleted in a magnetic particle collector (“MPC”) until the suspension was clear. Leaving 

the tubes on the magnet, the supernatant was removed and discarded. 200 l of binding 

buffer were then added to each bead aliquot, vortexed for three seconds, and centrifuged 

briefly. The solution was pelleted in the MPC and the supernatant was removed and 

discarded. The binding buffer-pellet step was repeated twice for a total of three washes. 

Finally, each washed bead aliquot was re-suspended in 70 l of binding buffer. 

In the fourth step, bait-target hybrids were pulled out of the DNA library solution 

with the Streptavidin-coated magnetic beads. First, 30 l aliquots of the beads were 

transferred to 2 mL tubes, vortexing between each aliquot. The bead aliquots were then 

heated to 55oC for 2 minutes in the heat block. Next, each capture reaction was 

transferred to the heated bead aliquots and mixed by pipetting. The library-bead solutions 

were left to incubate in the heat block at 55oC for 5 minutes, agitating after 2.5 minutes to 

keep the beads in suspension. 

In the fifth step, the beads were washed to remove non-hybridized and 

nonspecifically hybridized molecules. The beads were first pelleted in the MPC for 2 

minutes, and the supernatant was removed. 375 l of the heated Wash Buffer X were 

added to the beads, which were then briefly vortexed and centrifuged. The samples were 

then incubated for 5 minutes at 55oC on the heat block. The samples were agitated after 

2.5 minutes via gentle vortexing and briefly centrifuging. After incubating, the solutions 

were pelleted in the MPC and the supernatant was removed. The wash step was repeated 

twice for a total of three washes. After the third wash and pelleting, as much fluid was 

removed as possible without touching the bead pellet. 

The sixth step allowed for the captured DNA library to be released from the beads 

and amplified. First, 30 l of 10mM Tris-Cl, 0.05% TWEEN®-20 solution (pH 8.3) were 

added to the washed beads and re-suspended by pipetting. A post-capture PCR reaction 

mix was prepared using 5 l of molecular grade nuclease-free water, 25 l of 2X 

KAPA® HiFi HotStart ReadyMix, 2.5 l of each forward and reverse primer (at 10 M, 

concentration 500 nM), and 15 l of bead-enriched library per reaction. The thermal 

amplification program included a denaturation step at 98oC that released the baits from 

the beads. Following amplification, the solution was pelleted in the MPC and the 

supernatant, now containing mtDNA, was transferred into UV-irradiated 1.5 mL tubes in 

preparation for purification. The product was then purified using the same modified 

Qiagen MinElute® protocol described in library preparation. 

 

Next-Generation Sequencing  

 

Samples were sequenced at UT Genomics Core using an Illumina® MiSeq 

platform. Pooled DNA libraries were placed into a flow cell containing oligos that 

complement the incoming library adapters attached to the DNA. The DNA libraries then 

attached to the top of the flow cell to undergo a bridge amplification cycle that generates 

clonal clusters of library molecules on the surface of the flow cell. Fluorescently labeled 

nucleotides were added and pushed through the flow cell lanes, where they annealed to 
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the library clusters. Each nucleotide base is coded by a different color emission. After 

annealing, excess nucleotides were washed away, and the remaining bases combined into 

each DNA strand were visualized with fluorescence. The MiSeq software converted the 

imaged fluorescent emissions into nucleotide sequence reads.  

 

Computational and Statistical Methods 

 

Bioinformatic and statistical analyses 

 

 MtDNA sequence read output was received in a *.fastq file format, trimmed of 

Illumina® adapter sequences, and aligned to the revised Cambridge reference sequence 

for human mtDNA (rCRS; Andrews et al. 1999, GenBank: NC_012920) using the 

Burrows-Wheeler Aligner (BWA) software package (Li and Durban 2009). Aligned 

reads were then converted from sequence alignment map (*.sam) format to binary 

alignment map (*.bam) format.  

Binary alignment files were input into mapDamage 2.0, a computational 

framework that tracks and quantifies damage patterns among sequence reads generated 

by Next Generation platforms (Ginolhac et al. 2011; Jónsson et al. 2013). Output 

generated by mapDamage 2.0 included the frequencies and relative positions of cytosine 

to thymine substitutions between the reference sequence and the aligned read. In order to 

compensate for reference base composition bias, mapDamage estimates these frequencies 

by dividing the total number of C to T substitutions in a given aligned read by the total 

number of cytosine bases in the aligned portion of the reference. 

All frequency data generated by mapDamage was compiled into a single *.csv file 

and imported into R for further analysis. The data was square root transformed for normal 

distribution. The lme4 package was used to perform a three-way mixed effect analysis of 

variance (ANOVA) to compare the three group’s frequencies of C to T substitutions. The 

model considered the samples’ group (A, B, or C), type of skeletal element (bone or 

tooth), and relative position within a sequence read. Post hoc procedures to the ANOVA 

were conducted using the emmeans package. Fisher’s least significant difference (LSD) 

test was used to compute and separate the least squares means. Levene’s test was used to 

test equality of variance. A Shapiro-Wilk test and QQ normality plots verified normal 

distribution of the residuals. All statistical assumptions regarding normality and equality 

of variances were met. A significance level of P<0.05 was used to determine statistical 

significance. 
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Chapter IV 

 

Results 

 
This project investigates frequencies and distribution of cytosine deamination of 

contaminant human mtDNA recovered from bleach-treated and untreated archaeological 

faunal skeletal samples (Table 1). The bioinformatically-quantified frequencies of 

cytosine to thymine substitutions were compared among skeletal samples from two 

bleach-treated groups (Groups A [15 minute submersion] and B [5 minute submersion]) 

and one non-bleach treated control group (Group C). Statistical analyses were used to 

evaluate whether the frequencies of cytosine to thymine substitutions in aligned reads 

were significantly different by treatment or type of skeletal element (bone or tooth), and 

whether these frequencies varied by relative position in the aligned reads. 

The results of the statistical analyses are located in Table 1. 

 

Analysis of Variance (ANOVA) 

 

 The data were first tested for concordance with the assumption of normality of 

parametric methods of analysis. The pooled untransformed frequencies of cytosine to 

thymine substitutions did not meet the assumption of normality. However, the pooled 

square root transformed frequencies demonstrated normal distribution. 

  A mixed effect three-way analysis of variance (ANOVA) with Satterthwaite’s 

method was used to compare the square root transformed frequencies of cytosine to 

thymine substitutions between treatment groups, skeletal element, and position in the 

aligned read. Test statistics and values of significant difference (p-values) are located in 

Table 2. The results of the ANOVA indicate treatment group, position on aligned read, 

and their interaction term are significant. The other terms in the model were non-

significant.  

 

 

 

Table 1. Descriptive Statistics for cytosine to thymine substitution frequencies. 

 

Group Position Mean  SD 

A Beginning 0.02464396 0.02289923 

 Middle 0.02034588 0.01750627 

 End 0.03138724 0.02640188 

B Beginning 0.02733037 0.02817643 

 Middle 0.03066381 0.02572338 

 End 0.05706786 0.04262744 

C Beginning 0.01257139 0.01508113 

 Middle 0.01299559 0.01194663 

 End 0.01956115 0.02539170 
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Table 2. Type III Analysis of Variance Table with Satterthwaite’s method.  

Significance level of α<0.05 indicated by an asterisk. 

 

 Sum Sq Mean 

Sq 

NumDF DenDF F 

value 

Pr(>F) 

Type 0.00871 0.00871 1 23.0 2.412 0.13405 

Treatment 0.03806 0.01903 2 23.0 5.271 0.01303* 

Position 0.17768 0.08884 2 659.5 24.607 4.94e-

11* 

Type:Treatment 0.00316 0.00158 2 23.0 0.438 0.65060 

Type:Position 0.00166 0.00083 2 659.5 0.230 0.79431 

Treatment:Position 0.06406 0.01602 4 659.5 4.436 0.00152* 

Type:Treatment:Position 0.02383 0.00596 4 659.5 1.650 0.15994 

 

 

 The significant interaction term between treatment group and the position on the 

aligned read indicates that the effect of bleach treatment on C to T substitution 

frequencies varied by location within the reads. Relative location (i.e., beginning, end, 

middle) was measured from the 5’ position.  

The results of the statistical analyses did not reveal that C to T substitution 

frequencies were correlated with the type of skeletal element; that is, whether retrieved 

from a bone or tooth sample. This finding suggests that bleach does not differentially 

induce cytosine deamination in contaminant DNA retrieved from these two skeletal 

element types. 

 

Post Hoc Procedures 

 
 A pairwise comparison of the estimated marginal means was examined via 

Fisher’s least significant difference (LSD) test. Test statistics and values of significant 

difference (p-values) for the Groups are located in Table 3. The results indicate that the 

estimated marginal means between Group B and Group C (control) are significant. The 

estimated marginal means between Groups A and B, and A and C, were not demonstrated 

significant.  

Test statistics and values of significant difference for relative position within the 

read are located in Table 4. The “beginning” and “end” of a read is defined as the first 

and last 5 positions, respectively, beginning from the 5’ end. These results indicate a 

significant difference in C to T substitutions at the ends of reads, but not at the beginning 

or middle.  

Test statistics and p-values for the estimated marginal means of treatment by 

position are located in Table 5. Results of the power analysis are located in Table 6. An 

interaction plot of the pairwise comparison for the treatment and position is depicted in 

Figure 4.  
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Table 3. Group: Estimated marginal means.  

Results are averaged over the levels of type and position. Degrees of freedom method: 

Kenward-Roger. Confidence level used: 0.95.  
P value adjustment: Tukey method for comparing a family of 3 estimates. 
 

Group EM Mean SE Df Lower.CL Upper.CL 

A 0.139 0.0156 23.0 0.1071 0.172 

B 0.170 0.0135 23.1 0.1422 0.198 

C 0.108 0.0135 23.1 0.0802 0.136 

 
Contrast Estimate SE Df t.ratio P value 

A – B -0.0308 0.0206 23.0 -1.494 0.3122 

A – C  0.0312 0.0206 23.0 1.514 0.3031 

B – C  0.0620 0.0191 23.1 3.248 0.0095* 

 

 

 

Table 4. Position: Estimated Marginal Means.  

Results are averaged over the levels of treatment and position. Degrees of freedom 

method: Kenward-Roger. Confidence level used: 0.95. 
P value adjustment: Tukey method for comparing a family of 3 estimates. 

 

Position EM Mean SE Df Lower.CL Upper.CL 

Beginning 0.123 0.00931 37.8 0.104 0.142 

End 0.166 0.00931 37.8 0.148 0.185 

Middle 0.128 0.00832 24.1 0.111 0.145 

 
Contrast Estimate SE Df t.ratio P value 

Beginning - 

End 

-0.04318 0.00723 107.0 -5.975 <.0001* 

Beginning - 

Middle 

-0.00465 0.00590 48.6 -0.789 0.7118 

End - Middle 0.03853 0.00590 48.6 6.530 <.0001* 
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Table 5. Group by Position: Estimated Marginal Means.  

Results are averaged over the levels of type. Degrees of freedom method: Kenward-

Roger. Confidence level used: 0.95. 
P value adjustment: Tukey method for comparing a family of 9 estimates. 
 

 

Group Position  EM Mean SE Df Lower.CL Upper.CL 

A Begin 0.1340 0.0176 37.1 0.0984 0.17 

B Begin 0.1366 0.0153 38.2 0.1056 0.168 

C Begin 0.0991 0.0153 38.2 0.0681 0.13 

A End 0.1580 0.0176 37.1 0.1223 0.194 

B End 0.2195 0.0153 38.2 0.1884 0.251 

C End 0.1218 0.0153 38.2 0.0907 0.153 

A Middle 0.1260 0.0158 24.1 0.0934 0.159 

B Middle 0.1542 0.0137 24.2 0.1259 0.182 

C Middle 0.1035 0.0137 24.2 0.0753 0.132 

 

Contrast Estimate SE Df t.ratio P value 

A, Begin – B, Begin -0.00261 0.02334 37.6 -0.112 1 

A, Begin – C, Begin 0.03488 0.02334 37.6 1.494 0.8511 

A, Begin – A, End -0.02397 0.01345 107 -1.783 0.6932 

A, Begin – B, End -0.08551 0.02334 37.6 -3.663 0.0194* 

A, Begin – C, End 0.0122 0.02334 37.6 0.523 0.9998 

A, Begin – A, Middle 0.00799 0.01098 48.6 0.728 0.9981 

A, Begin – B, Middle -0.02018 0.02228 31.2 -0.905 0.991 

A, Begin – C, Middle 0.03049 0.02228 31.2 1.368 0.9012 

B, Begin – C, Begin 0.03749 0.0217 38.2 1.727 0.7265 

B, Begin – A, End -0.02136 0.02334 37.6 -0.915 0.9907 

B, Begin – B, End -0.0829 0.01203 107 -6.893 <.0001* 

B, Begin – C, End 0.01481 0.0217 38.2 0.682 0.9988 

B, Begin – A, Middle 0.0106 0.02201 29.8 0.482 0.9999 

B, Begin – B, Middle -0.01756 0.00982 48.6 -1.789 0.6891 

B, Begin – C, Middle 0.03311 0.02056 30.8 1.61 0.7922 

C, Begin – A, End -0.05885 0.02334 37.6 -2.521 0.2545 

C, Begin – B, End -0.12039 0.0217 38.2 -5.547 0.0001* 

C, Begin – C, End -0.02268 0.01203 107 -1.886 0.6249 

C, Begin – A, Middle -0.02689 0.02201 29.8 -1.222 0.9451 

C, Begin – B, Middle -0.05506 0.02056 30.8 -2.677 0.1975 

C, Begin – C, Middle -0.00438 0.00982 48.6 -0.447 0.9999 

A, End – B, End -0.06154 0.02334 37.6 -2.636 0.206 

A, End – C, End 0.03617 0.02334 37.6 1.55 0.8246 

A, End – A, Middle 0.03196 0.01098 48.6 2.911 0.1111 

A, End – B, Middle 0.0038 0.02228 31.2 0.17 1 

A, End – C, Middle 0.05447 0.02228 31.2 2.444 0.2967 
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Table 5 (continued) 

Contrast Estimate SE Df t.ratio P value 

B, End – C, End 0.09771 0.0217 38.2 4.502 0.0018* 

B, End – A, Middle 0.0935 0.02201 29.8 4.247 0.0053* 

B, End – B, Middle 0.06533 0.00982 48.6 6.653 <.0001* 

B, End – C, Middle 0.116 0.02056 30.8 5.641 0.0001* 

C, End – A, Middle -0.00421 0.02201 29.8 -0.191 1 

C, End – B, Middle -0.03238 0.02056 30.8 -1.574 0.8108 

C, End – C, Middle 0.01829 0.00982 48.6 1.863 0.6412 

A, Middle – B, Middle -0.02817 0.02089 24.1 -1.348 0.9059 

A, Middle – C, Middle 0.02251 0.02089 24.1 1.077 0.9722 

B, Middle – C, Middle 0.05067 0.01936 24.2 2.618 0.2302 

 

 

Table 6. Power Analysis. 

Observed power to detect the significant difference for the interaction term is 95%. 

 

Obs Noncen Alpha FCrit Power 

1 18.3908 0.05 2.38531 0.94635 
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Figure 4. Interaction plot with 95% confidence intervals.  

Treatment Group A = 15 minutes bleach submersion in 6% w/v sodium hypochlorite. 

Treatment Group B = 5 minutes bleach submersion in 6% w/v sodium hypochlorite. 

Treatment Group C = no bleach treatment. 
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The interaction plot (Figure 4) reveals a trend toward increased cytosine to 

thymine substitutions in samples from the bleach-treated groups. While all groups 

showed slightly higher C to T substitution frequencies at the ends of reads relative to any 

other position, this effect was heightened in the bleach treated groups. However, 

statistical analyses demonstrated that cytosine to thymine frequencies from just one 

bleach-treatment group were significantly different from the control. This significant 

difference was demonstrated in treatment group B (5 minutes submersion in 6% w/v 

NaOCl), and not in treatment group A (15 minutes submersion in 6% w/v NaOCl). These 

findings do not support increased cytosine deamination with increased bleach submersion 

time. Rather, these findings suggest that cytosine deamination increases at read ends with 

decreased bleach submersion time. 

 

Model Assumptions 
 

The results from the Shapiro-Wilk normality test of the residuals are located in 

Table 7. The results from the Levene’s test for equality of variances are located in Table 

8. Both normality and equality of variances were demonstrated as satisfactory. Visual 

representations of the normality of residuals are depicted in Figures 5 and 6. 

 

Summary 

 

 As per the analysis of variance (ANOVA), the treatment group, position on 

aligned read, and the interaction term of these two predictors were identified as 

significant in the model. This result indicates that the effect of bleach treatment on the 

frequencies of cytosine to thymine substitutions varied by position along the aligned 

reads. The other terms in the model were non-significant, indicating that the frequencies 

of cytosine to thymine substitutions did not vary by the type of skeletal element (bone vs. 

tooth). This indicates that bleach treatment did not differentially induce cytosine 

deamination in bones versus teeth. 

 All treatment groups showed an increase of C to T substitutions at 3’ ends. While 

both bleach-treated groups displayed heightened effects relative to the control group, the 

frequency of C to T substitutions was only found significant between groups B (5-minute 

submersion) and C (untreated control). Further, this difference occurred at the 3’ ends of 

reads. Group A (15-minute submersion) was non-significant from both groups B (5-

minute submersion) and C (control). Between the bleach-treated groups, C to T 

substitutions decreased at 3’ ends with increased submersion time, indicating a negative 

correlation between bleach submersion time and induced cytosine deamination. 

 

 

Table 7. Shapiro-Wilk normality test.  

W > 0.90 – normality is satisfactory. 
 

Data: residual 

W = 0.97446 p-value = 1.053e-09 
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Table 8. Levene’s test for equality of variances. 

 

Effect p-value 

Type 0.0441 

Group 0.0000 

Position 0.0013 

Type:Group 0.0000 

Type:Position 0.0000 

Group:Position 0.0000 

Type:Group:Position 0.0000 

 

 

 

 
 

Figure 5. Histogram of Normality of Residuals. 
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Figure 6. QQ Plot of Normality of Residuals.   
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Chapter V 

 

Discussion and Conclusions 

 
Contributing to a decade-long series of investigations on the effect of bleach 

decontamination in aDNA research, this study investigates bleach action in the form of 

inferred cytosine deamination on contaminant human mtDNA using targeted enrichment 

combined with NGS. Levels of cytosine deamination were assessed in terms of the 

frequency and relative read position of cytosine to thymine substitutions in aligned 

sequence reads.  

 The results revealed a general tendency toward increased cytosine to thymine 

substitutions in bleach-treated samples compared to untreated samples, primarily at the 3’ 

ends, regardless of submersion time. Interestingly, however, the 5-minute submersion 

time bleach-treatment group (Group B) showed the highest levels of cytosine 

deamination overall, primarily located at 3’ ends, and was the only bleach-treated group 

that was significantly different from the control group in both overall frequency and read 

distribution.  

 

Negative Correlation between Cytosine Deamination and Bleach Submersion Time 

 

Given the known DNA degradation properties of bleach, the negative correlation 

with submersion time seems counterintuitive. Basler et al. (2017) found a similarly 

counterintuitive result in which they observed greater levels of cytosine deamination 

(inferred from thymine-overrepresentation) in endogenous aDNA retrieved from 

untreated samples compared to bleach-treated samples. They hypothesized that this 

unexpected result could be attributed to the more internal location of endogenous DNA. 

In their case, they were referring to the osteocytes located within the bone powder’s 

lacunae, offering better protection from damage and contamination. Additionally, studies 

have shown that DNA binds to the hydroxyapatite of bone (Campos et al. 2012; Korlević 

et al. 2015), a phenomenon that perhaps in and of itself protects DNA from bleach and 

other degradative agents. Thus, bleach treatment of ancient skeletal remains, regardless of 

specimen integrity, may not only skew overall DNA recovery in favor of endogenous 

DNA, but also may damage endogenous DNA less than contaminant DNA. The longer 

the submersion time, the more damage to higher-quality but relatively less protected 

contaminant DNA, enabling the better recovery success of aDNA. 

This study's research design assessed bleach-based decontamination of 

archaeological bone that had been handled for nearly a half century, and then freshly 

contaminated by two human handlers 24 hours prior to DNA extraction. Thus, DNA 

extracts and subsequent targeted enrichment of human mtDNA contained a combination 

of historically deposited and freshly deposited human contaminant mtDNA. A shorter 

bleach submersion time of 5 minutes may have eliminated the most surface-level 

contaminants – i.e., the freshly deposited DNA from the 24 hours prior to DNA 

extraction – leaving behind historically deposited DNA that in the intervening 40 years 

may have migrated internally and/or adsorbed to the bone hydroxyapatite. The recovered 

DNA from Group B therefore exhibits cytosine deamination at levels concordant with its 

40-year deposition history. Accordingly, a 15-minute submersion time may not have 
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eliminated all the recently deposited DNA, so that relative cytosine deamination levels 

were lower than those in the 5-minute submersion group.  

 If this interpretation were correct, then while bleach treatment does cause some 

cytosine deamination, it tends to differentially affect DNA that is relatively 

“unprotected,” because it is external to a sample and because it is not bound to 

hydroxyapatite. This appears to be the case regardless of specimen type (long bone or 

tooth). 

 

Increased Frequency of Cytosine Deamination at 3', not 5', Ends 

 

The results also show that the three groups showed slightly higher C to T 

substitution frequencies at the 3’ ends relative to any other position along sequences, with 

heightened effects in the bleach treated groups, particularly in the 5-minute submersion 

group (Group B). In fact, only Group B (5-minute submersion) differed statistically from 

the control group.  

This finding contrasts with the most recent work reporting no pattern to the 

distribution of cytosine deamination along read lengths (Korlević et al. 2015; 

Boessenkool et al. 2016). An important difference may be that both Korlević et al. (2015) 

and Boessenkool et al. (2016) performed non-targeted NGS, while this study paired a 

target capture of mtDNA with NGS. Previous studies that did observe patterned C to T 

substitutions at the 5’ ends (i.e., Briggs et al. 2007; García-Garcerà et al. 2011) used a 

wholly different platform, a 454 pyrosequencer. These combined results suggest that 

post-DNA extraction protocols may themselves induce unintended damage to aDNA. 

 Previous aDNA studies have also speculated that cytosine deamination may 

present differently in endogenous aDNA with different methods. For example, Jónnson et 

al. (2013) note that distribution patterns could vary according to the molecular approach 

used to construct and amplify DNA libraries. They point out that with one of the most 

popular protocols, Meyer and Kircher (2010; the library preparation protocol used in this 

study), ancient DNA has been shown to exhibit inflated cytosine deamination rates at the 

5’ ends. Procedures that instead target single-stranded templates (e.g., Meyer et al. 2012), 

show elevated C to T substitution frequencies at both 5’ and 3’ ends. The results of the 

current study imply that modern contaminants may be affected similarly.  

The fact that this data represents mtDNA, rather than nuclear DNA, may also 

have contributed to the observed distribution pattern. Previous research shows that 

ancient mtDNA shows post mortem damage-derived hotspots, wherein specific sites of 

above-expected C to T mutation rates can be identified (Vives et al. 2008). Vives and 

colleagues (2008) hypothesized that the presence of contiguous cytosine bases in mtDNA 

could increase the chances of cytosine deamination occurring at these loci. This 

phenomenon may be due to an increased depurination rate in the opposite strand when 

contiguous purines are present. The depurination of a guanine base would create a nick, 

which would expose the complementary cytosine nucleotide that could then be 

preferentially deaminated (Vives et al. 2008). The identifiable presence of hotspots may 

imply that mtDNA would yield specific breaking patterns after having undergone 

degradation processes, and by extension, unique distribution patterns of deamination.  

The current study shows an altogether new cytosine deamination distribution 

pattern, in which C to T substitutions are located primarily at 3’ ends. And, this effect is 
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exacerbated with bleach treatment. This observed pattern provides a glimpse into the 

appearance of bleach-induced cytosine deamination in modern contaminants under a 

targeted capture of mtDNA paired with NGS. Future research is recommended to confirm 

these observations. 

 

Limitations and Future Directions 

 

 This study presented some distinct limitations that need to be discussed prior to 

concluding statements. This project compared human DNA retrieved from bleach-treated 

and untreated skeletal specimens, allowing for analysis of the effects of bleach treatment 

on contaminating DNA. However, the amount of human DNA present prior to the recent 

handling of the specimens is unknown. To address this limitation, future study of the data 

will include identification of human mtDNA belonging to the handlers from the most 

recent contamination. Further, this study did not analyze the effects of bleach treatment 

on the endogenous faunal mtDNA. Further assessment of damage patterns retrieved from 

endogenous vs. modern contaminant DNA is recommended.  

This project also used skeletal material from an archaeological context as the 

substrate by which to test the effect of bleach treatment on modern contaminant DNA. 

The use of skeletal material provides insight that is directly applicable to researchers 

working in contexts where DNA is retrieved primarily from skeletal and dental elements. 

However, it is important to state that it is not beyond the realm of possibility that the 

substrate used in this study could interact with bleach in a way that would produce results 

specific to DNA retrieved from this type of material. Bleach action may produce different 

results on DNA retrieved from non-skeletal materials, or when no substrate is used (e.g., 

in a laboratory setting, perhaps by adding bleach to a test tube containing DNA). It is also 

difficult to predict whether other materials might similarly impose their own unique 

effects or otherwise interact with bleach. To address these limitations, further study on 

potential induced cytosine deamination would benefit from examining bleach-treated 

modern DNA retrieved from different contexts. Investigating potential effects in different 

contexts may also open the applications of this study to other academic disciplines. 

  

Conclusions 

 

 The effect of bleach treatment on superficially located modern human 

contaminants continues to be an important consideration in aDNA research. Bleach-

treated samples, regardless of specimen type (bone or tooth) did show a tendency toward 

increased levels of cytosine deamination relative to the study’s control, but those levels 

were inversely correlated with bleach submersion time (5 vs. 15 minutes). The general 

increase in cytosine deamination suggests that bleach may have a role in inducing this 

damage pattern in modern contaminants, as has been suggested previously (García-

Garcerà et al. 2011), but that post-DNA extraction protocols may also affect the 

frequency and distribution of cytosine deamination along read ends. Finally, bleach 

treatment appears to be extremely effective in eliminating recently deposited, superficial 

contaminant DNA, but appears to be less effective on contaminants with some degree of 

antiquity. 
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Until more research on these issues are conducted, our recommendations for 

aDNA researchers given the current state of uncertainty in the use of bleach treatment 

methods is, as much as possible, to conduct aDNA analyses on freshly excavated remains 

that have been recovered using strict recovery protocols to avoid contamination (see 

Llamas et al. [2016] for procedures). Regardless of a specimen’s excavation and post-

excavation history, if using bleach to decontaminate specimens, the current state of 

research points to the use of a higher concentration solution for superficial soaking 

(generally, 6% w/v NaOCl as per Kemp an Smith [2005]) and a lower concentration 

solution for immersion of powdered skeletal samples (0.5% w/v NaOCl, as per Korlević 

et al. [2015]). 
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Statistical Analyses performed in R 

 

library(lme4) 

library(lmerTest) 

library(lattice) 

 

#read data 

one<-read.csv(file="~/Desktop/Master's Thesis/AR_Cabana_Feb2019-

121195074/Statistical Analysis/R/MA_Thesis_Data_revised2.csv",header =T) 

 

#set variables class as a factor 

one$ID<-as.factor(one$ID) 

one$Treatment<-as.factor(one$Treatment) 

one$Type<-as.factor(one$Type) 

one$position<-as.factor(one$position) 

summary(one) 

 

hist(one$C.T_freq) 

 

#square root transformation 

one$C.T_freqT=sqrt(one$C.T_freq) 

hist(one$C.T_freqT) 

one1<-one[!is.na(one$C.T_freq),] 

aggregate(one1$C.T_freq, list(one1$Treatment), function(x) c(mean = mean(x), sd = 

sd(x))) 

aggregate(one1$C.T_freqT, list(one1$Treatment), function(x) c(mean = mean(x), sd = 

sd(x))) 

 

m1 <- lmer(C.T_freqT ~ 1 + Type*Treatment+position*Treatment + 

(1|ID:Treatment)+(1|position:ID:Treatment),data=one1)  

 

m1s<-summary(m1) 

m1s 

m2<-anova(m1) 

m2 

 

source("~/Downloads/mmaovR.R") 

 

out_un<-mmaov(data=one1, 

              class=c("ID", "Type","Treatment","position"), 

              fixed= C.T_freqT~Type*Treatment*position, 

              random= ~ID:Treatment:Type+ID:Treatment:position, 

              lsmadjust=, 

              sstype=3, 

              covar="vc", 

              assumptions=TRUE, 
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              shortlsm=TRUE, 

              ddfm="Sat") 

 

 

############### 

#posthoc test## 

############### 

 

library(emmeans) 

 

marginal = emmeans(m1, pairwise~Treatment:position) 

 

CLD = cld(marginal, alpha=0.05, Letters=letters) 

CLD 

 

CLD$position = factor(CLD$position, 

                       

                      levels=c("Begin", "Middle", "End")) 

 

 

# interaction plot 

 

library(ggplot2) 

 

# Default line plot 

 

ppi <- 300 

 

tiff("CRD SPLIT plot4-30.tiff", width=8*ppi, height=6*ppi, res=ppi) 

 

ggplot(CLD, aes(x=position, y=emmean, group=Treatment, label=.group, 

color=Treatment)) + 

   

  geom_point(position=position_dodge(0.4))+ 

   

  geom_errorbar(aes(ymin=lower.CL, ymax=upper.CL), width=.2, 

                 

                position=position_dodge(0.4))+labs( x="Position", y = "Square root of C>T 

frequency")+ 

   

  theme_classic() 

dev.off() 

 

################################ 

# normality test for residuals## 

################################ 
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residual<-resid(m1s) 

hist(residual) 

qqnorm(residual);qqline(residual,col='red') 

shapiro.test(residual) 

sh.test<-round(shapiro.test(residual)$statistic,2) 

if (sh.test>=0.90) { 

  print("Normality should be satisfactory") 

}else{print(paste("Normality is a concern (W=",sh.test,")",sep="" ))} 

 

##################### 

#equal variance test# 

##################### 

resd<-cbind(one1, residual) 

Level<-aggregate(resd$residual, list(resd$position,resd$Treatment), function(x) 

c(mean=mean(x), sd = sd(x))) 

 

#boxplot by each factor 

boxplot(residual~position,data=resd, xlab="Type", ylab="residual") 

boxplot(residual~Treatment,data=resd, xlab="Treatment", ylab="residual") 

boxplot(residual~position*Treatment,data=resd, xlab="Type*Treatment", 

ylab="residual") 

#generate levene test results 

 

checkvariance<-function(Level){fold<-ceiling(max(Level$x[,2])/min(Level$x[,2])) 

  if (fold<1 ) { 

  out="Equal variance should be satisfactory" 

}else{if(fold<5)  {out=paste("Equal variance is potentially an issue (",fold, "-fold std dev 

difference)",sep="" )} 

  else {out=paste("Equal variance is serious an issue (",fold, "-fold std dev 

difference)",sep="" )} 

  } 

 

cat("=====Equality of Variances:====") 

cat("\n") 

cat("\n") 

print(Level) 

cat("\n") 

print(out) 

} 

checkvariance(Level) 

 

#descriptive statstics 
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desp<-aggregate(one$C.T_freq, list(one$position,one$Treatment), function(x) 

c(mean=mean(x), sd = sd(x))) 

 

desp 
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