
DETECTION OF DNA DEGRADATION IN 

PORCINE DENTAL TISSUE AS A PRECURSOR 

FOR ESTIMATING POST-MORTEM INTERVAL 

 

 

Shruti Gulati (BDS, GDipForSci) 

 

 

 

 

 

 

 

 

Centre for Forensic Science 

University of Western Australia  

This thesis is presented in partial fulfillment of the requirements for the 

Master of Forensic Science  

 

2011  

 



i 
 

I declare that the research presented in this thesis, for the Master of Forensic Science at the 

University of Western Australia, is my own work. The results of the work have not been 

submitted for assessment, in full or part, within any other tertiary institute, except where 

due acknowledgement has been made in the text. This thesis fulfils the requirements of the 

48 point (one year) Master of Forensic Science by research. 

 

 

 

………………………………………………… 

Shruti Gulati 

 

 

 

 

 

 

 

 

 

 

  



ii 
 

ACKNOWLEDGEMENTS 

Firstly, I would like to extend my deepest gratitude to my coordinating supervisor, Dr. 

Silvana Gaudieri, for her constant guidance, support and patience. I also want to thank my 

co-supervisor, Prof. Ian Dadour for his advice. Big thanks to Dr. Sasha Voss and Dr. Dave 

Cook for helping me with my specimens, to Steve Iaschi for his guidance in the laboratory 

and to Alexandra Knight for helping with the administrative work. I am also very grateful 

to Dr. Jo Edmondston, Dr. Sato Juniper and Mrs. Barbara Telfer from the Graduate 

Research School for giving their support whenever I needed extra time towards my family 

responsibilities.  A heartfelt thanks to Dr. John McGeachie for encouraging me to take up a 

research that I was passionate about-an advice that made the research journey very 

enjoyable. 

A sincere thanks goes out to Dr. Mark Watson and Dr. Abha Chopra of Murdoch for giving 

me access to their facilities and to Emma, Linda, Craig and Dhiv for giving me advice on 

PCRs and real-time PCRs. 

I would also like to thank my friends Ajitha, Srikant, Zama and Lyndsay and my cousin 

Bharat for their time whenever I needed them. 

A heartfelt thanks to my husband Dr. Amit Gulati for always being there for me and for 

supporting me financially and emotionally throughout the research. Amit, this is “our” 

project not just my own. Thanks to my baby boy Ruhaan, for cheering me up with his 

smiles through the tough times and to my parents-in-law Mr. J.N Gulati and Mrs. Veena 

Gulati for their help and encouragement. 



iii 
 

Lastly and most importantly I owe gratitude to my parents Drs. A. S. Anand and Shobha 

Anand for their unconditional love, support and faith in me and for making me the person 

that I am today and to the almighty for making it all possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

ABSTRACT 

The time elapsed after death or PMI is an important component in forensic investigations. 

Previous researches from many disciplines in forensics have worked on developing 

methods for accurately establishing PMI. A few studies have also been done to examine 

DNA degradation over time and to assess any correlation between degradation and time. It 

has been suggested that DNA within hard tissues such as bones and teeth, being resistant to 

environmental insults, are suitable tissues for such studies. 

 

This study examines the degradation of DNA in porcine dental tissue at different time- 

points (days 0, 1, 6, 15 and 28) to examine the relationship between degradation and time 

elapsed since death at 30°C .The methods used to assess the quantity of DNA in this study 

are NanoDrop spectrometry and real-time PCR and quality of DNA was evaluated by end- 

point PCR using three primer pairs targeting different amplicon sizes viz. 75 bp, 232 bp 

and 399 bp. This study also aims to compare dental pulp and powdered teeth as sources of 

DNA to evaluate DNA degradation. 

 

The results of the study give an overall impression of gradual degradation of DNA with 

time elapsed at 30°C. However, some inconsistencies were present at certain time-points 

and also among the different tests, particularly with powdered teeth samples. Dental pulp 

however gave more consistent results. Although no particular pattern was observed in the 

degradation of DNA at the different time-points, it was established that dental pulp is a 

better source of DNA for degradation analysis. 
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1. INTRODUCTION 

Post-mortem interval (PMI) or the time elapsed after death is a crucial piece of evidence in 

forensic cases. This information helps in establishing or refuting the alibi of a potential 

suspect and in building the crime scenario. Forensic scientists from various disciplines have 

been working to develop new techniques as well as apply existing methodologies to 

improve the accuracy with which PMI can be estimated. 

 

Molecular biological methods, primarily the amplification and typing of DNA, have been 

established for the identification of cadaveric human remains. During the course of genetic 

typing for identification purposes it was observed that targeted genetic loci in larger 

amplicons failed to amplify in degraded DNA samples. Although this proved to be a 

hindrance in “DNA fingerprinting”, a few researchers looked at this phenomenon as an 

opportunity to use DNA degradation as a predictor of PMI. Studies were undertaken to 

examine how the success of DNA amplification could be used as an indicator of the degree 

of DNA degradation with the expectation that the greater the DNA degradation, the less 

likely the success of DNA amplification, especially for large amplicons (Foran 2006). 

 

Initial studies on DNA degradation utilized a variety of soft body tissues including muscle, 

spleen (Cina et al 1994) and liver. However, the process of DNA degradation is likely to be 

influenced by environmental conditions including temperature, pH and presence of micro-

organisms. It was then suggested that DNA in hard tissues such as bone and teeth would be 

protected and therefore amenable for study in remains for much longer post-mortem 

periods (Boy 2003). 
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The present study aims to assess degradation in DNA extracted from teeth samples of 12 

Sus scorfa specimens; a commonly used animal model in forensics. The teeth were 

subjected to a controlled temperature of 30°C (to simulate the average maximum 

temperature in Perth, Western Australia during the months December to March) in an 

incubator and were tested at five different time-points - days 0, 1, 6, 15 and 28. For some 

samples the dental pulp was able to be retrieved and for all samples the tooth was 

powdered.  

 

The DNA was extracted using phenol chloroform extraction methods and the extent of 

DNA degradation was assessed using polymerase chain reaction primer pairs targeting 

different expected amplicon lengths. The quantity of the DNA was measured using 

NanoDrop spectrometry and real-time PCR. 

 

The results from this study should provide an evaluation of the degree of DNA degradation 

in teeth as time elapses and potentially provide a basis for estimation of PMI using DNA 

from dental tissue. 
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2. LITERATURE REVIEW 

2.1 Post-mortem interval  

Estimation of post-mortem interval (PMI) is an important aspect of criminal investigations. 

Knowledge of the exact time of a homicide serves to support or refute the alibi of the 

suspect, aids in the death registration and also has implications in matters of inheritance in 

civil law (Henssge et al 1995). Many methods have been used in the past to determine PMI. 

These methods can be broadly divided into two types i) concurrence methods including 

those linking a known event such as the deceased‟s routine or date on artifacts found on the 

body to the time of death and ii) rate of change methods such as those involving the 

measure of the rate of change of a component of the body and its relationship with time 

post-mortem (Watson 2010). The rate of change methods that have been commonly used 

for estimation of PMI are discussed here. 

 

2.1.1 Pathological methods to estimate PMI 

Pathologists have used traditional methods such as the extent of the cooling of the body 

(algor mortis), stiffening of the body (rigor mortis) and pooling of blood in the lower parts 

of the body (livor mortis) to estimate PMI. Rigor mortis is generally expected to set-in 

within a couple of hours and lasts for about 72 hours after death. However, it has been 

documented that rigor mortis and livor mortis, although examined the most, are of least 

significance in reliably narrowing the window of estimation in PMI (Hensge 2004). 

 

The rate of body cooling has been an area of focus with respect to the estimation of PMI. A 

study conducted by Al Alousi et al (2001) used multiple-probe thermography to record 

brain, liver, rectal and environmental temperatures from 117 cadavers and compared these 

http://www.amazon.com/exec/obidos/search-handle-url/ref=ntt_athr_dp_sr_1?%5Fencoding=UTF8&search-type=ss&index=books&field-author=Claus%20Henssge
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over a period of time post-mortem. They concluded that post-mortem cooling is a 

complicated phenomenon, which can be expressed only through exponential calculations 

and that there is much variation in the rate of cooling at different sites within the same body 

as well as between different bodies. 

 

In another research study, brain tissue and rectal temperatures were used to create 

algorithms to estimate PMI within narrow limits. This study concluded that this method 

could estimate PMI with a 95% confidence level within the first 6.5 hours post-mortem 

after which the accuracy gradually decreased. The maximum estimate window for the 

method was 16 hours post-mortem (Henge and Madea 2004). Methods based on body 

temperatures are also limited by the influence of ambient temperatures, individual 

variability in initial temperature distributions and post-mortem exothermic reactions and 

heat loss (Watson 2010).  

 

The determination of viability of cells using trypan blue dye has also been used as a method 

to estimate PMI. In one study, cells were taken from various tissues of cadavers at different 

time-points post-mortem up to 300 hours. These included white blood cells (WBCs), and 

cells from spleen, lymph nodes, lungs, spermatozoa and from the bone marrow of sternum. 

These cells were then stained with trypan blue; a dye that has the property of only staining 

non-vital cells as it cannot penetrate intact cell membranes of live cells. This criterion was 

used to compare the proportions of the vital and non-vital cells to assess the correlation 

between cell viability and PMI. The only significant correlation between PMI and cell 

viabililty was found in the WBCs (Laiho and Penttila 1981). 
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Newer biochemical methods have been introduced that involve the measurement of 

concentrations of various ions in different body fluids. Virteous humour of the eye has been 

a prime focus of many studies (Monoz et al 2006; Ahi and Garg 2011). Ahi and Garg 

(2011) conducted a study to estimate potassium ion concentration in vitreous humour by 

flame photometry and found a linear relationship between potassium concentration and 

time since death within the period of 100 hours post-mortem. 

 

2.1.2 Entomological methods to estimate PMI 

Insect colonization of the cadaver starts soon after death and predictable waves of insects 

continue to colonise the remains, which provides the insects with a source of food. 

Consequently, entomologists have been determining PMI by associating time with the 

stages of insect lifecycles that are found on the corpse (Arnoldos et al 2005).  Forensic 

entomology is currently the “gold standard” for estimating PMI (Marks et al 2009). 

 

Payne (1965) described the various stages of decomposition in pig specimens and classified 

these as fresh, bloat, active decay, advanced decay, dry and remains stages. He found that 

in an outdoor environment during summer there was a clear insect infestation up to day 10 

(dry stage), after which there was no readily available food for the carrion insects and their 

presence overlapped with soil insect species. Evidently, it is in this early period of 

approximately 10 days during summer and slightly longer in winter that entomological data 

can be used to assess PMI. 
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Although entomological methods to estimate PMI have been found to be efficient, a 

number of limitations have been found. Catts (1992) mentioned the following as limitations 

in his study: 

 

1. Insect activity differs in harsh weather conditions and at night.  

2. Timing of blowfly oviposition (colonisation) is not certain and may vary. 

3. There is a mixing of various fly species and populations. 

4. The heat generated by the larvae, which forms the basis of calculations of estimated 

life cycle stages, can be affected by seasonal variation. 

5. Impact of species arriving out of sequence (rare).  

6. Availability of gravid blow fly recruits at the scene.  

7. Effect of drugs, toxins, and parasitoids on larval development.  

 

As is evident from this discussion, most of the commonly used methods for estimation of 

PMI are limited from a few hours to a few days post-mortem in their applicability and 

efficacy. 

 

2.2 DNA degradation and PMI 

2.2.1 Structure of DNA  

As shown in Figure 2.1, the DNA molecule is a double-stranded helix structure consisting 

of two complementary strands, each composed of a sugar phosphate backbone and 

nitrogenous bases. The two strands are connected by hydrogen bonds (non-covalent) 

between paired bases, adenine (A) with thymine (T) and guanine (G) with cytosine (C). The 

adenine and thymine bases are connected by two hydrogen bonds while guanine and 
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cytosine are connected by three (Watson and Crick 1953).The nitrogenous bases are bound 

to the sugar phosphate backbone with stronger covalent bonds (ed. Meyers 1995). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Double-stranded helical structure of nuclear DNA with a sugar phosphate 

backbone and nitrogenous bases (A,T,G,C) on each strand connected by hydrogen bonds 

to complementary bases on the other strand. Image taken from 

www.enchantedlearning.com. 

 

2.2.2 DNA markers targeted in forensics 

The nuclei of cells contain densely packed DNA in structures called chromosomes. Each 

chromosome has „coding‟ regions known as genes and „non-coding‟ regions. In humans, a 

large proportion of the DNA in the genome comprises non-coding or intergenic sequences. 

http://www.enchanted/
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The science of DNA identification is primarily based on targeting variable markers found 

in non-coding or intergenic regions that vary between individuals (Butler 2005). These 

markers vary on the basis of the sequence of the base pairs (nucleotide polymorphism) or 

their length (length polymorphism). On average, humans differ by approximately 0.1% 

(Butler 2005).  

 

Eukaryotic genomes are full of repetitive DNA sequences. The long repeat sequences may 

contain from hundreds to even thousands of bases in core repeats, referred to as satellite 

DNA. The repeats of medium length (10-100 bp) are known as VNTRs (variable number of 

tandem repeats) while the smaller repeats (2-6 bp) are known as STRs (short tandem 

repeats) (Butler 2005). 

 

STRs are markers typically targeted in genetic testing to produce DNA profiles for a 

number of reasons. Firstly, these can be detected as discrete alleles and compared directly 

to an allelic ladder making them amenable to direct comparison and analysis. Secondly, 

since STRs contain only small sequences, they can be used for degraded DNA samples. 

Also these can be used for multiplexing - the amplification of multiple loci simultaneously 

in the same reaction (Rudin and Inman 2002). Moreover, STRs are a common occurrence 

in the genomes of most organisms and all mammals, including humans, pigs, cattle, sheep, 

mice, and rats (Moran 1993). Mini-STRs are now also targeted in DNA profiling as the 

smaller amplicon size relative to the original STRs allows the typing of highly degraded 

samples and accordingly can increase the amount of evidence in a case. 
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2.2.3 Degradation of DNA 

As described in the previous sections, the components of DNA are bound together with 

covalent and non-covalent bonds. The breakage of the weaker non-covalent bonds results in 

the destruction of the helical structure of DNA and is known as denaturation. DNA can be 

denatured by exposing to high temperatures, low pH, or denaturing solutions (ed. Meyers 

1995). 

 

Increasing the severity of the conditions that cause denaturation not only destroys the non-

covalent bonds but also the covalent bonds, leading to destruction of the single strands 

themselves - a process defined as DNA degradation. Single strands are particularly 

susceptible to degradation by depurination (or removal of purines [adenine and guanine]) 

(ed. Meyers 1995). Therefore, DNA degradation is said to occur when extracted DNA 

yields fragments smaller than expected (Inman and Rudin 2002) or there is no intact or high 

molecular weight (HMW) DNA. 

 

DNA is known to degrade during the normal processes of chronological aging and death. 

Recently, studies have focused on DNA degradation and its relation to the process of 

chronological aging in living subjects (Hamilton et al 2001; Haussman and Vleck 2002). A 

study by Hamilton et al (2001) recorded the oxidative damage in DNA of rats as their 

chronological age increased. The levels of 8-oxo-2-deoxyguanosine, a chemical implicated 

in oxidative damage, was used as an indicator of degradation and was found to increase 

progressively with increase in chronological age. 
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Another study examined the correlation of telomere length to age in a group of Zebra 

finches (Haussman and Vleck 2002). Telomeres are short tandem repeats of DNA found at 

the end of linear eukaryotic chromosomes and their sequences, which are in the order of 

(T2AG3)n and are highly conserved. In this particular study, DNA from the blood of the 

finches was used and densitometry revealed that the mean telomere length decreased with 

advancing age. Telomeres have also been demonstrated to shorten increasingly with each 

cell division in fibroblasts and also in mouse and human tissues in vivo (Allsopp et al 1992; 

Harley et al 1990; Hastie et al 1990). Therefore assessment of telomere length has been 

suggested to be a potentially useful tool in age determination. 

 

2.2.3.1 Mechanism of degradation at cellular level 

DNA degradation has been found to be accelerated after the death of an individual. Cell 

death is initiated when the blood circulation of the body and oxygen perfusion to the cells 

ceases. The cell death process involves adenosine triphosphate (ATP) depletion and 

oxidative phosphorylation is taken over by anerobic reactions causing accumulation of 

acidic byproducts in the cells. The mechanisms involved in cell death are mainly apoptosis 

and necrosis. Which of these processes lead to cell death in an individual cell is dependent 

on a variety of internal and external factors (Alledini, Walsh and Abbas 2010). 

 

Apoptosis is an energy dependent programmed cell death, characterized by condensation of 

cytoplasm, loss of plasma membrane microvilli, segmentation of the nucleus, and extensive 

degradation of chromosomal DNA by the activation of endogenous endonucleases 

(Alledini, Walsh and Abbas 2010). Apoptosis is characterized by chromatin cleavage, 
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which results in fragments that are either HMW (>50 kilobases [kb]) or products of 

nucleosome size (~200 base pair [bp]) (Zhivotovsky and Orrenius 2001).  

 

Necrosis is a passive process characterized by increased cell volume, swelling of 

cytoplasmic organelles, and chromatin condensation, followed by rupture of the cell 

membrane. This eventually causes lysis of the cell organelles and attack by lysosomal 

enzymes (Alledini, Walsh and Abbas 2010). Therefore, necrosis causes haphazard DNA 

breakdown. Finally, cell death is caused by the activation of different intracellular enzymes 

including lipases, nucleases, and proteases (Alledini, Walsh and Abbas 2010). 

 

Zhivotovsky and Orrenius (2001) discussed the assessment of apoptosis and necrosis by 

various morphological and DNA fragmentation criteria. They incorporated a number of 

methods to distinguish between the two types of cell death namely Tryptan blue exclusion 

method, differential staining, Hoescht staining, TdT-mediated dUTP-biotin nick end-

labeling (TUNEL) and gel electrophorsis. They found that the apoptotic DNA presented a 

ladder-like pattern when analysed using agarose gel electrophoresis. The necrotic DNA on 

the other hand had a random smear-like pattern due to haphazard breakdown as seen in 

Figure 2.2.  
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Figure 2.2. Agarose gel electrophoresis image showing the difference between intact 

(lane 2), apoptotic (lane 1) and necrotic genomic DNA (lane 3). M = DNA marker with 

selected band sizes indicated on right side. MW = molecular weight. The DNA in the 

untreated sample in lane 2 appears as a single band of HMW. Image from 

http://www.currentprotocols.com/protocol/cb1803. 

 

2.2.3.2 Factors that affect DNA degradation 

As mentioned earlier, increase in temperature, low pH, exposure to certain counter ionic 

solutions are all factors that cause denaturation and degradation of DNA. Other 

environmental factors that increase the rate of DNA degradation include fluctuating 

temperatures, moisture, partial pressure of oxygen and other gases and the local chemical 

environment (Parsons and Weedon, 1997). For example, it has been found that high 

temperatures and humidity are factors that speed-up hydrolytic cleavage causing hastened 

degradation of DNA (Butler 2005). Micro-organisms in the environment can also 

contribute to DNA degradation. 

 

 

Necrotic DNA 

Untreated DNA 

 

Apoptotic DNA 

http://www.currentprotocols.com/protocol/cb1803
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Hoss et al (1996) studied DNA degradation in archeological specimens using gas 

chromatography mass spectrometry (GC-MS) and concluded that the least degraded DNA 

was procured from remains found in arctic and subantarctic regions while the maximum 

degradation was seen in remains from warmer regions of Europe, Egypt, Africa and 

America. 

 

The pH of the soil surrounding the tissues can also have an impact on DNA degradation. 

Lindahl (1993) concluded that a neutral or slightly alkaline pH of soil is the best for 

preservation of DNA. Acidic pH has been found to disintegrate even the hydroxyapatite in 

mineralized tissues such as bone and teeth causing faster DNA degradation. Sunlight and 

UV radiation have also been found to have a negative impact on DNA preservation. 

However, the susceptibility of the tissues to these factors is also influenced by their basic 

composition. 

 

A study was conducted on dental pulp to test if variables such as temperature, humidity, pH 

and soil type had a significant effect on procurement of HMW-DNA from pulp (Schwartz 

et al 1991). The extracted teeth were subjected to different conditions of pH (3, 7 and 10), 

temperature (4°C, 25°C and 37°C), humidity (20%, 66%, 98%) and soil type (sand, potting 

mix, garden soil). The teeth were also exposed to seawater, buried outdoors, aged from a 

period of a week to six months, and kept at room temperature for 16 to 19 years. It was 

concluded that none of these variables had a significant effect on the capacity to extract 

HMW-DNA from dental pulp except potting soil, which caused degradation so that no 

HMW-DNA was procured from teeth buried in potting soil except those that were 

maintained at a temperature of 4°C.  
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The study by Schwartz et al (1991) examined the utility of dental pulp for genetic 

fingerprinting in forensic cases and the impact that various environmental conditions would 

have on this property. The researchers tested the DNA by gel electrophoresis and then by 

restriction fragment length polymorphism (RFLP). A comparison of the RFLP profiles 

generated from DNA from dental pulp with blood profiles of the same individuals was done 

to determine what conditions would make the DNA pattern from dental pulp shift anodally, 

making genetic fingerprinting difficult. The present study evaluated degradation not only in 

dental pulp but also whole powdered teeth specifically aimed at determining degradation 

and its relation to PMI. Additional methods like end-point PCRs using primer pairs 

targeting different amplicon lengths and real-time PCR quantitation are employed to 

specifically evaluate DNA degradation over a period of time. 

 

2.2.3.3 DNA degradation and PMI 

It has been found that there is an inverse relationship between DNA recovery and PMI. 

Furthermore, DNA degradation occurs faster as temperature increases (Larkin et al 2010). 

 

In an early study on DNA degradation and PMI, Ogata et al (1989) analysed 33 post-

mortem muscle specimens using hypervariable and locus specific minisatellite probes with 

the RFLP method and concluded that 21% of the total DNA was degraded by day 1, which 

increased to 42% by day 8. They also found that while 90% of the samples were amenable 

to analysis up to day 3, only 30% remained amenable by day 8. The RFLP method is 

susceptible to degradation as it is reliant on assaying the distance between enzyme cutting 
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sites within the genome. DNA degradation would produce inconsistencies in the output as 

the DNA length between cutting sites would vary depending on the extent of degradation. 

 

Cina et al (1994) conducted a study where they compared gel electrophoresis and flow 

cytometry as methods for screening HMW-DNA in splenic cells from autopsy specimens. 

The samples were taken at daily intervals for four days. The researchers used propidium 

iodide to stain the cells and the fluorescence of the cells was recorded in a flow cytometer 

to generate a histogram. By this method, it was determined that little, if any, HMW or intact 

DNA remained in spleen by day four post-mortem.  

 

Di nunno et al (1998) conducted an experiment similar to that of Cina et al (1994) and 

found a constant relationship between time and DNA degradation, particularly in the first 

72 hours. However, they suggested that spleen was not a suitable tissue to examine longer 

PMI because of its tendency to degrade rapidly and suggested testing other tissues for 

longer PMI determination.  

 

In a recent study, Kaiser et al (2008) evaluated post-mortem degradation in bones that were 

between 1 to 200 years old. They used photometric estimation of DNA and PCR with three 

primer pairs targeting varying amplicon lengths (150 bp, 507bp and 763 bp). This study 

was based on the hypothesis that as DNA degrades, the HMW templates would break-up 

and consequently the larger amplicons would fail to amplify. The results of this study 

established that an inverse relationship exists between the fragment length that could be 

amplified and the PMI (Table 2.1). It was also demonstrated that DNA degradation 

proceeded rapidly within the first year resulting in the loss of most HMW-DNA. 
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Table 2.1 Presentation from the study of Kaiser et al (2008) highlighting an inverse 

relationship between amplicon size and ability to amplify older DNA.  

 

I-Inner portion of bone, M-middle portion of bone, O-Outer portion of bone. A “+” 

indicates a positive PCR result of the correct amplicon size and “–“ no PCR result. 

 

2.3 Teeth as a source of DNA 

Teeth have been used increasingly as a source of DNA in forensic and archaeological 

investigations. DNA in teeth is well protected within the hard tissue encasement of enamel 

and dentin and therefore more resilient to environmental insults as compared to DNA from 

soft tissues (Kim 1985). 
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2.3.1 Structure and anatomy of teeth 

Human teeth can be divided anatomically into two portions - the crown and the root. The 

crown is the portion visible in the oral cavity while the root is embedded in bone. The 

crown has an outer layer made up of enamel while the outer layer of the root is cementum. 

The enamel is acellular and highly crystalline consisting of hydroxyapatite crystals (95%) 

and very little organic material (5%) (Lindhe and Goldberg 1993). Enamel has the 

reputation of being the hardest material in the human body. The cementum of the root is 

50% organic and 50% inorganic in composition. Figure 2.3 shows the anatomy of a human 

tooth. 

 

                                         

Figure 2.3. The structure of a tooth showing the various layers and anatomical parts. 

Image taken from www.enchantedlearning.com. 

 

The inner layer of both the crown and root is formed by another hard tissue - the dentin. 

The dentin has a structure similar to bone but slightly more inorganic. By weight dentin is 

http://www.enchantedlearning.com/
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70% inorganic and 20% organic with the rest composed of water (Lindhe and Goldberg 

1993). The mineral content of dentin, like enamel, is mainly the crystal hydroxyapatite. 

Unlike enamel however, dentin is a cellular connective tissue and contains actively dividing 

cells known as odontoblasts. These odontoblasts continuously lay new dentin and form the 

inner core of the tooth pulp (ed. Bhasker 1990). 

 

The tooth pulp consists of soft connective tissue and is the nutritive and formative portion 

of the tooth. The pulp has three zones: the odontoblastic zone; the cell rich zone containing 

undifferentiated mesenchymal cells, macrophages and other immuncompetent cells; and the 

cell-free zone. Contained in the core of the pulp are blood vessels, nerves and lymphatic 

structures with their respective cell types (ed. Bhaskar 1990). The pulp and dentin are 

closely linked and together they form the vital portion of the tooth-the pulp-dentin complex 

(Lindhe, Karring and Lang 2003). 

 

Knowledge of the microanatomy of the tooth is important to understand how to obtain 

samples for DNA extractions (Presecki et al 2000). All portions of a tooth have been used 

for this purpose, namely the pulp chamber, dentine powder, dentine-cementum powder, 

cementum powder, adherent bone and periodontal fibers and whole teeth (Presecki et al 

2000). It has been implicated that although many methods are available for sampling DNA 

from teeth, the examiner needs to customize the approach for the particular case under 

consideration (Smith et al 1993). As is evident from the above description, it is the pulp-

dentin complex that contains the maximum concentration of nucleated cells and hence the 

DNA molecules. Although crushing the entire tooth has been found to yield maximum 

amount of DNA compared to other methods (Smith et al 1993), the dental pulp has been 
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reported to be devoid of PCR inhibitors and contaminants. In this study, where possible the 

pulp sample was separated from the rest of the tooth with the remainder crushed and used 

as a separate sample. 

 

2.3.2 Dental tissues and PMI 

Despite the fact that dental tissue can be preserved in extreme conditions, not much is 

known about the employment of dental pulp in the estimation of PMI. Early studies focused 

on the assessment of cytological stability of the dental pulp by histological examination by 

staining with carbol fuschin (Duffy, Skinner and Waterfield 1991). Human and pig teeth 

(extracted and embedded within jaws) were deposited on the ground and subsurface (30 

cms) in different seasons and variables such as ambient temperatures, rainfall, soil pH were 

all recorded. It was found that dental pulp cells had stable nuclei until four days during 

summer months and up to slightly over two weeks in winter. Furthermore, no significant 

differences in degradation were found between extracted pig teeth and human teeth and 

also between teeth that were embedded within the jaws. The authors suggested that in 

contrast to previous studies, which evaluated macroscopic changes in putrefaction with 

time elapsed after death; this study focused on the cytology of putrefaction and could form 

a platform for future studies on application of DNA in this context (Duffy, Skinner and 

Waterfield 1991). 

 

Dental pulp cell viability has also been evaluated post-mortem by measuring the 

concentration of lactate dehydrogenase, an enzyme released due to oxidative cell damage, 

and used as an indicator of loss of cell viability. In one such study, the researchers obtained 

a total of 42 dental pulp tissue samples from 14 unidentified corpses at 6, 12 and 24 hours 
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post-mortem. They used the stain trypan blue and light microscopy to test cell viability and 

supplemented their results by recording lactate dehydrogenase quantity in their samples 

using spectrometry. The results of this study indicated that 41.3% of the cells were viable 

after a period of 24 hours (Caviedes et al 2006).  

 

Boy et al (2003) investigated the value of using dental pulp tissue in the determination of 

PMI using flow cytometry. They found that pulp tissue exhibited minimal degradation by 

day 6 but they could not establish a constant relationship between time and DNA 

degradation during this short interval. 

Larkin (2010) utilized conventional PCR and the comet assay to examine the quality and 

quantity of DNA obtained over various post-mortem intervals in muscle, bone, whole teeth 

and teeth fragments. She collected her samples at 2 day intervals up to 22 days in summer 

and for the same time period in winter. Larkin found that a few comets were formed by day 

2 and necrosis was clearly evident by day 6 in her samples of porcine muscle. She did not 

find a simple relationship between the post-mortem intervals and preservation of DNA over 

a short time period. She also did not obtain consistent results with DNA extraction from 

teeth using the Chelex method and concluded that other methods of extraction of DNA 

from teeth must be investigated. 

 

Yet another study assessed DNA degradation in human teeth over periods of 0, 2, 5 and 10 

years based on the detection of allelic dropouts in PCR. Allelic dropout is a term used to 

describe the failure of amplification of certain alleles (different forms of a marker or gene) 

by PCR because of deterioration of the quality or quantity of input DNA. Therefore, alleles 

of a larger size that amplify intact DNA slowly drop-out as DNA degrades and this 
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phenomena can be used as an indicator of the quality of DNA or assessment of DNA 

degradation. The results of this study revealed that the maximum degradation occurred in 

the first 2 years. The workers suggested the need to sample at shorter post-mortem periods 

(Rubio, Martinez and Martinez 2009). 

 

Recently, a study was undertaken to evaluate the dynamic changes in odontoblasts seen 

after death and its association with PMI. It was the estimated that the time of survival of 

odontoblasts was approximately five days and it was concluded that these characteristics 

could serve as an additional parameter in estimation of PMI (Vavpotic et al 2009). 

 

2.4 Evaluation of DNA quality and quantity 

DNA quality and quantity has been found to deteriorate in remains of subjects after death. 

Consequently the measure of quality and quantity of DNA has been considered as a 

promising tool in determination of PMI (Cina et al 1994). The rationale behind this is the 

knowledge that after cessation of blood supply to a cell, the DNA contained within starts to 

disintegrate. It has also been observed that HMW DNA gradually becomes fragmented and 

undetectable using laboratory methods (Cina et al 1994). The deterioration of DNA is 

attributed mainly to depurination or removal of purines (adenine or guanine) from the DNA 

molecule by hydrolysis. 

 

Smith et al (2001) examined the survival of DNA in ancient Neanderthal fossils. They 

assumed that depurination alone was responsible for degradation of DNA and calculated 

the thermal years (years required for DNA degradation at a constant temperature of 10°C) 

of the samples. The conclusion was that bones greater than 17,000 thermal years failed to 



22 
 

yield DNA. However it was emphasized that thermal years are not the only factor that 

affects DNA degradation. 

 

2.4.1 Techniques for detection of DNA damage 

A variety of different techniques can be used to measure DNA degradation. Single gel 

electrophoresis (comet assay), flow cytometry, TUNEL assay, fluorescence in situ 

hybridization (FISH), high performance liquid chromatography (HPLC), electroscopy and 

tandem mass spectrometry and PCR (multiplex PCRs and/or real-time) are some methods 

that have been used for the detection of DNA damage (Kumari et al 2008).  

 

The comet assay is a cell based technique in which a small number of cells are suspended 

to form a single layer in low melting agarose gel on a microscopic slide. The cells are then 

lysed using various solutions and subjected to an electric field after staining with a 

fluorescent dye. The electric current causes the relaxed or broken DNA strands in the cell 

nuclei to migrate towards the positive pole (as DNA is negative). This results in the nuclei 

assuming a comet shape (Fairbarn, Olive and O‟Neill 1995). It has been stated that the 

comet assay is an established method of DNA damage detection (Ross et al 1995) and this 

technique has also been applied to estimation of PMI (Johnson and Ferris 2002). However 

there are a number of limitations of the comet assay. Firstly, this technique requires an 

appropriate sample to be able to create a suspension of cells in a single layer. Secondly, this 

assay is not sensitive to cross-linking damage and therefore the absence of a comet tail does 

not necessarily affirm that the DNA is intact (Yuquan, Takeshita and Morimoto 1997). 

Moreover, this assay is unable to detect DNA fragments smaller than 50 kb and apoptotic 
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cells, as these are washed away during lysis and electrophoresis. Mitochondrial damage 

also cannot be assessed due to the small size of mitochondria (Nossoni 2008). 

 

Flow cytometry is also used to assess DNA degradation and is based on the detection of a 

signal following exposure of DNA nuclei stained with propidium iodide to a laser beam. 

The nuclei emit a fluorescence that is proportional to the amount of stain that they take up, 

which in turn is proportional to the amount of intact diploid DNA strands present. 

Histograms are generated with the number of cells with a given DNA content on the Y axis 

and the content of DNA or the intensity of fluorescence on the X-axis. The control peak 

represented by 2n is used as a reference and an estimate of DNA degradation is made with 

reference to the control peak - degraded cells containing less than 2n DNA (Cina et al 

1994). The limitations of flow cytometry include the need to suspend the cells into a fluid 

layer for which cells have to be disaggregated using enzymes. It also has a low throughput 

rate i.e. it can only analyse a few thousand cells per second and is an expensive method 

requiring high level of training. 

 

The TUNEL assay is another technique that is used to detect DNA degradation. In this 

technique fragmentation is detected by the fluorescent signal attached to the free ends of 

DNA fragments, which are then observed under a fluorescence microscope (Kumari et al 

2008). The main limitations of this assay are that it is expensive and there is loss of 

fragmented DNA during staining (ed. Janigro 2006). 

 

As described earlier, telomeres are short tandem repeats of DNA found at the distal ends of 

linear eukaryotic chromosomes that run in a 5‟ to 3‟ direction and their sequences are 
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highly conserved within species. Telomeres become shorter with every cell division and 

numerous studies have found a correlation between telomere length and chronological age 

in living individuals (Hampson 2003).One popular method to examine telomeres is 

fluorescence in situ hybridization (FISH). This technique uses a fluorescent labeled probe 

that attaches to the target sequences and emits fluorescence proportional to the number of 

target DNA sequences present. FISH has been used to measure the relative amount of 

telomeric DNA as an indicator of DNA damage and the length differences have been 

accurately quantified (Schulze et al 2000). 

 

HPLC and GC-MS are two methods commonly used in analytical chemistry and 

biochemistry and are also used to detect DNA damage. 

 

 HPLC uses a column made of different types of stationary phases and a mobile phase (used 

as a carrier for the analytes). A pump is used to move the mobile phase and analytes 

through the column and a detector detects the retention time for the analytes as they pass 

through the column. The retention time of the analytes varies with their strength of 

interaction with the stationary phase and is therefore comparable to the concentrations of 

analytes. In the context of DNA damage detection, HPLC is mainly used to detect the 

concentration of 8-hydroxydeoxyguanosine (8-OHdG), a substance formed after enzymatic 

hydrolysis of DNA (Kaur and Halliwell 1996). The retention profile of this product is 

captured by a computer program and gives an estimate of the relative concentration of 

DNA in samples. A comparison of the relative concentrations would enable evaluation of 

degradation.  
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GC-MS is based on the principle of gas chromatography and generation of a mass spectrum 

that identifies the different substances in the sample. For DNA damage detection, first the 

DNA undergoes acidic hydrolysis, followed by derivatization (conversion of polar bases 

into thermally stable derivatives) of the modified bases (Kaur and Halliwell 1996). These 

derivatives are able to produce a mass spectrum, which is indicative of the relative 

quantities of DNA present in the samples. However, this method tends to overestimate the 

damage as higher temperatures are used during derivatization, which can cause DNA 

degradation. 

 

2.4.2 Polymerase Chain Reaction (PCR) 

As early as 1984, Alec Jeffreys discovered “DNA fingerprinting” or the science of personal 

identification (Rudin and Inman 2001). As DNA has became an integral part of the criminal 

justice system a number of studies were conducted to enable scientists to preserve DNA 

evidence and to procure DNA from samples that were not well preserved. Alongside came 

the development of PCR by Kary Mullis in 1986; an invention that revolutionized 

molecular biology. This technique enabled high fidelity in multiplication of a specific 

section of the DNA molecule and therefore allowed information to be gleaned from 

miniscule amounts of starting DNA. Using PCR, DNA information could be obtained from 

degraded samples that would ordinarily be deemed refractory to analysis (Rudin and Inman 

2002). 

 

Initially in Forensic Science, the PCR was performed to amplify degraded DNA and aid in 

the identification of cadaveric remains. During these studies it was observed that the PCR 

was able to amplify smaller genetic loci in degraded samples but failed to amplify larger 
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loci. This finding opened-up a fresh perspective for some researchers who used this fact to 

assess DNA degradation and quality in samples in an attempt to estimate PMI (Cina et al 

1994; Foran 2006). 

 

The process of PCR involves the following steps: 

 Denaturation: the double-stranded DNA molecule separates into single strands 

under high temperature (~95
o
C) 

 Annealing: primers (string of synthetic nucleotides) anneal to the complementary 

bases of the single-stranded DNA at specific regions – flanking an area of interest 

(temperature usually between 50-62
o
C ) 

 Extension: nucleotides are added by the thermostable Taq polymerase in the 

presence of Mg
2+

 to form DNA strands complementary to the original (72
o
C). 

 

These steps are repeated a number of times manufacturing millions of copies of the original 

segment. Furthermore, the PCR reaction can be broken down into three phases - the 

exponential or log phase where the products are doubling at the end of every cycle, the 

linear phase when the reaction components are being consumed and the reaction is slowing 

down, and the plateau phase when the reaction stops and no more products are generated 

(Figure 2.4).  
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Figure 2.4. Phases of the PCR. The vertical axis represents the amount of PCR product 

and horizontal axis the number of cycles. Image taken from www.currentprotocols.com. 

 

2.4.2.1 Estimation of DNA quality using PCR 

Although STRs are capable of being amplified from degraded samples there is a limit 

beyond which such amplifications become impossible. For successful amplification it is 

mandatory that the DNA template is sound enough for the primers to bind during PCR. The 

more degraded the sample, the less chance of a successful PCR. 

 

A number of experiments have shown an inverse relationship between the size of the locus 

and successful PCR amplification from degraded samples. Therefore, the targeted STR loci 

with larger sized amplicons are first to drop-out of multiplex PCR amplifications. This 

theory has been applied in a number of studies that aim to assess the quality of DNA in the 

context of the time elapsed after death (Larkin et al 2010; Watson 2010). 
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Larkin (2010) examined the use of DNA technology, conventional PCR, histological 

studies and comet assay to porcine tissues as a method of estimating PMI. She conducted 

her experiments on muscle, teeth and skeletal DNA taken from pigs. Three pig carcasses 

were used in her study - two of them above the ground and one buried over a period of 22 

days in summer and the same period in winter. The primers used in this study targeted the 

pig growth hormone (PGH) gene and the STR marker STR 0651. The PGH primer pair 

used in this research has an expected fragment size of 193 bp. The STR 0651 primer pair 

produce an expected fragment size of 155 bp. The concept of accumulated degree days 

(ADD) and accumulated degree hours (ADH) was used in this study. This was done to 

compensate for environmental variations of temperature. ADH is defined as the sum of the 

hourly temperature minus the minimum threshold and ADD is defined as the average of the 

sum of the maximum daily temperature plus the minimum temperature minus the minimum 

threshold. This study did not find any simple relationship between sample age and degrees 

of DNA preservation.  

 

In another study, PCR using nine randomly amplified polymorphic DNA (RAPD) primers 

and three sets of primers targeting conserved regions of the pig genome were performed to 

determine their usefulness in assessing the degree of DNA fragmentation. Tissue samples 

(tongue, skin and blood) from seven domestic pigs (Sus scrofa) were used in this 

experiment. These samples were incubated under controlled laboratory or uncontrolled 

field conditions to simulate a forensic case. The samples were analysed using spectrometry, 

fluoresecent dye DNA quantification, gel electrophoresis and PCR. Four amplicons of 

lengths varying between 116 to 1300 bp were selected and PCRs were performed. The band 

intensities of the PCR products were run on a gel and analysed by specially designed 
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software over a period of 300 ADH. Some of the results of the study are shown in Figure 

2.5. It can be seen that the larger alleles show sequentially decreasing intensities with 

increasing time. The total intensities of all the bands also generally show a decrease as time 

elapses. The authors concluded that this method using the discriminating power of different 

sized alleles can be a useful tool in estimation of PMI particularly in the window of 72 

hours after death in the tissues studied (Watson 2010). 

      

  

Figure 2.5. Relative band intensities (y-axis) of four primer pairs targeting different 

amplicon lengths (represented by four different colours) over a period of ADH 

(accumulated degree hours [x-axis]). There is a decrease in band intensities of the larger 

alleles with increase in ADH (Watson 2010). 
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A similar study was recently conducted using the same primers as Larkin (2010) but as a 

means of estimating DNA degradation after various degrees of burn (Dukers 2011).The 

results obtained were not indicative of an increase in DNA degradation with severity of 

burn stages. Moreover, the study did not find the DNA in teeth or bone to be more 

protected in the burn experiments than muscle. However, the difference in amplicon size of 

34 bp between the primers tested was not sufficient to reflect major differences. It was 

suggested that the primer pairs used to analyse DNA degradation by allelic dropout in PCR 

should have at least a difference of 100 bp in amplicon length (Dukers 2011). 

 

2.4.2.2 The development of Real-time PCR for DNA quantitation 

As PCR technology advanced, efforts were made to apply PCR for the quantitation of DNA 

and RNA. The initial approaches for quantitation of PCR products required measuring the 

quantity of DNA products during the plateau phase after the exponential phase – end-point 

PCR detection (Figure 2.6). However, these methods were able to quantify the end 

products, not the input amount of DNA sample. 

 

To partly overcome this problem quantitative competitive PCR (QC-PCR) was developed. 

In this method, a known internal control or competitor was included in each reaction 

(Becker-Andre 1991). At the end of the reaction, the products of the sample and the 

competitor were compared. However it was mandatory that the target sample and 

competitor DNA be amplified with equal efficiency to make a fair estimate of the quantity 

of the target sample. 

 



31 
 

Real-time quantitative PCR was developed to overcome the problems faced in the previous 

techniques. By definition real time PCR is “the continuous collection of fluorescent signals 

from one or more polymerase chain reactions over a range of cycles” (Dorak 2007 p3). The 

technique either uses labeled probes or intercalating dyes that are specific for double-

stranded DNA. 

 

The simplest and cheapest form of this technique is based on the intercalation of double-

stranded DNA binding dyes (Klein 2002). The SYBR green dye is one of these dyes and 

has been used in this study. The SYBR green dye binds only to double-stranded DNA. 

Initially, the signal emitted by the dye is very weak but it doubles with every stage in the 

exponential phase and is amenable to detection (Ponchel 2007). 

 

 

Figure 2.6. Different points of detection of products in traditional PCR and real-time 

PCR. Taken from http://www.appliedbiosystems.com. 

The reporter probe assay is based on the 5‟ nuclease activity of Taq polymerase (Holland et 

al 1991) using a dual labeled non-extendible fluorogenic probe. On one end of the probe is 

a reporter dye having a shorter wavelength (usually green) while at the other end is a dye 

http://www.appliedbiosystems.com/
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having a longer wavelength (usually red). Before the action of the polymerase enzyme in 

the PCR, the fluorescence of the reporter dye is masked by that of the quencher dye. The 

probe binds to its specific DNA template after denaturation and annealing of the primers. 

The next step is the addition of nucleotides to the template by the Taq polymerase. In order 

to do this the Taq polymerase displaces the flourogenic probe. This separates the quencher 

and reporter dyes and allows the reporter to emit its energy as fluorescence. This energy is 

captured by a camera and quantified by computer software and is proportional to the 

number of times this process is repeated; hence to the starting amount of template DNA. 

This data is converted into a graph and a logarithmic calculation indicates the quantity of 

starting DNA (Heid et al 1994). 

 

2.4.3 Spectrometry and Gel electrophoresis 

2.4.3.1 Spectrometry 

The NanoDrop spectrophotometer (NanoDrop Technologies Inc.) is a device that is 

commonly used in forensics to estimate the quantity of nucleic acids as it allows a quick 

turnaround time, is inexpensive, requires only a small amount of starting material and does 

not need reagents. The model used in this study was the ND - 1000. This is a full spectrum 

spectrometer that measures samples as small as 1µl with accuracy and reproducibility. The 

ratio of absorbance or the 260/280 ratio is used to assess the purity of DNA and RNA. A 

ratio of approximately 1.8 is generally accepted as pure DNA while approximately 2 is 

accepted as pure RNA. Values below 1.8 are found in DNA samples contaminated with 

proteins and more than 2 with RNA. The ratio can also provide an indication of the co-

purification of contaminants including from the sample itself or during the extraction 

process (e.g. phenol). 
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2.4.3.2 Gel electrophoresis 

Gel electrophoresis of DNA is a popular, inexpensive method used for estimating the 

quality of DNA fragments from extracted DNA. The gel has the ability to resolve the 

fragments of the nucleic acids when subjected to an electrical field. DNA fragments, being 

negative, migrate towards the positive end of the electrode. The mobility of the fragments is 

inversely proportional to the size, the larger fragments remaining closer to the wells and the 

smaller ones migrating further away (Lumpkin et al 1985).  

 

The agarose gel is impregnated with ethidium bromide dye (intercalates into the DNA), 

which fluorescences when exposed to UV radiation and it is then photographed. This 

method was used in this study to assess the quality of extracted DNA as well as the PCR 

products. As opposed to other methods of analysis, gel electrophoresis allows the user to 

clearly see degraded (smearing) versus non-degraded DNA (single band at HMW). 

 

The latest developments in electrophoretic analysis include microchip electrophoresis 

analysis systems. These systems have the advantage of being faster, less laborious and less 

hazardous as they do not involve handling dyes like ethidium bromide. These systems 

utilize a number of microchips in parallel, for the electrophoresis of RNA and DNA 

samples. Fluorescent stains such as SYBR Gold® are incorporated for detection of the 

products and the results are displayed as digital gels and electropherograms. One such 

popular system is the MultiNA (Shimadzu). A study conducted for validation of the 

MultiNA system concluded that although the system had higher reproducibility and 
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increased resolution as compared to gel electrophoresis, it did not have higher sensitivity 

(Bekaert et al 2009). 

 

2.5 Research hypothesis and aims  

2.5.1 Hypothesis 

The hypothesis of this study is that there is a direct correlation between the time interval 

that DNA is exposed to the environment and the amount of DNA degradation that occurs. 

Therefore, the findings from this study will lay the foundation for the use of DNA 

degradation from dental tissue for the estimation of PMI. 

 

2.5.2 Aims 

The main aims of this study are to i) assess the degradation of nuclear DNA from porcine 

dental tissue at five different time points at an average temperature for Perth, Western 

Australia for the months of January to March, ii) attempt to examine the relationship of 

time elapsed and DNA degradation by utilizing several methods, iii) compare quality and 

quantity of DNA from dental pulp with that of mechanically powdered whole teeth.  

 

Specifically, the methods to be used in this study to address the aims include: 

a. Assessment of the quality of DNA  

 Conventional and real-time PCR targeting amplicons of different sizes, 

 Gel electrophoresis; 
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b. Assessment of quantity of DNA 

 NanoDrop spectrometry, 

 Real-time PCR. 
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3. MATERIALS AND METHODS 

This chapter presents a description of the procurement and processing of samples before 

analysis and the methods used to assess DNA quality and quantity. 

 

3. 1 Materials  

3.1.1 Sus scorfa specimens 

This study involved the analysis of teeth from 12 pig (Sus scorfa) specimens. Pigs were 

used as a surrogate for humans as they are similar to humans in their size and anatomy. In 

this particular study we focused on the dentition of pigs, which has also been found to be 

akin to that of humans in anatomy. An adult pig usually has 44 teeth (22 in each jaw) while 

humans have 32 teeth (16 in each jaw). In pigs there are 3 incisors, 1 canine, 4 premolars 

and 3 molars in each quadrant i.e. half the jaw, while a human quadrant consists of 2 

incisors, 1 canine, 2 premolars and 3 molars. 

 

Importantly, no differences have been observed in the rates of decomposition of cell nuclei 

from extracted human teeth and pig teeth. Moreover, the rate of decomposition of cell 

nuclei does not differ whether the teeth are embedded in jaws or are extracted and then 

allowed to decompose (Duffy, Skinner and Waterfield 1991). 

 

As a positive control for PCR, fresh blood was taken from pigs and mixed with 

anticoagulant 6% EDTA (100µl for 4 ml of blood). Blood was chosen as the positive 

control as it typically produces HMW DNA and the fresh samples would have limited 

degradation. 
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The animal ethics committee of UWA was informed regarding the use of animal carcasses 

in this project. No additional approval was required from the UWA Animal Ethics 

Committee. 

 

3.1.2 PCR Primers 

The primers used in this study were supplied by GeneWorks Pty Ltd. Three primers pairs 

were used in this study - a primer pair targeting the pig growth hormone (PGH) gene 

(JN032304) Larkin (2010), a second primer pair targeting the pig interferon gamma (IFN- ) 

gene (X53085) (Moran 1993), and a third primer pair targeting the 12S rRNA gene 

(GQ338937) (Martin et al 2009). 

 

The growth hormone is secreted by the anterior pituitary gland in all mammalian species 

and its function is to control normal growth and development (Abdel-Mguid et al 1997). 

Given the importance of this gene it is conserved within a species and shares significant 

similarity between species. The primer pairs are complementary to nucleotides in the 

promoter region of the gene. The expected fragment size for the PGH PCR is 193 bp. The 

sequences of the PGH primers are PGH-F 5‟ TCAAGCTGAGACCCTGTGTG 3‟ and 

PGH-R 5‟ TTTGGGCCCTTTTTATACCC 3‟ (Larkin et al 2010). 

 

The IFN-  gene encodes for a protein that is a chemical mediator and has an important role 

in innate and adaptive immunity. Accordingly, it is also well conserved within species. The 

primers used are located in intron 3 of the gene. The sequences of the primers are IFN- F 

5‟ TGTTCAGTGGGTTAAGGATCG 3‟ and IFN -R 5‟ TTCCCTACACCCTGCCTTC 

3‟(Moran 1993) The expected fragment size of the IFN PCR is 399 bp (Moran 1993). 
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The third pair of primers, 12SCerdDIR and 12SCerdINV, are porcine specific and designed 

by Martin et al (2009) based on 12S rRNA gene sequences from various animal and plant 

species available in the Genbank database. These primers were designed to amplify a target 

of 75bp and were used in the real-time PCR.  

 

3.1.3 Reagents  

Specific details of all reagents and chemicals used in the research and their preparation 

methods are presented in detail in the appendix I. 

 

3.2 Methods 

3.2.1. Procurement of teeth samples 

Twelve fresh pig heads were stored in freezers at temperatures below -20°C for 

approximately 2 weeks and then removed for teeth extraction. Pig heads were labeled 1-12. 

 

For pig head 1 an attempt was made to extract teeth while frozen to avoid any DNA 

degradation due to the thawing of the specimen. However, a problem was encountered in 

cutting through frozen bone to remove intact teeth and therefore the remaining pig heads 

were left to thaw at room temperature for approximately 24 hours to facilitate tooth 

extractions. Pig head 9 was thawed for approximately 44 hours due to unavoidable 

circumstances. 
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After extraction from the pig heads the teeth were stored at -20°C until further analysis. 

The teeth were then kept in an incubator at a constant temperature of 30°C. One or more 

teeth from each of the 12 animals were taken out at each of the five time-points - days 0, 1, 

6, 15, 28 and frozen again at -20°C as teeth extraction for all samples could not be 

conducted at the same time.   

 

A temperature of 30°C was chosen for incubation based on the average maximum 

temperature for Perth, Western Australia during the months of December to March 

(average maximum temperature 28.7, 30.7, 31.2 and 29.5, respectively; 

http://www.weatherzone.com.au). Admittedly, this is different from the actual variation in 

temperature that occurs in daily temperatures alternating between maximum and minimum. 

However, given the number of limited pig heads and different time-points examined, we 

selected the average maximum temperature of the hottest months in Perth assuming that the 

results for this study would reflect the greatest expected degradation of DNA for these 

days. 

 

3.2.2 Treatment of teeth 

To remove traces of exogenous DNA and other potential inhibiting substances on the 

surface of the teeth, each extracted tooth was wiped with 0.5% sodium hypochlorite 

solution using gauze and then thoroughly rinsed with sterile H2O for 5 minutes and air-

dried. The teeth were not subjected to UV radiation as it has been reported that short wave 

UV radiation can inhibit annealing of the double-stranded DNA and cause a hindrance in 

PCR (Hummel and Hermann 1994). 
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Each tooth was horizontally split using sterile dental burs (Figure 3.2) and the dental pulp 

tissue was extracted using sterile barbed broaches (Figure 3.3 [A-D]). The remainder of the 

tooth was crushed using a mortar and pestle. The pulp and powdered tooth samples were 

collected in separate eppendorf tubes and stored again at -20°C until further analysis. It has 

been reported that pulp tissue obtained by this method gives better quality DNA as steps 

such as decalcification that are necessary when crushing whole teeth are omitted (Tilotta et 

al 2010). Moreover, dental pulp has been found to be devoid of PCR inhibitors even in 

ancient specimens (Woodward et al 1994). 

 

 

Figure 3.1. Removal of muscle layers to expose the teeth in order to extract intact pig 

teeth. 

 

 

Removal of muscle layers using 

forceps 

Pig teeth exposed for extraction 
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Figure 3.2. Horizontal sectioning of a pig tooth to retrieve pulp. 

 

Pulp could not be retrieved from all teeth as some teeth were very small in size and the pulp 

dried-out in samples subjected to longer time periods. Where possible, PCR was performed 

on the separated pulp samples. 
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Figure 3.3 (A-D). Retrieval of dental pulp using a barbed broach and transferal into an 

eppendorf tube. 

 

3.2.3 DNA extraction methods 

3.2.3.1 Decalcification of powdered tooth samples 

Decalcification of powdered teeth samples was performed at room temperature as 

recommended before extracting DNA from calcified structures such as bones and teeth. 

Decalcification enables access to the DNA containing cells, which are entrapped within the 

mineralized matrix (Hummel and Hermann 1994).Before decalcification, the powdered 
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teeth were weighed using a metric balance and the weight was noted. The entire tooth 

powder was added to 1ml of 0.5M EDTA pH 8 and incubated overnight. 

 

The samples were centrifuged at 371 rcf (x g) for 3 minutes and the supernatant and pellet 

were carefully separated. The pellet was then subjected to the process of digestion in 

extraction buffer (Kuch et al 2007). 

 

3.2.3.2 Digestion of the teeth samples 

Extraction buffer was used to digest the samples. Extraction buffer typically contains Tris-

HCl, EDTA for chelating calcium ions to break the cell wall and stabilize DNA and a 

sodium or potassium salt to create an isotonic environment for stabilization of free nucleic 

acids. Proteinase K is added to digest the proteins in the cells (Hummel and Hermann 

1994). In this study, 1ml of extraction buffer preheated to 56° C and 20 l of proteinase K 

(20mg/ml) was added to each tooth pellet and the sample was thoroughly mixed by 

vortexing. The sample was then placed on an orbital shaker, and incubated overnight at 

56°C to expose all powder particles to the extraction mixture.  

 

Each pulp sample was mixed with 500 l of deionized water. It was then mixed and 

centrifuged on maximum speed for 5 minutes. The supernatant liquid was discarded and the 

same process was repeated three times (Presecki et al 2000). Four hundred microlitres of 

extraction buffer (preheated to 56°C) and 20 l of proteinase K (20mg/ml) was then added 

to the sample and the mixture was vortexed to mix thoroughly. The mixture was incubated 

overnight at 56°C on an orbital shaker. 
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3.2.3.3 Phenol Chloroform extraction 

Several DNA extraction methods can be used to extract DNA from tooth samples: organic 

methods using phenol chloroform; the Chelex method; and silica particles or membranes. 

In this particular study an organic method was used. The organic method is capable of 

yielding HMW DNA (Butler 2005; Kochl et al 2005) and is relatively inexpensive 

compared to methods using silica particles and membranes. Furthermore, the organic 

method is the method of choice for forensic samples and samples containing PCR inhibitors 

and those that may have undergone DNA degradation (Kochl et al 2005). However, the 

drawbacks of the organic method are that it is time consuming, uses hazardous chemicals 

and needs multiple tube transfers increasing the risk of human error and contamination 

(Butler 2005). 

 

The principle behind the organic method is that once the DNA is released from the nuclei 

and cells using extraction buffer, the addition of phenol chloroform facilitates separation of 

the proteins from DNA - DNA being more soluble in the aqueous portion of the organic-

aqueous mixture and separates from the rest of the cell debris during centrifugation and is 

suspended in the aqueous phase. The aqueous phase that contains DNA is then transferred 

into a new tube (Butler 2005). This process is repeated a number of times to enhance the 

purity of DNA. 

 

In this study, 1ml of phenol chloroform isoamyl (25:24:1) mixture was added to the 

digested samples in an eppendorf tube (500 l was added for the pulp samples). After 

gentle mixing (by turning upside down), the mixture was centrifuged at 15682 rcf (x g) for 
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3 minutes. The upper aqueous layer was removed and transferred to a new tube. The above 

steps were repeated twice. To remove phenol traces 1 ml of chloroform (500 l for pulp 

samples) was added to the samples. The samples were then centrifuged at 15682 rcf (x g) 

for 3 minutes and the supernatant transferred to a new eppendorf tube (Yahya 2008). 

 

3.2.3.4 Isopropanol precipitation 

Alcohol precipitation helps to remove the amount of RNA in the sample. Rinsing the DNA 

pellet in 70% ethanol further washes away the phenol and residual salts (Strauss 2001). It 

has been reported that using cold isopropanol instead of ethanol for precipitation helps to 

significantly reduce potential PCR inhibitors (Hanni et al 1995). 

 

In this study, cold isopropanol was added to the samples in the ratio of 1:2. The solution 

was mixed gently by turning upside and then kept at -20°C for 20 minutes. The sample was 

centrifuged at maximum speed for 15 minutes. The supernatant was carefully discarded and 

500 l of 70% ethanol was added to the pellet. The solution was mixed and centrifuged for 

15 minutes at maximum speed. The supernatant was discarded and the pellet was air-dried 

for 20 minutes. The dry pellet was resuspended in 100 l of TE Buffer. 

 

3.2.4 Analysis of porcine teeth DNA degradation 

3.2.4.1 NanoDrop and gel electrophoresis 

3.2.4.1.1 NanoDrop 

A calibrated spectrometer was used with the software provided by the manufacturer to 

estimate the quantity of nucleic acids in the extracted DNA samples. The loading pedestals 
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were wiped clean and the general blank was set using distilled water and then using TE 

buffer, which was used as a solvent for the extracted DNA pellet. The pedestal was wiped 

again and 2 l of each sample was loaded onto the pedestal to determine the concentration 

of nucleic acids (260nm) and purity (260/280). Most samples were tested in duplicates. 

To determine significant differences between mean values, an ANOVA was used with a 

post-test Bonferroni to compare each set of time-points. Significance was set at p<0.05. 

 

3.2.4.1.2 Gel electrophoresis of DNA samples 

All DNA samples were run on a 2% agarose gel, subjected to an electric field and then 

visualized using UV light. Briefly, 8 l of ethidium bromide (10mg/ml) was added to a 300 

ml bottle of 2% agarose and then covered with aluminium foil to protect from light. When 

needed, the gel was liquefied in a microwave. A comb was placed in a gel forming tray of 

appropriate size and the liquefied agarose gel was poured into it and allowed to solidify. 

Once the gel was solid, the comb was removed and the gel along with the tray was placed 

in an electrophoresis unit and covered with 0.5% TBE buffer. Ten microlitres of each 

sample was loaded along with 5 l of loading buffer, with 5 l of 100bp ladder used in each 

run as a standard. The electrodes were connected with the negative end towards the wells of 

the gel and a voltage of 110V was established. The gel was run for approximately 30-45 

minutes. The gel was placed on a closed machine with UV- light and photographed with a 

gel-doc camera (ChemDox  XRS
TM

 170-8070, Biorad ). 
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3.2.4.2 Use of the PCR for evaluation of DNA degradation 

3.2.4.2.1 Optimisation of different primer pairs  

A series of trials were performed to test the appropriate PCR conditions for the different 

primer pairs. The conditions for PGH primers had already been optimized by Larkin (2010) 

but were re-tested to confirm their suitability. A gradient of temperatures and three different 

MgCl2 concentrations (3mM, 2.5mM and 1.5 mM) were attempted as part of the gradient. 

Similar trials were done to optimize conditions for the IFN-  primer pair.  

 

3.2.4.2.2 Establishing lower DNA concentration threshold for different PCR conditions 

Serial dilutions of the positive control were examined using the different primer pairs to 

identify the lower limits of the different PCR conditions for the primer pairs. 

 

3.2.4.2.3 Simulation of DNA degradation to assess different PCR conditions 

Sonication (use of ultrasonic waves) of control high molecular weight DNA can be used to 

simulate degraded DNA by producing DNA fragments of known ranges of length. This 

technique was used to obtain degraded DNA to understand the conditions of and optimize 

STR profiling of forensic samples (Bender et al 2004). Here, sonication of the positive 

control samples was used to establish the proficiency of amplification of the primer pairs 

with samples of varying fragment length – simulating different degrees of degradation. 

After nebulisation of samples they were diluted in CSL water (1µL of sample to 4 µL of 

water). DNA 2,500 kit (Shimadzu, Cat #292-27912-91) containing buffer and marker 

specific for the DNA 2,500 protocol were used along with the pGEM® molecular weight 

marker (Promega, NSW, Australia Cat #PR-G1741) and SYBR® Gold (Invitrogen, Vic. 
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Australia, Cat #S11494). These samples were then processed in the MultiNA (Shimadzu) 

microchip electrophoresis system.The DNA 2,500 on chip protocol was used per the 

manufacturer‟s instructions. 

 

3.2.4.2.4 End-point PCR using pig samples 

For the PGH primers, PCR was performed with a final volume of 20µl on a Gene Amp 

PCR System. The samples were subjected to an initial step at 95˚C for 10 minutes followed 

by 35 cycles consisting of a denaturing step of 95˚C for 15 seconds, an annealing step of 

54˚C for 15 seconds and an elongation step of 72˚C for 30 seconds. This was followed by a 

final step of 72˚C for 7 minutes prior to cooling to 4˚C. The 20μl PCR mix consisted of 4μl 

of 20ng/μl DNA sample, 2 µl of 10X PCR buffer (1 x final), 8.4µl of autoclaved distilled 

water, and 0.5 µl of each 5 pmol/µl primer, 0.2μl of Taq polymerase (1 unit), 2μl of 8 mM 

dNTP and 2.4μL of 25mM MgCl2 (final concentration of 3mM). The positive control was 

used at 4μl of 20ng/μl DNA extracted from fresh pig blood and the negative control 

consisted of autoclaved distilled water. 

 

The IFN-  PCR was performed in a final volume of 20µl on a Gene Amp PCR System as 

described above but the annealing temperature was 55
o
C. 

 

 

3.2.4.2.5 Gel electrophoresis 

The PCR products were run on a 2% agarose gel with ethidium bromide (as described 

above) to visualize the expected bands of 193 bp (PGH primer) and 399 bp (IFN-  primer). 

A 100 bp ladder was used as a standard (marker with bands of known sizes). 
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3.2.4.2.6 Real-Time PCR 

The real-time PCR was performed in a CFX96 Real time system (Bio-Rad) with a final 

volume of 10µl consisting of 5µl of Light Cycler® 480 SYBR green Master mix (Roche 

Applied Science, Germany), 2µl of water , 0.5 µl of each primer (25pm/µl) and 2 µl of each 

sample (10ng). The conditions for cycling were denaturation at 95°C for 10 minutes, 

followed by an amplification program of 40 cycles of 95°C for 10 seconds, 57°C for 5 

seconds and 72°C for 4 seconds. This was followed by a plate read and then a melting 

curve of 65°C to 95°C increments of 0.5°C for 5 seconds. 

 

The conditions for the real-time PCR had already been optimized by Martin et al (2009). 

These conditions were followed with slight variations due to the use of a different 

thermalcycler and SYBR green master mix. 

 

A standard curve was produced using a dilution series of the positive control from fresh pig 

blood. The dilutions were as follows: 

o 1:1 – 10 ng 

o 1:10 – 1 ng 

o 1:100- 0.1 ng 

o 1.1000 – 0.01ng 

o 1.10,000-0.001 ng 

Each of the dilutions was included in duplicate. 
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4. RESULTS 

4.1 Assessment of DNA quantity and quality 

4.1.1 Use of the NanoDrop to obtain the concentration and purity of extracted DNA  

Table 4.1 shows the concentration and purity of DNA from the positive controls (fresh pig 

blood) based upon the NanoDrop readings at 260nm and 260/280, respectively. Positive 

controls all have a 260/280 ratio of approximately 1.8 indicating relatively pure DNA 

extract with limited or no protein contamination.  

 

Table 4.1. Quantity and purity of DNA extracted from positive control samples (fresh pig 

blood). 

Sample ID ng/ l 260/280 

P1 88.51 1.82 

P2 88.30 1.86 

P3 88.89 1.88 

 

The NanoDrop readings were used to obtain the concentration of the extracted DNA from 

each tooth sample. Readings were performed in duplicate and the mean value of the two 

measures has been used in subsequent analyses. As the amount of tooth powder used to 

extract DNA differed between samples, results were standardized based on the starting 

amount of material. Table 4.2 summarises the amount of DNA extracted from samples at 

each of the time-points. Individual tooth DNA values based on the NanoDrop readings and 

initial starting material are shown in Appendix II.  
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Throughout the remainder of the text, each tooth sample will be named according to the 

following schema: the first number designates the pig (pig 1, 2 etc.) and the second number 

represents the number of days the sample was subjected to 30
o
C (0, 1, 6, 15 or 28). On days 

6, 15 and 28 more than one tooth was extracted and these are represented by suffixing the 

number 1 or 2 to the sample name (e.g. 1-6-1, 1-6-2).  

 

Table 4.2. Summary of the amount of DNA ( g) extracted per gram of sample for the 

different study time-points.  

SD = standard deviation. 

 

Figure 4.1 shows the extracted DNA values obtained from each pig at the different time-

points. There was a significant difference between the extracted DNA mean values at the 

different time-points (p<0.0001; ANOVA). There is a significant decrease in the mean 

amount of DNA obtained (as measured by NanoDrop) per weight of starting material as the 

sample is exposed to 30
o
C (from day 6 onwards). However, from day 6 to day 28 there was 

no significant difference in the mean amount of DNA extracted per starting material 

(p>0.05; Bonferroni‟s test).  

 

Day 

 

0 

(n=12) 

1 

(n=12) 

6 

(n=22) 

15 

(n=24) 

28 

(n=23) 

Mean 152 107 7.6 6.7 5.7 

SD 75 152 5.7 8.9 3.8 
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Figure 4.1. Amount of DNA extracted from samples from each pig at the different time-

points tested. Data was log-transformed to normalize. As more than one tooth sample per 

pig was used on days 6, 15 and 28, the values for this time-point were averaged and are 

represented by a single point. 

 

The purity of each of the extracted DNA samples was assessed using the 260/280 ratio as 

determined by the NanoDrop. There was a significant difference between the 260/280 ratio 

mean values across the time-points (p<0.001, ANOVA) (Figure 4.2). There was a 

significant drop in the mean 260/280 ratio at days 15 and 28 relative to other time-points 

(p<0.05; Bonferroni‟s test). The mean 260/280 ratio for days 1 and 6 were also 

significantly greater than the mean 260/280 value for day 0.  
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Figure 4.2. The 260/280 ratio for extracted DNA from samples from each pig at the 

different time-points. As for Figure 4.1, values for multiple teeth per pig per time-point 

were averaged and plotted as a single point.  

 

All samples, particularly those from initial time-points, had high readings at 260 nm. This 

observation could be attributed to the presence of phenol (used in extraction procedure) in 

the final extracted sample as it has been reported that the absorption spectrum of phenol 

overlaps with that of nucleic acids (UV spectrometric analysis of RNA and DNA). 

Examination of individual values of 260/280 ratios shows that samples from days 0, 15 and 

28 have values lower than 1.8 indicating contamination with proteins (see Appendix II). 

Surprisingly, although the majority of day 6 samples indicate contamination with proteins, 

a few have 260/280 ratio values more than 2. The majority of day 1 samples indicate 

relatively pure DNA with values close to 1.8 (see Appendix II).  

 

DNA extracted from pulp samples were also characterised using the NanoDrop 

spectrophotometer (Table 4.3). Some samples showed a general trend for a decrease in 
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concentration with increased time exposed to 30
o
C but in two pigs (3 and 4) there is an 

increase in the concentration of the DNA extracted from the pulp over-time. However, the 

measurements here cannot be standardized as the starting amount of material was not 

recorded due to the small amount of pulp extracted.  

 

There was no obvious pattern in the 260/280 ratio over-time for the pulp samples for each 

pig. Most of the pulp samples had 260/280 ratios lower than 1.8 indicating contamination 

with proteins, which was similar to that found in the powdered tooth samples.  
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Table 4.3. DNA concentration and 260/280 ratio values based on the NanoDrop of 

extracted DNA from pulp samples. 

Sample ID  260/280 

1-0 195.44 1.86 

1-6 80.79 1.78 

1-15 26.02 1.83 

1-28 34.7 1.79 

2-0 171.71 1.96 

2-6 31.55 1.56 

2-15 33.41 1.59 

3-1 26.84 1.6 

3-6 24.05 1.47 

3-15 66.1 1.49 

3-28 76.31 1.92 

4-0 51.28 1.68 

4-6 316.11 1.9 

9-0 324.56 1.71 

9-1 36.87 1.53 

9-15 51.27 1.63 

12-1 53.97 0.78 

12-6 68.56 1.33 
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It must be emphasized here that although NanoDrop readings give an estimate of the 

concentration of DNA in samples, they cannot indicate the presence or absence of PCR 

inhibitors. 

 

4.1.2 Use of gel electrophoresis to examine the quality of extracted DNA 

An initial evaluation of the quality of the extracted DNA samples was obtained by running 

the samples in a 2% agarose gel stained with ethidium bromide. The visualization of high 

molecular weight (HMW) DNA would indicate relatively non-degraded samples, while 

smearing would be suggestive of degradation. To assess size, a 100 bp ladder was used in 

the gel electrophoresis (Figure 4.3). 

 

 

 

Figure 4.4 shows the gel electrophoresis results for extracted DNA samples from the 

positive control samples and samples from days 0 and 1. HMW DNA bands were observed 

for the three positive control samples indicating good quality DNA with minimal or no 

DNA degradation. This result is as expected given that the positive controls have not 

Figure 4.3. The 100 bp ladder has 11 fragments each 100 bp apart 

starting from 100 bp to 1500 bp. Image from https://new.fishersci.com. 
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undergone mechanical shearing due to a powdering process and the samples were 

processed immediately.  

 

DNA can be visualized for all samples taken at day 0 but as well as HMW DNA some low 

MW DNA with smearing was observed (Figure 4.4). DNA samples from teeth of pigs 1, 2, 

3 and 8 have an intact band at HMW indicating good quality DNA with limited smearing. 

DNA from day 1 pig teeth samples were also visualized using gel electrophoresis (Figure 

4.4). The amount of HMW DNA appears less than at day 0 with additional smearing and 

with intense bands at lower MW for most samples. Samples from pig 3, 7, 9 and 11 at day 

1 show little DNA if at all using this method although each has a NanoDrop reading 

suggesting DNA should be able to be visualized with this method. 
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Figure 4.4. Gel image of extracted pig DNA at days 0, 1 and for the positive controls. The 

numbers above the wells indicate the sample IDs. The respective NanoDrop readings in 

ng/ l are indicated at the bottom of the lane. M=marker. 

 

Figure 4.5 shows the extracted DNA from samples from day 6. Day 6 samples show the 

presence of DNA and for the most part appear as HMW DNA with less smearing than the 

day 1 samples.  

Day 1 

Day 1 

ng/ l  1278   1908    898    1503    847   1850  1350   1592   1575   1153  680   1282   240     287     483    530    567     394   425 

    M       8       9      10     11     12                                                                           positive controls 

 

   M        1       2       3       4       5       6       7       8       9     10     11     12      1      2       3        4       5        6       

7  

            

 

ng/ l    1069   262     430     836    412                                                                                                88       88        89 

   88           88         89 

Day 0 
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Figure 4.5. Gel image of extracted DNA at day 6 (each pig had two teeth tested). The 

numbers above the wells indicate the sample IDs. The respective NanoDrop readings in 

ng/ l are indicated at the bottom of the lane. Samples 5-6-2 and 6-6-2 were not included in 

analysis. 

 

Figure 4.6 shows the extracted DNA samples from days 15 and 28. Several samples from 

day 15 show some evidence of HMW DNA but samples from day 28 do not show any 

bands (or very faint) – suggesting DNA amounts are below the detection threshold of the 

method.  

  M     1-1     2-1   3-1    4-1     5-1    6-1   7-1    8-1    9-1   10-1  11-1  12-1   1-2   2-2    3-2    4-2    5-2    6-2    7-2  

 

ng/ l  56     22      30     30      89     38      61     44     91    124    63      58     96      88    65     119                        37 

M      8-2     9-2   10-2  11-2  12-2 

ng/ l  59    82     57     118    95 
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Figure 4.6. Gel image of extracted DNA at days 15 and 28 (most time-points had two 

teeth tested). The numbers above the wells indicate the sample IDs. The respective 

NanoDrop readings in ng/ l are indicated at the bottom of the lane. 

 

The inconsistency in the quality of the extracted DNA samples could be due to the use of 

uncontrolled mechanical crushing of the teeth with a mortar and pestle, which could have 

lead to degradation even in samples from early time-points.  

 

Gel electrophoresis of DNA extracted from pulp samples generally shows a decrease in 

HMW-DNA with advancing time period incubated at 30
o
C (Figure 4.7). However, there is 

HMW DNA for most samples even up to day 28. The pulp samples were not powdered and 

this may reflect the appearance of relatively intact DNA at many of the time-points. 

    M      1-1    2-1   3-1   4-1    5-1   6-1    7-1    8-1    9-1   10-1 11-1 12-1   1-2  2-2    3-2    4-2    5-2   6-2    7-2 

    M       8-2    9-2  10-2 11-2 12-2   1-1    2-1   3-1    4-1   5-1   6-1    7-1    8-1   9-1   10-1 11-1 12-1   1-2    2-2 

 ng/ l 25   24     52       60      54       38        75    534    56       64        63       60       80      109      52     40    24      53      38 

 ng/ l    71    26      160      49      71        10     74      229     80     98    114    127     132     32     249     54     19     16    121 

    M    3-2    4-2  5-2   6-2    7-2  8-2  9-2 11-2 12-2    

 

ng/ l    50     135   121     97     69     49     17    20     68 

Day 28 

Day 15 

Day 15 Day 15 

Day 28 
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Furthermore, the NanoDrop readings for the pulp samples better reflected the intensity of 

band(s) in the gel image than for the powdered tooth samples. 

 

 

 

Figure 4.7. Gel image of extracted DNA from pulp samples at days 0-28. The numbers 

above the wells indicate the sample IDs. The respective NanoDrop readings in ng/ l are 

indicated at the bottom of the lane. 

 

An additional parameter for measuring DNA concentration based on the gel image could 

have been used. This method requires the knowledge of the concentrations of DNA in the 

fragments of the ladder. However, the ladder used in this study was not recommended to be 

used for DNA quantitative analysis. 

4.1.3 Use of Real-time PCR to determine the concentration of extracted DNA and 

presence of PCR inhibitors 

Initially, a standard curve based on a series of dilutions of the positive control (in duplicate) 

was produced using the real-time PCR assay in order to assess the conditions of the PCR 

(Figure 4.8). The standard curve was based on positive control dilutions corresponding to 

the range 10ng to 0.001ng and had an r
2
 of 0.917 (Figure 4.8B). The second 10ng sample 

used for the standard curve was diluted independently of the other samples due to a 

problem with the initial tube that was diluted and corresponds to the outlier in Figure 4.8B.  

 ng/ l     195     80      26       35      171      31      33       26      24       66      76      51      316    324    36       51       53      69 

       M     1-0      1-6    1-15    1-28   2-0     2-6    2-15    3-1     3-6     3-15   3-28   4-0     4-6      9-0     9-1   9-15    12-0   12-6   

Pig 1 Pig 2 Pig 3 Pig 4 Pig 9 Pig 12 
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Figure 4.8. A. Fluorescence curves for the positive control dilutions. B. Standard curve 

based on the Ct values of the positive control dilutions (picograms). Arrow indicates value 

corresponding to second 10ng sample that was added independently of other dilutions. 

 

Based on the initial standard curve, the samples were all tested using the same PCR 

conditions. Given the large range of concentrations obtained for the different samples based 

on the NanoDrop readings and the concentration of the positive control, each sample was 

diluted to 5ng/ l based on the NanoDrop readings to give an expected final amount in the 

PCR of 10 ng. Each sample was then tested relative to the standard curve based on dilutions 

of the positive control (Figure 4.9). 
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Figure 4.9. Threshold cycle (Ct) values generated for real-time PCR of powdered teeth 

samples. The quantity indicated on the x-axis is picograms (logX). The arrow indicates the 

value for 10 ng (10,000 picograms). Circles represent Ct values from the positive control 

dilution samples and crosses represent the Ct values from the powdered teeth samples. 

Most values for the teeth samples fall above the lowest standard (0.001 ng; 0 on x-axis) and 

below 1000 picograms (1 ng; 3 on x-axis).  

 

As can be seen in Figure 4.9, all samples had a Ct value that indicated less than 10 ng in the 

sample; reflecting a difference (typically more than 10 fold) between the NanoDrop 

readings and the real-time PCR. These differences may be due to PCR inhibitors reducing 

the efficiency of the real-time PCR and/or the over-estimation of the “true” DNA 

concentration based on the NanoDrop readings. Given the lack of correlation between the 

gel electrophoresis images and NanoDrop readings, it is likely that both factors contribute 

to the difference in the results between the two methods.  
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Table 4.4 shows a summary of the amount of DNA extracted from samples at different 

time-points as assessed by real-time PCR. As for the NanoDrop readings, the raw data has 

been standardized to account for differences in starting material. Individual values are listed 

in Appendix II.  

 

Table 4.4. Summary of amount of DNA extracted ( g) per gram of starting material from 

powdered teeth samples at different time-points based on the real-time PCR assay.
*
  

Day 0 1 6 15 28 

Mean 49.44 7.73 2.69 0.21 0.06 

SD 43.32 9.99 5.6 0.58 0.18 

* Only samples with a reading from the real-time assay were included. SD = standard 

deviation. 

 

Figure 4.10 shows the standardized amounts of DNA extracted per gram of sample based 

on the real-time PCR assay for all powdered teeth samples across the different time-points. 

One sample, 8-0 did not give a result. There was a significant difference between the mean 

extracted DNA values across the time-points (p<0.0001, ANOVA) (Figure 4.10). There 

was a significant decrease in the mean extracted DNA values from day 15 onwards at 30
o
C 

relative to the initial time-points (days 0, 1) (p<0.05; Bonferroni‟s test). Furthermore, the 

mean extracted DNA values for day 6 were significantly higher than for day 28 (p<0.05; 

Bonferroni‟s test). 
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Figure 4.10. Amount of DNA extracted from samples from each pig at the different time-

points tested based on the real-time assay. Data was log-transformed to normalize. As 

more than one tooth sample per pig was used on days 6, 15 and 28, the values for this time-

point were averaged and are represented by a single point. 

 

As for the powdered teeth samples, the pulp samples were diluted to 5 ng/ l and tested 

using the real-time PCR assay. Figure 4.11 shows the Ct values for the pulp samples 

relative to the standard curve based on the positive control samples. Most pulp samples fell 

between 1 and 10 ng with a few samples greater than 10 ng. Interestingly, these results 

better reflect the NanoDrop readings and gel electrophoresis images suggesting less 

inhibitor in the sample. It should be noted that the pulp samples were not incubated with 

EDTA as was done for the powdered teeth samples and this discrepancy may have removed 

a potential inhibitor from the final extracted DNA sample. 
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Figure 4.11. Threshold cycles (Ct) values generated from the real-time PCR of the pulp 

samples. The quantity indicated on the x-axis is picograms (logX). Arrow indicates the 

value for 10ng (10,000 picograms). Circles represent Ct values from the positive control 

dilution samples and crosses represent the Ct values from the powdered teeth samples. 

 

The real-time PCR values for each of the pulp samples are shown in Table 4.5. For the 

most part, there is a decrease in the concentration of DNA obtained from the pulp samples 

over-time incubated at 30
o
C with a few exceptions (e.g. pigs 4 and 12). 
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Table 4.5. DNA concentration of pulp samples as determined by the real-time PCR assay. 

Pulp ID ng/ul 

1-0 3247.98 

1-6 27.38 

1-15 7.33 

1-28 12.26 

2-0 668.78 

2-6 45.41 

2-15 11.83 

3-1 10.08 

3-6 8.06 

3-28 1.60 

4-0 16.54 

4-6 846.24 

9-0 184.14 

9-1 30.94 

9-15 47.09 

12-0 9.89 

12-6 228.21 

 

4.1.4 Comparison of methods for DNA quantity and quality 

No significant correlation was found between the extracted DNA values based on the 

NanoDrop readings and the real-time PCR for powdered teeth samples collected at days 0, 
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1, 15 and 28. Furthermore, the real-time PCR results for many samples do not appear to 

directly relate to the corresponding gel images. For example, an intact HMW band in the 

gel for sample 3-0 gave a real-time PCR quantitation result of 0.18 ng/ l. Similarily, the 

real-time PCR assay gave no result for the sample 8-0, which exhibited a visible intact 

HMW band in the gel image (Figure 4.4). These results suggest PCR inhibitors are likely to 

exist in most extracted DNA samples from powdered teeth samples. 

 

There were examples of consistency between the three measures. For example, sample 4-1, 

which has a concentration of 530.77 ng/ l based on NanoDrop readings was also 

comparatively high based on the real-time PCR assay (314.15 ng/ l), although as for others 

lower than the NanoDrop result. Sample 4-1 showed a HMW band in the gel image. Day 15 

samples also showed bands in the gel electrophoresis for those samples that have 

comparatively higher NanoDrop readings. Samples 12-15-1, 1-15-2, 10-15-2, 11-15-2 and 

12-15-2 gave some indication of HMW DNA in gel images, represented by a faint but 

intact HMW band and had NanoDrop readings of 67.7 ng/ l, 289.7 ng/ul, 230.85 ng/ l, 

72.32 ng/ l and 136.36 ng/ l, respectively (Figure 4.6). However, in general for all time-

points the real-time PCR results are lower than those obtained from the NanoDrop readings 

and may reflect the generic presence of PCR inhibitors in the samples. 

 

In the samples from day 6, most samples showed a correlation between the concentrations 

of the DNA extracted based on the NanoDrop readings and the image from the gel 

electrophoresis. For example, sample 7-6-1, which shows a dark band at HMW in the gel 

image (Figure 4.5) also has a NanoDrop reading of 163.35 ng/ l. Furthermore, there is a 

correlation between the amount of extracted DNA as determined by the NanoDrop and the 
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real-time PCR for day 6 (Figure 4.12A); albeit the real-time PCR results are lower than for 

the NanoDrop. 

 

 

Figure 4.12. Correlation between amounts of DNA extracted as measured by NanoDrop 

and real-time PCR. A. Day 6 (p<0.0002; Spearman‟s rho). B. Pulp samples (p<0.005; 

Spearman‟s rho). All data were log transformed to normalise. 

 

The gel images for the pulp samples suggest a general trend of decrease in HMW DNA 

with increasing time, which is similar to the NanoDrop readings and the real-time PCR 

assay. Accordingly, there is a correlation between the concentration of DNA extracted as 

measured by the NanoDrop and the real-time PCR (Figure 4.12B). 

 

4.2 Assessment of DNA degradation  

PCR was performed on all DNA samples with three primer pairs of different amplicon 

lengths; 12S rRNA primer pair with an expected product of 75 bp (also used for 

quantitation in real-time PCR), PGH primer pair with an expected product of 193 bp and 

IFN-  primer pair with an expected size of 399 bp.  
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4.2.1 Optimisation of primers 

The PGH and IFN-  primers were initially optimized by testing a range of annealing 

temperatures and magnesium concentrations. A temperature gradient was performed for the 

PGH primer pair with annealing temperatures ranging from 52°C to 62°C and for the IFN-  

primer pair from 54°C to 58°C. The gradients were done for final magnesium 

concentrations of 1.5mM, 2.5mM and 3mM. The optimal condition for the PGH primer 

pair was found to be an annealing temperature of 54°C at 3mM Mg
2+

 final concentration. 

However, initial scoring of the amplicons for the PGH primer pair showed that the 

amplicon was approximately 230bp. The primer pair sequences were aligned against the 

GenBank accession number U58311 (Sus scorfa PGH promoter region) and were found to 

anneal to positions corresponding to an amplicon of 232bp. It appears that the original 

amplicon size description in Larkin (2010) for the PGH primer pair did not include the 

primer sequences. 

 

The temperature and Mg
2+

 concentration that appeared to produce the best band at 399 bp 

for the IFN-  primer pair were also associated with a larger fragment of >500bp. Despite 

testing at numerous additional conditions, the larger amplicon was present in some positive 

controls and samples following PCR. However, if a band was present in the amplicon it 

always included the 399 bp fragment. Due to time constraints, a temperature of 55°C at 

3mM of Mg
2+

 was chosen as the best temperature for the IFN-  primer pair. Accordingly, 

the IFN-  assay was sub-optimal. 
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The amplicons for all primer pairs were not sequenced to confirm the target. The PCR 

conditions for the 12S rRNA primer pair was based on the conditions optimised by Martin 

et al (2009). 

 

4.2.2 Evaluation of PCR assays using positive control DNA samples 

Initially, positive control samples were sonicated for increasing periods of times (1 minute, 

3 minutes, 5 minutes and 8 minutes) in order to cause DNA shearing that could be used to 

simulate DNA degradation. This was done in order to assess the extent to which degraded 

DNA could be amplified with the two PCR primer pairs corresponding to the larger 

amplicon sizes. Following sonication, the DNA samples were analysed using the MultiNA 

(Shimazdu, Japan). Figure 4.13 indicates the reduction in the DNA fragment sizes produced 

as sonication time increased. The profile of the samples sonicated for 5 and 8 minutes gave 

profiles similar to the negative control indicating very little DNA (data not shown). 
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Figures 4.13. MultiNA results for sonicated positive control samples. A. ladder; B. 

negative control; C. sample sonicated for 1 minute; D. sample sonicated for 3 minutes; The 

vertical axis represents the voltage in mV and the horizontal axis represents the % 

migration of the DNA fragments. The ladder consists of an LM (lower marker) and UM 

(upper marker) and the numbers on the peaks represent fragment lengths in bps.  

 

Table 4.6 indicates the presence or absence of the appropriate-sized band in gel 

electrophoresis from the two sets of primers. Both primers were amplified using samples 

sonicated for 1 minute and 3 minutes (Figure 4.14). Although the 5 minute sonicated 
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sample was tested, no results were recorded as the concentration level was too low. The 8 

minute sonicated sample was not tested.  

 

Table 4.6. Results from PCR amplification of sonicated positive control DNA. 

Sample  PRIMER PAIR 

 PGH IFN-  

No sonication + + 

Sonicated sample (1 minute) + + 

Sonicated sample (3 minutes) + + 

Negative control - - 

 

The positive control was also diluted to assess the limit of the PCR primer pairs PGH and 

IFN-  (Figure 4.14). For both PCR primer pairs DNA concentrations ≤1ng/ l produced 

faint or no detectable amplicons based on gel electrophoresis.  
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Figures 4.14. A. PGH primer pair amplification of dilution series of positive control and 

with sonicated samples; B. Same samples amplified with IFN primer pair  A. Lanes 2-8 

dilution series 20ng/ l, 10ng/ l, 5ng/ l,1ng/ l, 0.1ng/ l, 0.05ng/ l, 0.01 ng/ l; lane 9 

negative control; lanes 11-13 sonicated samples 1min, 3 min, 5 min. B. lanes 2-7 dilution 

series 20ng/ l, 10ng/ l, 5ng/ l, 1ng/ l, 0.1 ng/ l, 0.05ng/ l, 0.01 ng/ l; lanes 8-10 

sonicated samples 1min, 3 min, 5 min; lane 11 negative control. M= marker.  
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4.2.3 PCR results using extracted DNA from teeth samples 

The 12S rRNA primer pair (used for the real-time PCR) generated a product in all samples 

except one (sample 8-0). However, there were some samples that gave values below the 

lowest standard (0.001ng). These included the four powdered teeth samples 4-0, 3-28-1, 5-

28-1 and 9-28-1. Three of these samples were from the day 28 time-point. 

 

The PGH primer pair generated products for most teeth samples from early time-points and 

most pulp samples and also of some teeth samples from later time-points. This was as 

expected as the 232 bp amplicon fell within the size range of bands found in the DNA 

samples that exhibited some degradation or LMW DNA between 100-300bp. However, the 

IFN-  primer pair generated relatively few products, mostly in teeth samples from the 

earliest time-points and a few pulp samples. As explained before, this assay was sub-

optimal and the results obtained may partly reflect these conditions. Accordingly, most 

samples did not produce a band for the two larger amplicons. Samples that did produce a 

band for all three amplicons (3-0, 5-0, 10-0, 11-0 and 12-28-2) did not necessarily 

correspond to high NanoDrop readings or HMW DNA in gel electrophoresis. Although 

some of the samples at day 15 and 28 time-points that had bands for one or both of the 

larger amplicons (12-15-1, 12-15-2, 1-28-2) tended to show some HMW DNA in gel 

electrophoresis (Figure 4.6). 

 

Example PCR results are shown for pigs 1 and 4 in Figures 4.15 and 4.16. A summary of 

the results for each primer pair are shown in Tables 4.7 – 4.10.  
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It would have been expected that the PCR corresponding to the smaller amplicons would 

give bands in the samples from most time-points and the PCR primer pair giving a larger 

amplicon would give results only in the early time-points when DNA of better quality was 

presumably present. However, this was not always the case and inhibitors as well as 

different starting weights could have affected the PCR outcomes.  

 

There were three samples that did not give products for PGH (232 bp) but appear to have 

given products with IFN-  (399 bp) (highlighted in red in Tables 4.8 and 4.10). Duplicate 

PCRs were not performed. Positive and negative control samples were included in all PCRs 

with expected results. 

 

The pulp samples tended to give expected results with all three PCR amplicons and 

demonstrated amplification in all samples by the 75 bp amplicon, amplification of fewer 

samples by PGH(232 bp) in later time-points and even fewer by IFN-  (399 bp). This 

reflected the gel electrophoresis image of the extracted DNA from the pulp samples with 

HMW DNA for many time-points but diminishing over-time with exposure to 30
o
C. 
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Figures 4.15. A. Pig 1 samples with PGH primer pair; B. Same samples with IFN- A. 

Lane 2:positive control; Lanes 3-14:1-0,1-1,1-6-1,1-6-2,1-15-1,1-15-2,1-28-1,1-28-2,1-0 

(pulp), 1-6 (pulp),1-15 (pulp), 1-28 (pulp); lane 15:negative control. B. Lanes 2-13: 1-0, 1-

1,1-6-1, 1-6-2, 1-15-1, 1-15-2, 1-28-1, 1-28-2, 1-0 (pulp), 1-6 (pulp), 1-15 (pulp), 1-30 

(pulp); lane 14:blank; lanes 15,16: negative controls; lanes 17,18 positive controls. 

M=marker. 
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Figure 4.16. A. Pig 4 samples with PGH primer pair; B. Same samples with IFN-  

primer pair. A. Lanes 2-11: 4-0, 4-1, 4-6-1, 4-6-2, 4-15-1, 4-15-2, 4-28-1, 4-28-2, 4-0 

(pulp), 4-6 (pulp). B. Lanes 2-11: 4-0, 4-1, 4-6-1, 4-6-2, 4-15-1, 4-15-2, 4-28-1, 4-28-2, 4-0 

(pulp), 4-6 (pulp). M= marker. 
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Table 4.7. Overview of the PCR results of pig teeth (pig 1-pig 6).  

Sample 

ID  

PRIMER 

 PAIR 

Sample 

ID 

PRIMER  

PAIR 

Sample 

ID 

PRIMER  

PAIR 

 12S PGH IFN-   12S PGH IFN-   
12S 

PGH IFN-  

Positive + + + positive + + + positive + + + 

1-0 + + - 2-0 + - - 3-0 + + + 

1-1 + + - 2-1 + - - 3-1 + - - 

1-6-1 + - - 2-6-1 + - - 3-6-1 + - - 

1-6-2 + - - 2-6-2 + - - 3-6-2 + + - 

1-15-1 + - - 2-15-1 + - - 3-15-1 + - - 

1-15-2 + + - 2-15-2 + - - 3-15-2 + - - 

1-28-1 + - - 2-28-1 + - - 3-28-1 + - - 

1-28-2 + + - 2-28-2 + - - 3-28-2 + - - 

1-0(pulp) + + - 2-0(pulp) + + - 3-1(pulp) + - - 

1-6(pulp) + + + 2-6(pulp) + - - 3-6(pulp) + - - 

1-15(pulp) + - - 2-15(pulp) + + - 3-28(pulp) + - - 

1-28(pulp) + - -         

Negative - - - Negative - - - negative - - - 

Presence of appropriate sized band(s) is indicated by “+” and absence by   “-” signs. Dark 

grey indicates band for each amplicon. Light grey bands only for smaller two amplicons. 
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Table 4.8. Overview of the PCR results of pig teeth (pig 4-pig 6). 

Sample 

 ID 

PRIMER  

PAIR 

Sample 

ID 

PRIMER  

PAIR 

Sample 

ID 

PRIMER  

PAIR 

 12S PGH IFN-   12S PGH IFN-   12S PGH IFN-  

positive + + + positive + + + positive + + + 

4-0 + + - 5-0 + + + 6-0 + + - 

4-1 + - - 5-1 + - - 6-1 + + - 

4-6-1 + - - 5-6-1 + - - 6-6-1 + - - 

4-6-2 + - - 5-15-1 + - - 6-15-1 + + - 

4-15-1 + - - 5-15-2 + - - 6-15-2 + + - 

4-15-2 + - - 5-28-1 + - - 6-28-1 + + - 

4-28-1 + - - 5-28-2 + - + 6-28-2 + + - 

4-28-2 + - +         

4-0(pulp) + + +         

4-6(pulp) + + +         

negative - - - negative - - - negative - - - 

Presence of appropriate sized band(s) is indicated by “+” and absence by   “-” signs. Dark 

grey indicates band for each amplicon. Light grey bands only for smaller two amplicons. 
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Table 4.9. Overview of the PCR results of pig teeth (pig 7-pig 9). 

Sample 

ID 

 PRIMER 

PAIR 

Sample 

ID 

 PRIMER 

PAIR 

Sample 

ID 

 PRIMER 

PAIR 

 12S PGH IFN-   12S PGH IFN-   12S PGH IFN-  

positive + + + positive + - - positive + + - 

7-0 + - - 8-0 - + - 9-0 + + - 

7-1 + - - 8-1 + - - 9-1 + - - 

7-6-1 + - - 8-6-1 + - - 9-6-1 + - - 

7-6-2 + + - 8-6-2 + + - 9-6-2 + + - 

7-15-1 + - - 8-15-1 + + - 9-15-1 + + - 

7-15-2 + - - 8-15-2 + - - 9-15-2 + + - 

7-28-1 + - - 8-28-1 + + - 9-28-1 + + - 

7-28-2 + - - 8-28-2 + - -    9-28-2 - - - 

        9-0(pulp) + + + 

        9-1(pulp) + + - 

        9-15(pulp) + + - 

negative - - - negative - - - negative - - - 

Presence of appropriate sized band(s) is indicated by “+” and absence by   “-” signs. Dark 

grey indicates band for each amplicon. Light grey bands only for smaller two amplicons. 

Black indicates failed real-time PCR (12S primer pair). 

 

 



82 
 

 

 

SAMPLE 

ID 

PRIMER  

PAIR 

SAMPLE 

ID 

PRIMER  

PAIR 

SAMPLE 

ID 

PRIMER  

PAIR 

 12S PGH IFN-   12S PGH IFN-   12S PGH IFN-  

positive + + + positive + + + positive + + + 

10-0 + + + 11-0 + + + 12-0 + + - 

10-1 + - - 11-1 + - - 12-1 + + - 

10-6-1 + - - 11-6-1 + - - 12-6-1 + - - 

10-6-2 + - - 11-6-2 + - - 12-6-2 + - - 

10-15-1 + - - 11-15-1 + - + 12-15-1 + + - 

10-15-2 + + - 11-15-2 + - - 12-15-2 + + - 

10-28 + - - 11-28-1 + - - 12-28-1 + + - 

    11-28-2 + - - 12-28-2 + + + 

        12-0(pulp) + + + 

        12-6(pulp) + + + 

            

            

negative - - - negative - - - negative - - - 

         

Presence of appropriate sized band(s) is indicated by “+” and absence by   “-” signs. Dark 

grey indicates band for each amplicon. Light grey bands only for smaller two amplicons. 

 

 

Table 4.10. Overview of the PCR results of pig teeth (pig 10-pig 12). 
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    5. DISCUSSION  

5.1 Introduction 

This research was performed to test the hypothesis that DNA in dental tissue degrades over-

time and to establish that information as a precursor for determination of PMI. Another 

goal of the study was to compare dental pulp and mechanically powdered whole teeth as 

sources of evaluation for DNA degradation. The first section discusses the results of gel 

electrophoresis, NanoDrop and real-time PCR, which were used to quantify DNA and 

provide an initial evaluation of DNA quality. The next section discusses the results of PCRs 

performed using three primer pairs that target amplicons of different lengths: PGH (232 

bp); IFN-  (399 bp); and 12S rRNA (75 bp). The results for dental pulp and crushed tooth 

powder have been discussed separately. Finally, the limitations, suggestions for future 

research and conclusions are presented. 

 

5.2 NanoDrop, gel electrophoresis and real time quantitation of DNA 

5.2.1Powdered teeth samples 

The NanoDrop readings of the extracted DNA teeth samples from the different time-points 

showed a significant difference in the mean DNA quantities over-time at 30
o
C. A 

significant decrease in the mean quantity of DNA was found from day 0 to day 6 at 30
o
C 

but not from day 6 to day 28. There did appear to be a plateau at day 6 regarding the 

quantity of DNA obtained from powdered teeth samples. These findings are somewhat 

similar to that of Larkin (2006) who found that DNA from her teeth samples taken in 

summer (as measured by NanoDrop) showed a rapid decrease in the first four days and then 

values fluctuated over-time. The findings support the hypothesis that DNA degrades with 
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elapsed time, although here we are measuring DNA quantity not necessarily DNA 

degradation.  

 

Aside from day 6, the real-time PCR quantitation assay did not align with the NanoDrop 

data. However, similar to the NanoDrop assay, the real-time PCR results showed overall a 

significant decrease in the mean extracted DNA values from day 15 and day 28 relative to 

the earlier time-points.  

 

The results of the gel electrophoresis were in general better correlated with the NanoDrop-

based data as compared to the real-time PCR-based DNA concentrations. This discrepancy 

in the three measures could be due to the fact that the NanoDrop readings were likely to be 

affected by co-purified contaminants like phenol and EDTA; both of which are PCR 

inhibitors. Overall, the NanoDrop readings were high and phenol contamination is likely to 

be the probable cause given its overlapping absorbance spectrum. The real-time PCR 

analysis on the other hand was aimed at assessing the presence of inhibitors. Ideally in the 

absence of any inhibitors and degradation the input quantity of DNA (10 ng based on the 

NanoDrop readings) should be reflected in the real-time PCR quantitation. However, the 

real-time PCR assay in general gave lower DNA concentration values than the NanoDrop; 

likely reflecting the presence of PCR inhibitors such as phenol in all samples. Furthermore, 

the discrepancy in the NanoDrop data and real-time PCR quantitation may also reflect 

degradation in the samples; an issue perhaps more relevant at later time-points.  

 

The gel electrophoresis results clearly showed HMW DNA present in the earlier time-

points but importantly it also showed degradation or LMW DNA even at day 0. It is likely 
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that the mechanical crushing of the tooth itself contributed to the degradation process and 

accordingly, the presence of LMW DNA was inconsistent with time at 30
o
C. 

 

There are other confounding factors that could contribute to variations in the quantity of 

DNA extracted from the powdered teeth samples. As discussed previously, the type of 

tooth, condition of the tooth before and after extraction, period of time from extraction of 

tooth to the isolation of DNA, age of donor and the amount of pulp present in the tooth are 

all factors that affect DNA yields from teeth (Schwartz et al 1991). In this study an 

assortment of different teeth i.e. incisors, canines were randomly selected for DNA 

extraction at different time-points potentially affecting the variation of DNA yields 

obtained. However, the final amounts of DNA were standardized based on initial starting 

material, which to some extent will remove some of the variation likely to be due to the use 

of different teeth. The storage period between of the teeth samples at -20°C did vary by 

weeks, however, storage of the samples at the low temperature should have limited further 

DNA degradation. The other factors mentioned above would not be expected to affect DNA 

yield in this study as all teeth were extracted with a comparable amount of trauma and were 

intact after extraction. Furthermore, there were no apparent pathological lesions on the teeth 

and the age of the pig specimens were approximately the same.  

 

5.2.2Pulp samples 

The extracted DNA from pulp samples tended to decrease in concentration with time in 

each pig specimen based on the different measures of DNA quantity and quality. 

Furthermore, there was a correlation between the concentration of DNA obtained from the 

NanoDrop readings and from the real-time PCR. These results most likely reflect the 
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removal of the de-calcification step using EDTA for the DNA extraction process for the 

pulp samples and the samples were not crushed. 

 

5.3 PCR results 

5.3.1 Powdered Teeth samples 

The majority of the DNA extracted from the powdered teeth samples at each time-point 

could be amplified for the smallest amplicon (75 bp) (except one sample completely failed 

and four others produced low amplicon concentration). A smaller number were able to be 

amplified by PGH (232 bp) but positive results did not always correspond to HMW DNA 

or high DNA concentrations at early time-points. The IFN-  (399 bp) primer pair failed to 

amplify most DNA samples (exceptions tended to be from day 0 samples). Overall the 12S 

rRNA(75 bp) primer pair was able to successfully amplify 98.9 % of the samples, the PGH 

primer pair (232 bp) 35.9% and the IFN  primer pair 7.6% of the extracted DNA samples 

from powdered teeth samples. Furthermore, the percentage of samples that were amenable 

to successful amplification by the 12S rRNA(75 bp) primer pair and the PGH primer pair 

was 83.3% at day 0, 25% at day 1, 18.2% at day 6, 37.5% for day 15 and 31.8% at day 28. 

The IFN-  primer pair amplified four out of 12 samples at day 0 and none for days 1, 6 or 

15 but interestingly gave a band for three out of 22 samples at day 28. The sub-optimal 

conditions for this assay make the interpretation of the results difficult. However, overall 

these results are somewhat different to those obtained by Ogata et al (1990) who performed 

RFLP on muscle tissue and found that 90% of samples were able to be amenable to 

analysis by day 3 but this plummeted down to 30% by day 8. It may be that the samples in 

this study had more PCR inhibitors.  
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5.3.2 Pulp samples 

In comparison to the powdered teeth samples, the DNA extracted from pulp samples tended 

to follow the predicted pattern; all samples were amplified for the 75 bp amplicon, a subset 

of these samples produced the 232 bp amplicon and a smaller subset produced the large 399 

bp amplicon (in early time-points). The reasons for the expected results from the pulp 

samples could be twofold as previously mentioned. Firstly, pulp samples were not 

subjected to mechanical crushing like the tooth samples and were thereby not degraded 

before examination. Secondly, although the DNA extraction in pulp samples was also done 

with the phenol chloroform method, the decalcification step using EDTA was not necessary 

in pulp samples and excluded EDTA, a possible contaminant and a potential PCR inhibitor 

in the teeth samples.  

 

Dental pulp obtained by the access preparation as done in this study has also been reported 

to be a better source of quality and quantity of DNA by previous studies (Tilotta et al 

2010). This has been attributed to the fact that the pulp is a richer source of DNA and this 

method also minimizes contamination. This method however requires correct 

armamentarium and basic knowledge of tooth anatomy and is time consuming compared to 

crushing the whole tooth. 

 

5.4 Limitations 

There are number of limitations in this study. Firstly, this study examined degradation of 

dental DNA wherein the teeth were subjected to controlled degradation at a fixed 

temperature of 30°C in the laboratory. In the real scenario there could be a plethora of 

factors that could have impact on the degradation of DNA. These conditions could be 
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various environmental conditions such as the diurnal temperature variation, exposure to UV 

radiation, the condition of burial of the body including soil, humidity and the depth of 

burial. The DNA degradation in controlled conditions is therefore not a true representation 

of degradation that would occur in a real situation. Furthermore, the concept of ADD and 

ADH, as used in other studies (Larkin et al 2010; Watson 2010), has been found to better 

standardize temperature variations and is therefore a better parameter than days and hours 

but this was not used in this study as a fixed temperature was used. 

 

Moreover the presence of microorganisms like bacteria and fungi that would be found in 

natural habitat could cause DNA contamination and in some cases competition for 

amplification (Hummel and Hermann 1994). The present study was unlikely to encounter 

contamination due to the controlled laboratory conditions. 

 

Another limitation of the present study is that teeth were extracted before exposing them to 

a temperature of 30°C in an incubator. In a real situation, the teeth are embedded in bone 

sockets in the jaws and covered by muscle layers, which could contribute to an alteration, 

probably a decrease in the rate of degradation of DNA. Furthermore, the teeth were stored 

at -20°C and the DNA at -80°C. It is possible that there was additional DNA degradation 

during thawing and storing the samples and also during decalcification. 

 

The present study used teeth from 12 pig specimens. Before conducting the experiment it 

had been planned that multiple teeth would be taken from every animal at each time-point. 

However, because of the inability of the operator to extract a sufficient number of intact 

teeth, multiple teeth samples were only used for the later time-points when more 
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degradation would be expected to occur. Also, all PCRs should have been performed in 

duplicates to ascertain reproducibility. 

 

A critical component of the outcome form this study was the likely presence of PCR 

inhibitors. Purification of DNA using silica membranes could have been done to avoid PCR 

inhibition. This step was omitted due to financial and time constraints. The presence of 

PCR inhibitors could have been tested by using serial dilutions of the samples and the 

positive control in the different PCR assays (Wilson 1997). Alternatively, the samples 

could have been further diluted before PCR as this step has been shown to reduce the 

concentrations of inhibitors in relation to the target DNA, consequently facilitating 

amplification. 

 

Furthermore, the IFN- PCR optimization should have been done more thoroughly as even 

after doing repeated temperature gradients for annealing temperatures and varying the 

concentration of magnesium the primer generated doublets with smearing, the lower band 

being around 400 bp and the larger band around 700 bp. Moreover, DNA sequencing of 

each of the targets would have confirmed the products. 

 

Admittedly, it would have been appropriate to support the findings of the above DNA 

based tests with a cellular method for DNA damage detection such as the comet assay. 

Although this was initially planned in the study and the pulp samples were separated for 

this reason, comet assay could not be performed due to time constraints and availability of 

samples. 
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5.5 Future Recommendations 

Future studies should address the above mentioned shortcomings and also carry-out more 

comprehensive research on examining the DNA degradation in dental pulp as it was found 

to be a better tissue for DNA analysis. Also, for the PCRs, three of four primer pairs 

targeting amplicons varying by at least 100 bp should be used for better discrimination of 

DNA quality. STR loci could be used as allelic drop-out could be used as an indicator of 

DNA degradation and a multiplex STR assay would better reflect the results obtained from 

real forensic cases. 

 

In addition, experiments should be carried-out while exposing the teeth to environmental 

conditions and for time periods ranging from a few hours to over a couple of months as this 

would give a more realistic and wider overview of DNA degradation post-mortem. 

 

As it was evident that inhibitors were present in some samples, the phenol chloroform 

method used here should be replaced by newer methods that have the potential to minimize 

these co-purified inhibitors. Rohland and Hofreiter (2007) have devised such a method by 

using only EDTA and proteinase K (20mg/ml) in the extraction buffer and then a silica 

column with high concentrations of guanidium thiocynate for DNA purification. They have 

reported that this method is capable of limiting PCR inhibitors in samples of ancient teeth 

and bone. Alternatively, purification steps with silica membranes could be added.  

 

It is also acknowledged that picogreen fluorometry may have provided more accurate and 

precise measurements at low concentrations than the nanodrop and that a lower percentage 

gel for example 0.5-1% gel rather than 2% would have been more appropriate. 
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5.6 Conclusions 

This study was aimed at assessing the quantity and quality of the DNA in dental tissue at 

different time-points as a precursor for estimation of PMI. A comparison of DNA from 

dental pulp and tooth powder was also done to determine the better method for evaluating 

DNA in dental tissues. 

 

The phenol chloroform method used for DNA extraction from teeth appeared to yield DNA 

from all teeth samples. Although many samples appeared to be contaminated with proteins 

and phenol, most could be amplified using the real-time PCR. Therefore it can be 

concluded that the organic method can be used for DNA extraction from dental tissue with 

an additional purification step to minimize PCR inhibitors. 

 

Although the powdered teeth sample results based on the NanoDrop, real-time PCR and gel 

electrophoresis demonstrated a general trend of decreasing DNA over time, they were not 

able to conclusively indicate a consistent pattern. The pulp samples, however gave a better 

indication of DNA degradation. It was concluded that dental pulp is a more reliable source 

of dental tissue for DNA degradation analysis. 
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APPENDIX I 

Reagents 

1. Reagents for DNA extraction 

 0.5M EDTA pH 8.0: 

o To make a 0.5M solution, 46.5g of disodium ethylenediaminotetra-

acetate.2H2O (EDTA) (Sigma-Aldrich Corp., St Louis, MO, USA) 

was added to 250ml of distilled water (dH2O) and pH was adjusted 

to 8.0 with concentrated NaOH (BioRad Laboratories Inc., Hercules, 

CA, USA).   

 

 0.1M Tris-HCl pH 8.0: 

o To make a 0.1M Tris-HCl solution, 2.4228g of Tris Base (Sigma-

Aldrich Corp., St Louis, MO, USA) was added to 200ml of dH2O 

and pH was adjusted to 8.0 with concentrated HCl.  

 

 5M NaCl: 

o To make a 5M NaCl solution, 29.22g of NaCl (Sigma-Aldrich Corp., 

St Louis, MO, USA) was added to 100 ml of dH2O. 

 

 20% SDS: 

o Twenty grams of SDS (Sigma-Aldrich Corp., St Louis, MO, USA) 

was added to 100ml of dH2O to make a final 20% SDS solution. 
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 Extraction Buffer (stock solution): 

o The extraction buffer stock solution comprised 10mM of Tris-HCl 

pH 8.0, 100mM of NaCl (Sigma-Aldrich Corp., St Louis, MO, 

USA), 50mM of EDTA pH 8.0 and 0.5% of SDS (Sigma-Aldrich 

Corp., St Louis, MO, USA). 

 

 20mg/ml Proteinase K  

o To make a final concentration of 20mg/ml of Proteinase K, 5ml of 

dH2O was added to 100mg Proteinase K (Qiagen, Hilden, Germany) 

 

 70% Ethanol  

o To make a 70% ethanol solution, 300ml of dH2O was added to 700 

ml absolute Ethanol (Sigma-Aldrich Corp., St Louis, MO, USA). 

 

 Phenol/Chloroform/Isoamyl alcohol(25:24:1) 

o A premixed solution of Phenol/Chloroform/Isoamyl alcohol 

(25:24:1) was used (Sigma-Aldrich Corp., St Louis, MO, USA). 

 

 10X TBE (stock solution kept at room temperature) 

o To make up the stock TBE solution, 109.03g of Tris-Base (Sigma-

Aldrich Corp., St Louis, MO, USA), 55.65g of Boric Acid (Sigma-

Aldrich Corp., St Louis, MO, USA), 9.31g of EDTA (Sigma-Aldrich 

Corp., St Louis, MO, USA) were mixed and added to 1L of dH2O.  
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 TBE working solution 

o For agarose gel electrophoresis, TBE was diluted to a final working 

concentration of 1x TBE (1:10 dilution of the concentrated stock: 

100ml 10x TBE and 900ml dH2O). 

 

 

2. Reagents for agarose gel electrophoresis 

 2% Agarose gel 

o To make a 2% agarose gel, 2g of Ultrapure agarose (Invitrogen, Van 

Allen Way, Carlsbad, California, USA) was added to 100ml of 

dH2O. 

 Ethidium Bromide 10mg/ml (Sigma-Aldrich Corp., St Louis, MO, USA). 

 100bp Ladder DNA Marker (100-1500bp) (Promega, Madison,WI, USA) 

 Gel loading buffer(Promega, Madison, WI, USA) 
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APPENDIX II 

Table 1.Starting weights of powdered tooth samples 

Sample ID       Gms Sample ID gms Sample ID gms Sample 

  ID 

 

 

 gms Sample  

   ID 

gms 

1-0 0.79 1-1 0.98 1-6-1 0.47 1-15-1  0.36 1-28-1 1.41 

2-0 0.5 2-1 0.88 2-6-1 0.6 2-15-1  0.65 2-28-1 0.51 

3-0 1.23 3-1 0.52 3-6-1 0.66 3-15-1  0.79 3-28-1 0.96 

4-0 0.65 4-1 0.1 4-6-1 0.66 4-15-1  0.75 4-28-1 0.59 

5-0 0.34 5-1 0.4 5-6-1 0.7 5-15-1  0.15 6-28-1 0.9 

6-0 0.45 6-1 0.25 6-6-1 0.68 6-15-1  0.62 7-28-1 0.72 

7-0 0.44 7-1 0.98 7-6-1 0.37 7-15-1  0.8 8-28-1 0.74 

8-0 0.45 8-1 0.1 8-6-1 0.49 8-15-1  0.59 9-28-1 0.9 

9-0 0.65 9-1 0.74 9-6-1 0.33 9-15-1  0.78 10-28-1 1.29 

10-0 0.43 10-1 0.25 10-6-1 0.8 10-15-1  0.9 11-28-1 0.87 

11-0 0.1 11-1 0.37 11-6-1 0.61 11-15-1  0.92 12-28-1 0.48 

12-0 0.45 12-1 0.87 12-6-1 0.85 12-15-1  0.66 1-28-2 0.76 

    1-6-2 0.33 1-15-2  0.77 2-28-2 0.91 

    2-6-2 0.48 2-15-2  1 3-28-2 0.46 

    3-6-2 0.41 3-15-2  0.72 4-28-2 0.24 

    4-6-2 0.44 4-15-2  0.34 5-28-2 0.78 

    7-6-2 0.72 5-15-2  1.08 6-28-2 1.01 

    8-6-2 0.57 6-15-2  0.46 7-28-2 0.61 

    9-6-2 0.62 7-15-2  0.32 8-28-2 0.72 

    10-6-2 0.88 8-15-2  0.69 9-28-2 0.31 

    11-6-2 0.23 9-15-2  1.17 10-28-2 0.79 

    12-6-2  0.35 10-15-2  0.69 11-28-2 0.49 

      11-15-2  0.68 12-28-2 0.6 

      12-15-2  0.52   
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Table 2. Day 0 NanoDrop data 

Sample ID  ng/ul 260/280 

1-0  1278.29 1.65 

2-0  1907.59 1.71 

3-0  897.57   1.62 

4-0  1503.06 1.63 

5-0  846.7 1.59 

6-0  1850.85 1.63 

7-0  1349.59 1.57 

8-0  1591.81 1.69 

9-0  1575.26 1.64 

10-0  1153.37 1.58 

11-0  679.59 1.52 

12-0  1281.79 1.56 
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        Table 3. Day 1 NanoDrop data 

Sample ID  ng/ul  260/280 

1-1  240.54  1.77 

2-1  287.36  1.79 

3-1  482.91  1.98 

4-1  530.77  1.91 

5-1  567.23  1.9 

6-1  393.57  1.74 

7-1  425.02  1.98 

8-1  1068.8  1.59 

9-1  262.03  1.75 

10-1  430.37  1.82 

11-1  836.23  1.56 

12-1  412.42  1.87 
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      Table 4. Day 6 NanoDrop data

Sample ID  ng/ul       260/280 

1-6-1  55.8  1.68 

2-6-1  22.34  2.37 

3-6-1  29.9  2.11 

4-6-1  30.14  2.01 

5-6-1  88.87  1.65 

6-6-1  37.92  1.74 

7-6-1  60.44  1.94 

8-6-1  44.04  1.68 

9-6-1  91.33  1.55 

10-6-1  123.7  1.56 

11-6-1  62.65  1.60 

12-6-1  57.62  1.76 

1-6-2  95.62  1.71 

2-6-2  88.08  1.74 

3-6-2  65.13  1.67 

4-6-2  119.31  1.69 

7-6-2  37.29  1.91 

8-6-2  58.94  1.59 

9-6-2  82.37  1.5 

10-6-2  56.92  1.55 

11-6-2  117.9  1.6 

12-6-2  94.8  1.7 
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     Table 5. Day 15 NanoDrop data 

 Sample ID         ng/ul        260/280 

1-15-1  30.68  1.42 

1-15-2  79.7  1.49 

2-15-1  23.5  1.16 

2-15-2  108.49  1.5 

3-15-1  52.28  1.42 

3-15-2  51.93  1.4 

4-15-1  59.76  1.42 

4-15-2  39.6  1.44 

5-15-1  53.95  1.46 

5-15-2  24.46  1.42 

6-15-1  38.38  1.43 

6-15-2  52.19  1.47 

7-15-1  74.82  1.54 

7-15-2  37.29  1.38 

8-15-1  533.86  1.9 

8-15-2  70.87  1.48 

9-15-1  55.65  1.42 

9-15-2  26.16  1.37 

10-15-1  64.25  1.4 

10-15-2  159.29  1.49 

11-15-1  62.66  1.36 

11-15-2  49.19  1.48 

12-15-1  59.25  1.41 

12-15-2  70.91  1.44 
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 Table 6. Day 28 NanoDrop data. 

 Sample ID        ng/ul         260/280 

1-28-1  10.42  1.54 

1-28-2  16.17  1.33 

2-28-1  74.22  1.47 

2-28-2  121.11  1.51 

3-28-1  228.9  1.58 

3-28-2  50.17  1.58 

4-28-1  79.6  1.45 

     4-28-2  134.39  1.53 

5-28-1  97.81  1.47 

5-28-2  121.23  1.52 

6-28-1  113.83  1.5 

6-28-2  96.69  1.45 

7-28-1  127.61  1.5 

7-28-2  68.89  1.43 

8-28-1  131.65  1.51 

8-28-2  48.82  1.41 

9-28-1  32.12  1.53 

9-28-2  17.25  1.55 

10-28-1  248.89  1.63 

11-28-1  53.76  1.44 

11-28-2  20.3  1.35 

12-28-1  19.25  1.44 

12-28-2  68.62  1.48 
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Table 7. Standardized Real-time PCR results for individual samples. 

ID    ng/ul ID    ng/ul    ID ng/ul     ID    ng/ul    ID    ng/ul 

1-0 680.48 1-1 14.75 1-6-1 26.44 1-15-1 0.66 1-28-1 0.04 

2-0 507.86 2-1 33.46 2-6-1 0.59 1-15-2 2.48 1-28-2 0.03 

3-0 0.18 3-1 7.95 3-6-1 0.23 2-15-1 0.84 2-28-1 0.01 

4-0 0.01 4-1 314.15 4-6-1 0.47 2-15-2 0.94 2-28-2 0.09 

5-0 696.36 5-1 183.00 6-6-1 3.96 3-15-1 28.69 3-28-1 0.22 

6-0     1096.45 6-1 76.98 7-6-1 1.30 3-15-2 0.41 3-28-2 0.02 

7-0 0.70 7-1 5.08 8-6-1 11.72 4-15-1 3.53 4-28-1 0.06 

8-0 0 8-1 93.61 9-6-1 8.17 4-15-2 0.09 4-28-2 0.08 

9-0 526.08 9-1 7.095 10-6-1 8.12 5-15-1 0.58 5-28-1 0.01 

10-0 696.17 10-1 181.46 11-6-1 20.19 5-15-2 0.14 5-28-2 0.03 

11-0 1180.14 11-1 3.26 12-6-1 25.21 6-15-1 0.27 6-28-1 0.12 

12-0 53.97 12-1 6.44 1-6-2 18.50 6-15-2 0.36 6-28-2 1.34 

    2-6-2 92.58 7-15-1 0.25 7-28-1 8.64 

    3-6-2 23.10 7-15-2 0.11 7-28-2 0.17 

    4-6-2 12.76 8-15-1 3.91 8-28-1 1.81 

    5-6-2 12.95 8-15-2 1.91 8-28-2 0.04 

    7-6-2 5.77 9-15-1 0.22 9-28-1 0.004 

    8-6-2 4.84 9-15-2 1.01 9-28-2 0.03 

    9-6-2 22.80 10-15-1 0.30 10-28-1 0.06 

    10-6-2 4.62 10-15-2 1.34 11-28-1 0.23 

    11-6-2 262.23 11-15-1 1.25 11-28-2 0.47 

    12-6-2 24.71 11-15-2 0.08 12-28-1 0.04 

      12-15-1 0.12 12-28-2 0.04 

      12-15-2 1.2620   

Gel images for PCRs (ones not shown in results section) 
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Figure 1. A.  Pig 2 samples with PGH primer pair; B. Same samples with IFN  primer 

pair. A. Top row- Lane 2: positive, Lanes 3-10:2-0(duplicates),2-1(duplicates),2-6-

1(duplicates),2-6-2(duplicates) ,2-15-1 Bottom row- lane 1:ladder Lanes 2-12:2-15-1, 2-

15-2(duplicates),2-28-2(duplicates),2-1(pulp),2-6(pulp),2-15(pulp), negative.  B. Lane 2-

12:2-0,2-1,2-6-1,2-6-2,2-15-1,2-15-2,2-28-1,2-28-2,2-0(pulp), 2-6(pulp), 2-15(pulp). 

M=Marker 
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Figure 2.A. Pig 3 samples with PGH primer pair; B. Same samples with IFN  primer 

pair. A.Top row-Lane 2:positive, Lanes 3-14:3-0(duplicates),3-1(duplicates),3-6-

1(duplicates),3-6-2(duplicates),3-15-1(duplicates),3-15-2(duplicates). Bottom row- Lane 

2:positive, Lane 3-7 3-28-1(duplicates),3-28-2(duplicates), negative. B. Lanes 2-12:3-0,3-

1,3-6-1,3-6-2,3-15-1,3-15-2,3-28-1,3-28-2,3-1(pulp),3-6(pulp),3-28(pulp). M=marker 
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Figure 3. A. Pig 5 samples with PGH primer pair; B. Same samples with IFN  primer 

pair.     A.  Lanes 2-9 :5-0,5-1,5-6,5-15-1,5-15-2,5-28-1,5-28-2, Lane 10:positive, Lane 

11:negative .B. Lanes 2-7:5-0,5-1,5-6,5-15-1,5-15-2,5-28-1,5-28-2, Lanes 8,9:positives, 

Lanes10,11,negatives. M=marker 
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Figure 4. A. Pig 6 samples with PGH primer pair; B. Same samples with IFN  primer 

pair. A. Lanes 2-8: 6-0, 6-1,6-6,6-15-1,6-15-2,6-28-1,6-28-2. B. Lanes 2-8: 6-0, 6-1,6-6,6-

15-1,6-15-2,6-28-1,6-28-2 ,Lane  9:positive ,lane 10:negative. M=marker 
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Figure 5. A. Pig 7 samples with PGH primer pair; B. Same samples with IFN  primer 

pair .  A. Lane 2:positive, Lanes 3-15:7-0(duplicates),7-1(duplicates),7-6-1(duplicates),7-

6-2(duplicates), 7-15-1(duplicates),7-15-2(duplicates),7-28-1(duplicates),7-28-

2(dulplicates.) B. Lane 2-8:7-0,7-1,7-6-1,7-6-2,7-15-1,7-15-2,7-28-1,7-28-2. M=marker 
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Figure 6. A. Pig 8 samples with PGH primer pair; B. Same samples with IFN  primer 

pair. A. Top row- Lane 2:negative control, Lane 3:positive control,  Lanes 4-19: 8-

0(duplicates),8-1(duplicates),8-6-1(duplicates) 8-6-2(duplicates),8-15-1(duplicates),8-15-

2(duplicates), 8-28-1 Bottom row- Lanes 2-4:8-28-1,8-28-2(duplicates) B. Lanes 2-9:8-0,8-

1,8-6-1,8-6-2,8-15-1,8-15-2,8-28-1,8-28-2 ,Lane 10:positive ,Lane 11:negative.M=marker. 
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Figure 7. A. Pig 9 samples with PGH primer pair; B. Same samples with IFN  primer 

pair.  A. Lane 2-12: : 9-0,9-1,9-6-1,9-6-2,9-15-1,9-15-2,9-28-1,9-28-2,9-0(pulp), 9-1(pulp), 

9-15(pulp).B.  Lane 2-12: 9-0,9-1,9-6-1,9-6-2,9-15-1,9-15-2,9-28-1,9-28-2,9-0(pulp), 9-

1(pulp), 9-15(pulp).M=marker. 
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Figure 8. A. Pig 10 samples with PGH primer pair; B. Same samples with IFN  primer 

pair.  A. Lanes 2-8: 10-0,10-1,10-6-1,10-6-2,10-15-1,10-15-2,10-28-1. B. Lanes 2-8: 10-

0,10-1,10-6-1,10-6-2,10-15-1,10-15-2,10-28-1 ,Lane 9:negative.M=marker 
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Figure 9. A. Pig 11 samples with PGH primer pair; B. Same samples with IFN  primer 

pair. A. Lanes 2-9: 11-0,11-1,11-6-1,11-6-2,11-15-1,11-15-2,11-28-1,11-28-2. B.Lanes 2-

9:11-0, 11-1,11-6-1,11-6-2,11-15-1,11-15-2,11-28-1,11-28-2. M=marker 
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. 

 

Figure 10. A. Pig 12 samples with PGH primer pair; B. Same samples with IFN  primer 

pair. A. Lanes 2-11: 12-0, 12-1,12-6-1,12-6-2,12-15-1,12-15-2,12-28-1,12-28-2,12-

0(pulp), 12-6(pulp). B.Lanes 2-11 12-0,12-1,12-6-1,12-6-2,12-15-1,12-15-2,12-28-1,12-28-

2,12-0(pulp), 12-6(pulp).M=marker 
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