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Abstract: The presence of inhibitors in samples has been the focus of much of the published literature. The
difficulties posed by PCR inhibitor-bearing DNA samples have traditionally been addressed by decreasing the
inhibitor concentration, either through sample dilution or by further purifying the target DNA. A review
composed via Medline Internet search, literature search and contributions from our experiences as well as
experiences from colleagues. The recovery of intact high-molecular-weight DNA from formaldehyde-fixed
tissues is very poor and that this fragmented DNA amplifies poorly in PCR reactions. For the fact that aldehyde
fixed samples of bone or tooth may contain many different inhibitory substances leading to failure of
amplification, a multi-faceted approach is the best solution for amplification failure.
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I Introduction

PCR inhibitors are a very heterogeneous group of chemical substances. One certain matrix may contain
many different inhibitory substances and the same inhibitors can be found in many different matrices. Organic
as well as inorganic substances, which may be dissolved or solid, can appear as PCR inhibitors. Calcium ions
are an example for inorganic substances with inhibitory effects on the PCR. However, most of the known
inhibitors are organic compounds, for example, bile salts, urea, phenol, ethanol, polysaccharides, sodium
dodecyl sulphate (SDS), humic acids, tannic acid, melanin as well as different proteins, such as collagen,
myoglobin, haemoglobin, lactoferrin, immunoglobin G (IgG) and proteinases [1]. Besides the substance class,
the concentration of the compound is important for its inhibitory effect. PCR inhibitors can be found in a variety
of biological materials (organs like bones and teeth, blood, body fluids etc.), environmental samples (water, soil,
air etc.) and food (meat, milk, fruits, vegetables, seafood etc.). In addition, inhibitory substances may also be
unintentionally added during transport, sample processing (e.g. pre-concentration procedures) or nucleic acid
extraction [2].

For as long as scientists have used the polymerase chain reaction (PCR), PCR inhibitors have been an
obstacle to success. All who use PCR are likely to be impacted by inhibitors at some time, but the wide range of
forensic sample types and variety of sampling conditions encountered make forensic scientists particularly
vulnerable. PCR inhibitors generally exert their effects through direct interaction with DNA or interference with
thermostable DNA polymerases. Direct binding of agents to singlestranded or double-stranded DNA can
prevent amplification and facilitate co-purification of inhibitor and DNA. Inhibitors can also interact directly
with a DNA polymerase to block enzyme activity. DNA polymerases have cofactor requirements that can be the
target of inhibition. Magnesium is a critical cofactor, and agents that reduce Mg2+ availability or interfere with
binding of Mg2+ to the DNA polymerase can inhibit PCR [3].

When an organism dies, its DNA normally becomes degraded by endogenous nucleases. Under certain
circumstances, such as rapid desiccation, low temperatures or high salt concentrations, nucleases can themselves
become destroyed or inactivated before all nucleic acids are reduced to mononucleotides. If this is the case,
slower but still relentless processes start affecting the DNA. For example, oxidation, as well as the direct and
indirect effects of background radiation, will modify the nitrous bases and the sugar-phosphate backbone of the
DNA [4]. Furthermore, deamination, depurination and other hydrolytic processes will lead to destabilization and
breaks in DNA molecules. All these processes create problems for the retrieval of DNA sequences. For
example, a high proportion of cytosine and thymine residues in extracts of ancient tissues are oxidatively
modified to hydantoins oxidation products of the pyrimidine bases (cytosine and thymine), which block DNA
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polymerases and thus the PCR. Furthermore, deamination products of cytosine, for example, are common in
DNA and cause incorrect bases to be inserted during the PCR [4].

In cadavers, DNA degrades very quickly, even in early post-mortem periods. The degradation of soft
tissues is particularly evident after short intervals of time, a consequence of the rapid bacterial increase that is
natural in decomposing corpses, especially in those that are exposed to hot temperatures in tropical countries
[5]

Another common problem is the presence of inhibitors of DNA analysis that could be present [6]. The
majority of extracted PCR inhibitors are tannins, humic acids and fulvic acids, all common soil-derived
degradation products. Because they are highly phenolic, they generally should be removed by phenol-
chloroform extraction. Another class of inhibitors are maillard products, by-products of sugar reduction, which
cross-link macromolecules, including nucleic acids. Humic acids, fulvic acids and maillard products often result
in brown cloring of DNA extracts. These compounds often fluoresce blue in agarose gel under ultraviolet (UV)
light [4].

Secondly, high molecular weight DNA, that is, that which can be analyzed, in human remains or in recent
post-mortem material, is very scarce due to the degradation of genetic material. Exogenous agents, like
microorganisms, humidity and many organic compounds, to which the corpses were exposed, also reduce the
amount of informative DNA available [7].

1.1 Aldehyde Fixing Agents and Their Mechanism of PCR Inhibition

In the fields of Anatomy, histology, pathology and cell biology, fixation is a chemical process by
which biological tissues are preserved from decay, thereby preventing autolysis or putrefaction. Fixation
terminates any ongoing biochemical reactions, and may also increase the mechanical strength or stability of the
treated tissues. Fixation of tissue is done for several reasons. One reason is to kill the tissue so that postmortem
decay (autolysis and putrefaction) is prevented. Fixation preserves a sample of biological material (tissue or
cells) as close to its natural state as possible in the process of preparing tissue for examination [8].

Aldehyde fixing agents, such as formaldehyde and paraformaldehyde, are potent cross-linking agents.
The majority of products are protein-protein cross-links with less cross-linking of protein to DNA and virtually
no cross-linking of DNA to DNA at room temperature [9]. Formaldehyde fixation has a number of drawbacks
which are familiar to histologists but which are not often appreciated by most PCR investigators. First, it is
difficult to remove totally from tissues, even with extensive washing for several days [10]. The residual
formaldehyde groups left in tissue can continue forming cross-links with protein or nucleic acids long after the
agent has been removed [11]. It is therefore quite possible that formaldehyde-fixed tissue can also react with
PCR reagents after they have been added [9].

A second and probably more important property of formaldehyde is its ability to cross-link the histones
which normally coat DNA. This property was originally used to elucidate the structure of nucleosomes. Protein-
protein cross-linking occurs mainly within the histone octamer, but can occur between nucleosomes on the same
DNA molecule [12]. The extent of DNA-protein cross-links is governed by the degree of association between
DNA and the protein molecule. Cross-linked histones are likely to be a major obstacle to the progression of Tag
polymerase along the target DNA and they also impose constraints on the size of the PCR products that can be
generated. Teo and Shaunak (1995) [9] demonstrated that cross-linking of histones on plasmid DNA by
formaldehyde severely reduces its ability to be amplified by PCR.

The problems associated with cross-linking of histones on DNA by formaldehyde have been
recognized by investigators performing solution-based PCR on archive material and they have consequently
used extensive protease digestion (e.g. up to 5 days at 37°C [13]. Extensive protease digestion of cells cannot be
performed prior to PCR because it would destroy the architecture of the cell and contribute to diffusion of PCR
products out of the cell [14]. The relatively mild protease steps often used are unlikely to completely unmask the
DNA and there is even some evidence to suggest that residual part of the core of formaldehyde-fixed histone
remains resistant to protease digestion [15].

Other types of non—cross-linking damage to DNA are also likely. Formaldehyde treatment causes
single-strand breaks in treated cells [16], though to what extent these are the result of excision repair processes
is unclear [9]. It is worth noting that the recovery of intact high-molecular-weight DNA from formaldehyde-
fixed tissues is very poor [17], and that this fragmented DNA amplifies poorly in PCR reactions. Teo and
Shaunak (1995) [9] suggest that part of the failure to amplify DNA from fixed cells may be due to the presence
of large numbers of single-stranded breaks in the target DNA.

Formaldehyde treatment of a polynucleotide substrate causes misincorporation of nucleotides into
DNA by DNA polymerase in an in vitro system [18] and it is likely that this is the basis for the mutagenic
effects of formaldehyde in vivo. It is not known, however, what effect such DNA modifications have on the
fidelity and processivity of Tag polymerase [9]
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Non-aldehyde fixatives do not form cross-links between proteins and nucleic acids, but fix tissues
through precipitation. In the context of PCR in situ they should allow more efficient amplification from the
target DNA because histones are not removed by digestion with protease. Their use in tissue subjected to PCR
has, however, been limited [9]. Nuovo et al. (1993) [14] have performed PCR on cells fixed with actone, ethanol
and methanol-acetic acid and poor retention of short (115 bp) PCR amplified products generated using a single
primer pair. These findings were attributed to the inability of these agents to perform the cross-linked lattice
structures necessary to trap PCR amplified products within cells. Conversely, Chiu et al. (1992) [19] and
Patterson et al. (1993) [20] have successfully used the non-cross-linking agents methanol-acetic acid and STF
(Streck fixative) respectively. In both cases, the investigators used multiple primer pairs to generate long
amplification products which should have been better retained in the absence of a cross-linked ‘lattice’ structure.

DNA extracted from formaldehyde-fixed tissue and analysed on gels has an average size of 200 to
2000 bp (compared to > 30 kb for unfixed tissue). This accounts for the difficulties in amplifying sequences >
400 bp in solution-based PCR [21]. Even allowing for DNA strand breakage during extraction, there are still an
excessive number of breaks in formaldehyde-fixed material. Both single- and double-stranded DNA breaks can
occur [21].

Teo and Shaunak (1995) [9] found that when using some of the published PCR protocols, there is poor
denaturation of DNA in formaldehyde-fixed cells during the early circles of PCR. This observation is somewhat
surprising because formaldehyde is a denaturing agent often used in RNA and DNA agarose gel electrophoresis.

Cross-linking of histones to each other and to the target DNA is likely to act both as a block to
denaturation over long stretches and to accelerate renaturation [9]. Using in vitro model system, Cox and
Lehman (1981) [22] have demonstrated that the renaturation of DNA is promoted by histones with a t;, <lmin.
The reaction is also cateion-dependant. Bagarasa et al. (1992) [23] performed a heating step on cells before
fixation with paraformaldehyde. Under these conditions, it is likely that denaturation of the target DNA is
achieved prior to fixation, thereby ‘freezing’ the DNA in a state whereby cross-linked histones (if still attached)
interfere less with PCR amplification [9].

1.2 PCR Inhibition of Aldehydes on DNA Extracted from Human Skeletal Fragments and Teeth
Specimens

Since the paper by Hochmeister et al., 1991 [24], reporting on the successful amplification of DNA
extracted from human femoral bone of a corpse submerged 18 months under water and a 11-year-old
mummified-corpse, other studies in the literature report have demonstrated the ability to amplify DNA from
ancient and formalin fixed sketel fragments and teeth specimens.

Faerman et al. (1995) [25], determined sex in skeletal remains of 18 individuals, including young
children, out of 22 examined from periods ranging from 200 to around 8000 years ago based on amplification of
single-copy amelogenin-encoding gene (AMG).

Stone et al., (1996) [26], amplified a small fragment (112 bp) in exon 6 of the amelogenin gene to
accurately determine genetic sex of 19 out of 20 ancient human skeletons dating to A. D. 1300.

Faerman et al. (1998) [27], determined the sex of infanticide victims from the late Roman era through
ancient DNA analysis. Amplification was successful for 19 only out of the 43 ancient specimen tested.

Mays and Faerman (2001) [28], reported on sex identification in some putative infanticide victims from
Roman Britain using ancient DNA. Sex identification was performed using a method based on PCR
amplification of the X and Y amelogenin alleles. Only the Y amelogenin allele could be amplified in all nine
male samples, thus reflecting a relative poor state of DNA preservation in the bone specimen.

Matheson and Loy (2001) [29] used amelogenin gene in the genetic sex identification of 9400-year-old
ten human skull samples from Cayonii Tepesi, Turkey. The amelogenin amplifications did not amplify
efficiently and reliably, this could be due to degree of fragmentation of the DNA in these same samples.

Diane et al. (2003) [30], co amplified amelogenin, two X-chromosomal short tandem repeats (STRs)
(DXS6789 and DXS9898) and two Y-chromosome specific STRs (DYS391 and DYS392). The amplification
results of this multiplex approach back each other up, and enable reliable sex identification.

Vanharova and Drozdova (2008) [31], reported concordance between the genetic and archeological
determinations occurred in 13 cases out of 21 (~62%)on the sex determination of 53 skeletal remains of 4000
year old children and juveniles using amelogenin.

Shahrul Hisham and his colleagues, reported in 2009 [32], on the successful molecular gender
determination of 2 ancient human bones, using amelogenin gene.

Zagga 2011 [33] reported a success rate of 43% and 0% respectively, for gender identification of
embalmed bone samples and embalmed cadaveric teeth specimens with amelogenin gene.

Lin et al. (1995) [34] reported that with alphoid repeat primers sex determination was possible even
with very ancient human bone samples > 1300 years.
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Cipollaro et al., (1999) [35] reported on the successful amplification of ancient (79 A.D) DNA and
gender determination of 8 femuri, 4 tibia and 1 humerus from Pompeii Archaeological Site, using Y-specific
alphoid repeats. However, there was no amplification in 1 tibia due to very poor preservation of the specimen.
The

Murakami et al., (2000) [36], determined genetic sex of pulp in all 20 teeth (10 males 10 females)
preserved at room temperature for 22 years using alphoid repeats. The sex of a mummified body estimated to
have been discovered half a year to 1 year after death could be determined readily by examination of the dental
pulp. In the skeletons of 2 bodies placed under water for approximately 1 year and approximately 11 years 7
months, pulp tissues had been dissolved and lost, but sex determination was possible using DNA extracted from
hard dental tissue.

Matheson and Loy (2001) [29] reported a success rate of 90% amplification and subsequent genetic sex
identification of 9400-year-old ten human skull samples usin alphoid repeats primers.

Zagga, 2011[33] was able to amplify and determine genetic sex in about 57% of human embalmed
bone samples using alphoid repeat primers. Although PCR gender determination of embalmed teeth (from
cadavers), using alphoid repeats primers recorded 100% success, amplification of Y chromosome was achieved
in 2 out of 3 samples.

The DNA of fixed tissues or cells for PCR contains naturally occurring strands breaks which have been
estimated at 3000-4000 single-strand breaks per genome in quiescent lymphocytes for example [37]. DNA
strand breaks can also arise from cellular senescence, DNA repair processes, apoptotic events, nuclease activity
during formaldehyde fixation or post-fixation treatments such as peroxide and thermal cycling [38].

11 Conclusion
For the fact that aldehyde fixed samples of bone or tooth may contain many different inhibitory
substances leading to failure of amplification, a multi-faceted approach is the best solution for amplification
failure.
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