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A B S T R A C T

Polymerase chain reaction (PCR) is currently the method of choice for the identification of human

remains in forensic coursework. DNA samples from crime scenes often contain co-purified impurities

which inhibit PCR. PCR inhibition is the most common cause of PCR failure when adequate copies of DNA

are present. Inhibitors have been routinely reported in forensic investigations of DNA extracted from a

variety of templates. Humic compounds, a series of substances produced during decay process have been

considered as the materials contaminating DNA in soil, natural waters and recent sediments. Those

compounds have been frequently assigned as PCR inhibitors. The current report reviews the

characteristics of PCR inhibition, including the proposed mechanisms of inhibition, detection methods

and the available technologies to remove or overcome the inhibitory activities.

� 2011 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

While continuing to address issues related to forensic popula-
tion studies [1], research has been focused on methodological
problems in forensic context, including postmortem DNA degra-
dation [2], tissue preservation [3], repair strategies [4], and
contamination [5]. One less explored topic in forensic DNA
technology is the co-existence of polymerase chain reaction
(PCR) inhibitors with DNA [6]. PCR is currently the method of
choice for in vitro amplification of DNA molecules for genetic
analysis in forensic DNA identification, through different strategies
E-mail address: rala5891@uni.sydney.edu.au.

1872-4973/$ – see front matter � 2011 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.fsigen.2011.08.006
including short tandem repeats (STRs) [7], Mini-STRs [8], and
sequence analysis of mitochondrial DNA (mtDNA) [9].

PCR inhibition is the most common cause of PCR failure when
adequate copies of DNA are present. It remains a great challenge in
molecular analysis of biological remains recovered from the
environment. Theoretically, inhibitory activities may affect every
component of PCR reaction including the template DNA, the
nucleotides, the amplification primers, Mg2+ and the polymerase
enzyme [10,11]. Furthermore, co-existing impurities can interfere
with cell lysis during DNA extraction [12,13], or degrade or capture
nucleic acids [14]. Severe inhibition can lead to the loss of alleles
from the larger STR loci, or complete false-negative results, which
is a pattern similar and often mistakenly attributed to severe
template degradation [2]. A slight to moderate inhibition can result

http://dx.doi.org/10.1016/j.fsigen.2011.08.006
mailto:rala5891@uni.sydney.edu.au
http://www.sciencedirect.com/science/journal/18724973
http://dx.doi.org/10.1016/j.fsigen.2011.08.006
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in a minor loss of alleles and misestimating of the affected sample’s
DNA quantity [15]. The latter has potential consequences for
downstream applications such as STR analysis [16]. Inhibitors have
been routinely reported in forensic investigations of DNA extracted
from clothing [17], hair [18], skeletal muscles [19], blood stains
[20], urine [21], feces [22], buccal swabs [23], body fluid aspirates
[24], formaldehyde fixed tissue [25], dyes from latent fingerprint
processings [26], quids [27], bone [28,29], and soil [30].

The failure of PCR from samples recovered from the environ-
ment has been attributed, most notably, to a brown substance
contaminating DNA preparations [31–34]. The substance is
intractable to removal by ordinary technologies, and may interfere
with molecular technologies other than PCR [35]. It appears as a
blurred blue fluorescent when illuminated by UV light on DNA
electrophoresis products [36,37]. The substance can also block
fluorescence detection in real-time PCR systems [38] and the
formation of primer dimers in the PCR reaction [28].

Humic compounds have been determined to be as at least one
of the PCR inhibitors contaminating DNA in soil, natural waters and
recent sediments [39–41]. Other kinds of intrinsic and extrinsic
chemicals have also been reported as inhibitors to PCR, including
collagen type I [36], chemically altered carbohydrates [42],
porphyrines catabolism residues [43], coexisting non-human
[44,45] or excessive DNA [46], heavy metals found with the bone
samples from mass graves, most commonly, iron, copper, cadmium
and lead [45], gold nanoparticles [47], bile salts [48], complex
polysaccharides in feces [22], heme in blood [20], proteinases in
milk [10], urea in urine [21] and chondroitin sulfate chains in
skeletal material [49]. Using high amounts of DNA extracts as
template has significantly inhibited the PCR amplification process
[50].

Skeletal remains retain the capacity of strong protection of their
macromolecular composition for longer periods, even to reach to
archaeological record in favorable conditions. DNA fragments from
a 2400 year old Egyptian mummy have been cloned and
characterized [51]. The longer duration of DNA survival in bone
as compared to soft tissues increases the potential of its exposure
to decay reactions. PCR inhibition phenomenon from bone
specimens has been reported in ancient as well as modern DNA
studies [52,53].

2. Proposed mechanisms of PCR inhibition

While the effect of the presence of inhibitors is well known, the
mechanisms of PCR inhibition are often unclear. Based on
simulated studies, co-purified inhibitors in nucleic acid extracts
may not affect all PCR reactions with different products equally
[54]. Designing real-time PCR experiments with variable amplicon
lengths, melting temperatures and primer sequences, Opel et al.
determined that certain primers with a higher melting tempera-
ture are less affected by inhibition [55].

Although the inhibitory activities may affect different compo-
nents of PCR reaction, research has been mostly focused on the
function of the polymerase enzymes. The polymerase can be
degraded by proteinases [10], denatured by phenol [56] or
detergents [57], and inhibited by blocking of the active site by
the inhibitor, which is the reversible effect of heme [20].

The inhibitory effect of divalent ions (Ca2+ and Mg2+) was more
pronounced than that of monovalent ions (K+ and Na+), with Ca2+

being the most inhibitory. The polymerase most sensitive to K+,
Mg2+, and Na+ was Ultma from Thermatoga maritima, whereas the
polymerases AmpliTaq Gold and Taq were most sensitive to Ca2+

[58]. Ca2+ ion concentrations above 3 mM have been found to be
inhibitory to the amplification capacity of AmpliTaq DNA
polymerase possibly through competition with the Mg2+ ion
[58]. This inhibitory effect was reversed by increasing the Mg2+ ion
concentration in the reaction mixture [59]. The effects of collagen
on Taq and Pwo have been partially reversed by the addition of
Mg2+, suggesting that collagen sequesters Mg2+ or affects Mg2+–
polymerase interaction [60]. The addition of K+ ions at concentra-
tions higher than 75 mM was completely inhibitory to amplifica-
tion of DNA by AmpliTaq [61], and increasing the concentration of
Mg2+ ions to 15 mM has been found to inhibit the polymerase
ability of Taq DNA polymerase [62].

2.1. Maillard reaction

Humic compounds are dark-colored, amorphic and highly
stable compounds [63], produced in decay process through the
Maillard reaction [64]. Termed after its inventor Louis-Camille
Maillard in early 1900s [65], the Maillard reaction is a biochemical
aging process, referring to as nonenzymatic browning reactions
between amines and carbonyl compounds, especially reducing
sugars such as glucose or glucose 6-phosphate (G-6-P). At the early
stages, however, the reaction may not display visible brown
coloration of the products. With time, these adducts are
dehydrated to form yellow brown fluorescent compounds that
can cross-link proteins [66]. The Maillard reaction is strongly
affected by conditions such as heating, moisture, pH, type of sugar
present and possibly predisposed through condensation reactions
between sugars and amino acids [67].

Depending on the soil type, humic compounds can make up
5.0–7.63 mg/g of soil [35]. They can be extracted by alkali and then
fractionated into humic (HA) and fulvic (FA) acids through
acidification [68]. Reportedly, 0.2–1 of soil HAs were extracted
with nucleic acids from soils containing 1–1.97 total organic
carbon [35]. Notably, 0.08 mg/ml HAs is sufficient to inhibit the
most sensitive Taq polymerase, and 0.5–17 mg/ml will inhibit
restriction enzymes [35]. Considering the charge to mass ratio
closeness to DNA and their structural heterogeneity [69], high
molecular weight humic compounds feature the most recalcitrant
impurity in DNA purification procedures. The amount and
composition of humic compounds that contaminate DNA pre-
parations may depend on the DNA extraction technique applied
[70].

HAs have physicochemical properties similar to the phosphate
groups of the sugar-phosphate backbone of DNA [71], so that they
can compete with DNA for adsorption sites during the purification
steps [72]. HAs may chelate with magnesium ions required by the
Taq polymerase [73,74]. As with DNA, humic compounds carry a
negative charge [75]. Electrophoretically, humic compounds,
mostly, will move through the gel faster than genomic DNA
because of their lower mass to charge ratio [76].

Free DNA in soil rapidly adsorbs and binds on HAs especially in
acidic conditions [77,78]. This binding provides protection against
degradation by nucleases and retains the capacity to transform
cells [79]. Sand-adsorbed DNA was 100 times more resistant
against DNase I as compared to free DNA in solution [80].

Maillard products however, may retain DNA-breaking activity
[81,82] or entrapping DNA and making it inaccessible to
polymerase enzyme [83]. HAs and other oligomeric compounds
with free phenolic groups (e.g., Tannins) oxidize to form quinones,
which covalently bind to and inactivate DNA polymerase [84]. The
level of inhibition for those compounds is directly related to the
amount present in the reaction. Complete inhibition of the TaqMan
real-time PCR assay occurs at concentrations greater than 1.4 ng
per 25 mL reaction of tannins. Concentrations below 1.4 ng per
25 mL reaction will also affect amplification efficiencies and
confound real-time quantitation estimates [16]. Real-time PCR
studies on HAs and melanin effects indicate a sequence specific
manner of PCR inhibition through binding to and inactivating at
least a portion of available DNA template, whereas collagen and
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hematin affect taq enzyme activity. Tannic acid (an agent mostly
found in leather) follows both DNA inactivation through direct
binding and taq polymerase inhibition [55].

Based on real-time PCR studies, the inhibition mechanism of
HAs can be classified as uncompetitive inhibition, where the
inhibitor binds to enzyme–substrate complex making it unreac-
tive. The result is a decrease in Vmax (the maximum initial velocity
that the enzyme can achieve) and an equivalent decrease in Km (the
substrate concentration at which 1/2 Vmax is achieved), without
changes in the Km/Vmax ratio value. Moreover, HA shifts the DNA
melting temperature point, Tm, to higher temperatures [39].

2.1.1. DNA glycation

In addition to co-purified Maillard products affecting DNA
amplification reactions, the amino groups of nucleic acids can
serve as substrates for modification by reducing sugars [85]. In

vitro incubation of individual nucleotides or purified DNA with
reducing sugars at 37 8C produced moieties with similar absor-
bance and spectral properties as the products that form during the
nonenzymatic glycosylation of proteins [86].

G-6-P, and glucose at a much slower rate, form adducts with the
primary amino groups of bases. With time, these adducts undergo
chemical rearrangement that can labilize the glycosidic bond
between the purine and the deoxyribose. This leads to depurina-
tion and followed by b-elimination and strand scission [66]. The
glycation process modifies the nitrogenous base of DNA molecules
which block PCR and require repair procedures ahead of PCR. Fig. 1
displays the nonenzymatic glycosylation products of DNA.

Although characteristically a slow process, Maillard reaction
modifications occur as integral function of time and sugar
concentration [87]. Four days incubation of single and double
stranded DNA at 37 8C with high concentrations of either glucose
or G-6-P was sufficient to produce absorbance changes in the 300–
400-nm range that are similar to those described for the
nonenzymatic browning of proteins [66]. There was no significant
reaction of the reducing sugar with thymidine. This demonstrates
the requirement for a free amino group on the nucleotide for the
reaction to occur [88]. The reaction occurred at a faster rate with
single stranded DNA than with double stranded DNA.

DNA retains double stranded structure in postmortem tissue. A
reactive intermediate has been found to be formed when reducing
sugars were incubated with lysine or polyamines. These intermedi-
ates can react rapidly with either single or double stranded DNA to
cross-link the amine to the DNA [89]. Polyamines such as spermine,
spermidine, putrescine and cadaverine are normally produced in
postmortal tissue through microorganismal metabolism of biological
material. They can possibly serve as substrates for the formation of
the reactive intermediate agents. PCR inhibition reportedly affects
the analysis of DNA extracted from degraded samples (e.g. ancient
DNA) more than that of optimal samples (e.g. modern DNA) [90]. This
phenomenon might be explained by advanced glycation of DNA
molecules which is a time dependent reaction.

Coprolites, in ancient DNA studies were shown to contain large
amounts of cross-links between reducing sugars and other
components, including DNA, hence producing Maillard products
[4]. DNA amplification from the coprolite was reportedly possible
only after sugar-derived cross-links had been resolved by N-
phenacyl thiazolium bromide (PTB) [91,92]. However, the effec-
tiveness of PTB has been challenged at least in some cases where
different components were responsible for PCR inhibition and
most notably removable by silica extractions [90].

3. DNA quantitation

Further to their PCR inhibitory effects, humic compounds may
also hamper DNA quantitation of the environmental samples. HAs
possess high absorption coefficients in the ultraviolet (UV) spectral
range, which strongly impairs nucleic acid quantitation by UV
spectrophotometry and often leads to an overestimation of DNA
concentrations [93]. In contrast to UV spectrophotometry,
fluorescent assays are more sensitive and specific for DNA.
However, standard H 33258, Picogreen (PG) and SYBR Green
(SG) assays were also strongly influenced by the presence of HAs
[69]. Spectroscopic scans suggest binding affinities of HAs to (SG)
in DNA quantitation studies [93].

Interferences by HAs fluorescence will be less prominent with
the SG or the PG assays, where excitation is preferentially
performed at 485 nm and emission is determined at about
522 nm, in contrast to the H 33258 assay where excitation and
emission detections take place at lower wavelengths. Therefore it
may be of interest to apply DNA-specific dyes with an excitation at
even longer wavelengths than PG or SG [69]. Diluting the sample
and increasing the SG concentration has been found beneficial in
reducing the concentration and so the influence of HAs on DNA
quantitation [69].

Quantitative PCR technologies have been recently employed
for DNA quantitation purposes. Absolute quantitation can be
achieved using a standard curve, constructed by amplifying serial
dilutions of known amounts of target DNA in a parallel group of
reactions as references [94]. This method requires the assumption
of uniform reaction efficiency between standards and unknown
samples. This assumption does not hold in the presence of
inhibitory activities [95]. Even slight variations in amplification
efficiency between samples due to unequal activity of inhibitors
can significantly affect the accuracy of template quantitation [96].
Stahlberg et al. measured amplification performances using a
dilution series of each sample [97]. This is the best way to reduce
the negative effects of inhibitors on DNA quantitation, when
satisfactory removal of inhibitors is not achievable. However,
dilution of samples containing inhibitors, would affect PCR
efficiency and therefore the calculated quantitations through
attenuation of inhibitory activities.

4. Detection of PCR inhibition

The presence of PCR inhibitory substances can be studied
indirectly by monitoring the PCR product(s) quantity and quality
through a few technologies including gel electrophoresis [98], dot
blots [99], high-pressure liquid chromatography [100] and
calorimetric assays [101]. PCR inhibition can be identified from
amplification failures of the internal standards and monitored
semi-quantitatively by observing the PCR failures of a series of
known amounts of the internal standard [102].

Quantitative real-time PCR is the method of choice to monitor
PCR inhibitors through calculating PCR efficiency [16], or more
classically by incorporating an exogenous internal positive control
(IPC) fragment co-amplified in the same multiplex reaction along
genomic products [103,104]. Some commercially available sys-
tems such as the Quantifiler Human DNA Quantitation Kit (Applied
Biosystems, Foster City, CA, USA) have been based on this method
[105]. In the presence of inhibitory activities on real-time
amplification plot, reactions cross the detection threshold at later
cycles and the exponential phase slopes decrease. Suppressed
amplification efficiencies also have a negative effect on the linear
phase and as a result, samples with partial inhibition reach lower
plateau fluorescence values at the end of the reaction [16].

Differential susceptibility to PCR inhibition between assays has
been reported [54], therefore the effects of inhibitors on the IPC
may not be predictive of those on other targets in the assay [106].
The efficiencies of the two reactions, i.e., the PCR of the studied
gene and the PCR of the housekeeping or IPC motifs, are not
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affected to the same degree in the standard sample as compared to
the test samples [97].

5. Overcoming PCR inhibition

Procedures that circumvent PCR inhibition need to be devel-
oped if PCR is to be successfully applied to the environmental
samples. Following the detection of inhibition, some laboratories
use routine inhibitor trouble-shooting strategies including exten-
sive dilution [107], bovine serum albumin (BSA) [108], heat-
soaked PCR [109], hot start PCR [110], and extra polymerase
enzymes [111].

5.1. Extraction/purification protocols

The choice of extraction/purification protocol impacts the
quantity and quality of DNA yield [112]. EDTA containing methods
can release PCR inhibitors from the soil into solution [34,102].
EDTA treatment of bone samples resulted in co-extraction of an
excess of proteins and other biomolecules in their DNA extract
possibly through release of extracellular matrix components [113].
These substances originating from bone may act as endogenous
PCR inhibitors [49]. Boiling, has been effective with urine samples
[114] and cervical specimens [115]. Aqueous two-phase systems
[116], density gradient centrifugation [117], enrichment media
[118], filtration [119], proteinase inhibitors [38], phytase for
bovine fecal specimens [120], immunological techniques [121],
magnetic capture hybridization [122,123] and electroelution
[124,76] have also been used to improve PCR. Furthermore,
employment of immobilized sequence specific oligos followed by
direct sequence analysis has been reported for DNA typing in
forensic casework [125].

Considering the high weight range of humic compounds,
between 20 and 65 of the DNA was reportedly lost during the
electroelution procedures [76]. This might be problematic in some
forensic caseworks with degraded templates. HAs are known to
contain phenyl groups [126]. Due to their ability to absorb phenolic
compounds, polyvinylpolypyrrolidone (PVPP) has been proposed
for incorporation into purification protocols [127,128,84]. PVPP
removes HAs with phenolic groups from crude DNA extracts via
hydrogen bounding and formation of PVPP–phenolic complexes
[129]. Inclusion of an extra extraction method or additional steps
to remove possible PCR inhibitors would have increased the
amplification success [130]. Pre-PCR Centricon 100 dialysis/
concentration [131], using agarose embedded DNA preparations
followed by washing with a lysis solution, which takes advantage
of the size difference between DNA macromolecules and smaller
sized inhibitor molecules [132], gel filtration electrophoresis
[41,133,49,134], DNA precipitation with isopropanol [37] or 10
polyethylene glycol 8000 [135]. A variety of gel-packed columns
and affinity beads are also used to remove inhibitors from DNA
extracts. Sephadex G-50 chromatography was used to remove ‘‘a
reddish brown contaminant’’ from DNA extracts of old Chilean
human mummies [136].

Centrifugation of extracted DNA through a spin column packed
with Sepharose 4B removed HAs more efficiently than either
Sephadex G-200 or G-50 columns [137]. Furthermore, Thiopropyl
Sepharose 6B beads have been useful in removing inhibitory textile
dyes from DNA extracts [138]. These technologies however may
reduce DNA yield.

Water soluble polyvinylpyrrolidone is sometimes incorporated
into agarose gels to prevent the migration of humic compounds
with DNA [139,140]. This is a time consuming method and also
may reduce the yield of DNA [72]. As a cationic surfactant,
cetyltrimethyl-ammonium bromide (CTAB) has both a hydropho-
bic group and a positively charged group [141]. CTAB forms
insoluble complexes with denatured proteins, polysaccharides and
cell debris [142] and binds to DNA mainly by electrostatic
interaction [143].

Numerous techniques have been proposed for the further
purification of soil DNA, including dialysis against large volumes of
solvents or CsCl density centrifugation [144,145], hydroxyapatite
chromatography [146], ion-exchange chromatography [35], bind-
ing to glass beads [144], selective precipitations [128], elution from
agarose gels [147,148], and the use of commercial spin columns
and filters [149,137,150]. Some of these treatments although
simple, imply the loss of various amounts of the original sample.
Dimethyl sulfoxide (DMSO) has been shown to increase PCR and
reverse transcriptase-PCR yields, presumably by stabilizing nucleic
acid complexes and improving primer annealing efficiency
[151,152]. The effects of polyamines in stabilizing nucleic acids
structure has been confirmed [153], however, the precise
mechanism of spermidine in alleviating PCR inhibition is yet to
be determined [154].

Considering the two facts associated with inhibitory material,
Bourke et al. [32] developed a method to remove the inhibitors.
Firstly, the most problematic inhibitors bind and therefore hyper-
stabilize double stranded DNA. Secondly, the inhibitors mostly
have smaller molecular size compared to DNA. Bourke et al.
developed a procedure that detaches inhibitors from DNA and
releases them into solution by denaturing DNA with 0.4 mM NaOH.
Passing through a Microcon-100, DNA retains on the membrane
while smaller sized inhibitors pass through. The renatured DNA is
then used as template in PCR amplification [32]. Denaturing
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conditions through NaOH treatment would release intercalated
inhibitors and that denaturing washes would allow for their
removal. In an effort to increase the rate of success for highly
fragmented templates, Kemp et al. substituted Microcon-30s for
Microcon-100s. This made it possible to type the mtDNA of some
samples that previously failed to amplify [90]. However, the NaOH
protocol is not advised when the quantity of DNA is limited, since
the treatment results in significant loss of DNA [45]. It must be
noted that humic compounds are also removable in alkaline
conditions [64]. Chelex extraction method also provides alkaline
conditions. However, the effectiveness of Chelex extraction
method as compared to organic extraction methods is controver-
sial [155,129]. This method which is effective in removal of heavy
metals [156] has not been considered as an effective method in
elimination of PCR inhibitors.

5.1.1. Diluting DNA extract

The most common employed technique to circumvent inhibi-
tion is diluting DNA extract sufficient enough to eliminate the
inhibition [53,138]. A protocol has been suggested for determining
appropriate dilutions [157]. This technology although effective
especially for mtDNA analysis, may not be the best choice in case of
highly degraded templates as DNA is already in low copy numbers
increasing the probability of failures or miscoding lesions [158].
Starting DNA figures below 100 pg genomic DNA (about 15–17
diploid copies of nuclear DNA markers such as autosomal STRs) in
forensic coursework are considered as low copy numbers [15],
below which the authenticity of DNA profiles requires further
assessments [159,160].

5.2. Amplification facilitators

The addition of amplification facilitators has been found to
improve the specificity of PCR [161,61,162]. The possible mecha-
nism of facilitators with protein structures such as BSA and single
stranded DNA binding T4 gene 32 protein (GP32) [163], may be
through binding to and therefore inactivating the inhibitors [38].
BSA has been noted by a few studies for reversal of PCR inhibition
[20,163,108]. The binding efficiency of albumin at least in some
cases may explain its ability to reduce the amplification inhibition
[164]. BSA is not highly effective in reducing inhibition caused by
bilirubin and NaCl [163]. Betaine has been suggested to increase
PCR specificity and product yield [165] and to increase the thermal
stability of proteins [166]. Carrying both positive and negative
charges at pH close to neutrality, PCR facilitation activity of Betaine
has been suggested to be due to its ability to destabilize GC-rich
DNA sequences [167].

5.3. Polymerase enzymes

Using extra polymerase enzyme may be useful in case of
inhibitors targeting that enzyme [28,168]. However, extra
polymerase enzyme may increase the chance of non-specific
amplifications. Different polymerases exhibit different properties
with regard to inhibition and facilitation [38]. Tth DNA polymerase
and hot-start Taq variants (particularly Ex Taq HS) were found
resistant to higher concentrations of inhibitors from skeletal
materials [111]. Some DNA polymerases from T. aquaticus and
other species can have a greater tolerance for inhibitory substances
including HAs [111]. Some DNA polymerases have a greater
tolerance for inhibition. Recently, genetically engineered DNA
polymerases have been shown to tolerate high concentrations of
inhibitors [169].

The DNA polymerase least affected by inhibition from HAs and
FAs is pfu DNA polymerase, followed by KlenTaq LA and RealTaq
DNA polymerases [170]. Selecting appropriate polymerase
[58,171] or employing a blend of inhibitor tolerant DNA
polymerase–buffer systems [172], makes it possible to more
efficiently amplify nucleic acids in the presence of inhibitory
material, or in reactions containing PCR facilitators [38]. This
strategy would be more beneficial in case of sample shortages,
where extra purification steps can lead to DNA loss.

The enzymatic properties of polymerases (e.g., nuclease
activity, fidelity, extension rates, and processivity; the average
number of nucleotides added before disassociation of the enzyme)
vary widely among families and species of origin [173].

5.4. mtDNA analysis

In case of PCR inhibition, mtDNA analysis is considered as a
good alternative to nuclear DNA identification measures. mtDNA
exists within cytoplasmic mitochondria as a separate small
circular genome of about 16,569 base pairs. Every mitochondrion
may contain more than one copy of mitochondrial DNA [174].
Dependent on cell type, mammalian cells host 80–680 mitochon-
dria and 200–1700 mtDNAs, or about 2.6 DNAs per mitochondrion
[175]. The amounts of amplifiable mtDNA were approximately
100–1000 times higher than those of nuclear DNA in the skin and
ribs [102]. mtDNA has become the method of choice for working on
skeletal remains such as bones [176–180] and teeth [181–183] as
well as fingernails [184] and shed hairs [185] where nuclear DNA
testing might be less successful. Sequence analysis of hypervari-
able regions of mtDNA is used in highly degraded samples where
STR analysis is not possible. This is however a time-consuming
process, and due to the haploid, non-Mendelian nature of mtDNA
inheritance, the data are not as powerful for identification
purposes as a full 13-locus STR match [186].

5.5. Chaotropic/silica based extraction methods

Generally, it is difficult to predict which types of inhibitors are
present in any given sample. Therefore it is desirable to develop a
generalized robust technique able to sufficiently remove as many
of them as possible, regardless of the template source and methods
of DNA extraction [32]. Chaotropic salt induced adsorption of DNA
to silica is among the most commercialized methods for purifying
DNA from cell homogenates [187–193]. Silica-based extraction
method showed better performance in removal of inhibitors and
extraction of DNA in nuclear STR typing from degraded bone
samples than a commonly used phenol/chloroform method [189].
Silica membranes were found to be effective for a variety of
samples [24].

Yang et al. found a silica-based column (Qiaquick) extraction
more effective than a standard phenol/chloroform extraction in
removing inhibition from extracts of human remains dating to
5000 years BP [194].

In natural conditions DNA is a hydrated macromolecule, with
8–10 tightly bound water molecules per nucleotide residue [195].
The silanol groups on the silica surface are also hydrogen bound to
water through one or more hydration layers [196]. With the
addition of high-ionic-strength chaotropic salts to the reaction,
this relatively ordered structure of water molecules of the hydrate
shell is destroyed. Chaotropic ions saturate the silica membrane
with positive charges and also create a hydrophobic environment
under which, the silica selectively binds duplex DNA [80]. In the
presence of silica, water and sufficient concentration of chaotropic
salt in controlled pH, duplex DNA adsorbs to silica chiefly due to
electrostatic and hydrophobic interaction [197].

Three contributing forces control duplex DNA adsorption to
silica including shielded intermolecular electrostatic forces,
dehydration of the DNA and silica surface and intermolecular
hydrogen bond formation in the DNA silica contact layer [198].



Fig. 2. Proposed protocol for PCR amplification of skeletal remains. Inhibitor

neutralization strategies include: heat-soaked PCR, hot start PCR, BSA, extra Taq,

NaOH treatment and extensive dilution.
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Silica based purification methods, have been demonstrated to
be efficient procedure in removal or attenuation of the inhibition
[43,199] and are also amenable to automation [200] and
miniaturization [201]. Kemp et al. proposed repeating silica
extraction for further removal of inhibitors in case of PCR failure
[90].

Due to its high DNA saturation value, Guanidinium Isothiocya-
nate is the most efficient chaotropic agent in DNA adsorption. This
salt is also known to efficiently lyse cells and denature proteins
[43].

Fig. 2 demonstrates the proposed steps for amplification of DNA
especially from skeletal remains.

In the case of direct involvement of DNA nitrogenous bases in
Maillard reaction, the binding between the nitrogenous base and
sugars will make the base unrecognizable for the polymerase
enzyme. The only effective choice would be possibly DNA repair.
DNA repair technologies are beyond the scope of this report.
Excision and repair enzymes have been introduced to facilitate
molecular analysis of compromised samples [202].
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