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Abstract
In order to elucidate the effect of PCR inhibitors on DNA polymerase and DNA template, two main components of the
PCR reaction, in this paper, we selected six representative PCR inhibitors, bile salts, collagen, humic acid, hemoglobin, melanin and urea, and added respectively them to the K562 DNA with the standard addition concentration in which all of 26
different alleles of the K562 DNA with the AmpFℓSTR® Identifiler® PCR Amplification Kit are just inhibited completely.
On this basis, after increased the amount of K562 DNA and DNA polymerase respectively, PCR amplification and STR
genotyping were performed, and then counted the allele number of K562 DNA detected. When the DNA polymerase was
increased to a certain amount, all of 26 alleles of the K562 DNA mixed with various PCR inhibitors could be detected
successfully, and when the amount of K562 DNA was increased, the inhibitory effect of bile salts, collagen and urea had
only been eliminated partly and no significant improvement was observed for the other three inhibitors. The results indicate
that all of the six representative PCR inhibitors mainly inhibit DNA polymerase, and increasing the amount of DNA polymerase in PCR reaction can improve significantly the efficiency of PCR amplification and the success rate of genotyping.
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PCR [4] had been widely used, which the efficiency of PCR amplification was improved significantly.
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Although the effect of PCR inhibitors on the PCR reaction is
widely known, the exact mechanism of PCR inhibition remains
to be elucidated. Previous studies have shown that PCR inhibitors
may have an effect on the various components of the PCR reaction, including DNA polymerase, template DNA, primers, dNTPs and magnesium. A number of possible mechanisms exist to
explain PCR inhibition, including inhibition due to the binding of
inhibitors to active sites on the thermostable DNA polymerase [57], inhibition due to binding of inhibitors to the DNA template;
and inhibition due to loss of the ability of the polymerase to extend the DNA (effects on processivity, interference with dNTPs,
etc). Among these, the DNA polymerase and template DNA are
two major components that are affected severely [8,9]. For this
reason, the aim of this study is to explore the possible inhibition
mechanism of six representative PCR inhibitors by studying their
effect on the DNA polymerase and template DNA.

Introduction

Materials and Methods

Since it had been invented by Müllis in 1985, PCR technology
greatly promoted the development of molecular biology. At present, in the field of forensic science, PCR technology is widely
used in DNA analysis of forensic cases. However, biological samples obtained from the crime scenes often contain PCR inhibitors
that can interfere with PCR reactions, and this makes forensic
DNA testing facing huge challenges. To solve the problem of
PCR inhibition, various treatment techniques of inhibitors, such
as dilution of the template DNA [1], adding bovine serum albumin (BSA) [2], magnetic bead capture technology [3] and hot-start
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The K562 DNA with the concentration of 766 μg/mL (Promega, DD2011); bile salt (Sigma, #B3426); collagen solution
(Sigma,#C8919); hematin (Sigma,#H3281); humic acid (Sigma,
#53680); melanin (Sigma,#M8631); urea (Sigma, #U1250); the
AmpFℓSTR® Identifiler® PCR Amplification Kit (Applied Biosystems, #4322288); the AmpliTaq Gold® DNA Polymerase with
the concentration of 5U/μL (Applied Biosystems, #4398823).
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Inhibitor preparation
The stock solutions of six PCR inhibitors were prepared as follows: bile salt solution with the concentration of 35 µg/μL in
ultrapure water; collagen solution with the concentration of 1 µg/
μL in 0.1 M acetic acid; humic acid solution with the concentration of 1.5 μg/μL (15 mg humic acid dissolved in 11.25 μL 1 N
sodium hydroxide, and adding ultrapure water to 10 mL); hematin
solution with the concentration of 1.99 μg/μL (19.9 mg hematin
dissolved in 450 μL 1 N sodium hydroxide, and adding ultrapure
water to 10 mL); melanin solution with the concentration of 1
μg/μL (10 mg melanin dissolved in 100 μL 1 N sodium hydroxide, and adding ultrapure water to 10 mL); urea solution with the
concentration of 35 μg/μL in ultrapure water.
Determination of the standard addition concentration
A series of different concentrations of six PCR inhibitor solutions were added to the K562 DNA and ensured the DNA with
the concentration of 0.1 ng/μL. 5 μL of the DNA solutions
mixed with inhibitors was used for PCR amplification in a reaction volume of 25 μL with the AmpFℓSTR® Identifiler® PCR
Amplification Kit. PCR amplifications were performed according to the manufacturer’s manual. The amplified products were
resolved and detected by capillary electrophoresis using ABI 3130
Genetic Analyzer with denaturing polymer 3130 POP-4™ (Applied Biosystems). Fragment sizing was supported using the Genescan™-500 LIZ™ size standards (Applied Biosystems), and
the sample run data were analyzed using GeneMapper ID v3.2
software. For the K562 DNA, total of 26 different alleles can be
detected in 15 STR loci and the sex-typing marker amelogenin by
using the AmpFℓSTR® Identifiler® PCR Amplification Kit. The
inhibitor concentration in which all of 26 different alleles of the
K562 DNA were just inhibited completely was identified as the
standard addition concentration. With this criterion, the standard
addition concentrations of six PCR inhibitors were determined as
follows: bile salts, 5 μg/μL; collagen, 220 ng/μL; humic acid, 85
ng/μL; hematin, 133 ng/μL; melanin 55 ng/μL; and urea, 15.3
μg/μL.
STR typing for different amount of the K562 DNA mixed
with inhibitor
A series of different concentrations of the K562 DNA solution,
including 0.1 ng/μL, 0.2 ng/μL, 0.3 ng/μL, 0.4 ng/μL, 0.5 ng/
μL, 0.6 ng/μL, 0.7 ng/μL, 0.8 ng/μL, 0.9 ng/μL and 1.0 ng/
μL, mixed respectively with the standard addition concentration
of six inhibitors were prepared. Take 5 μL from the 60 prepared
DNA solutions respectively as a template for PCR amplification
and STR typing according to the above mentioned methods in
Determination of the standard addition concentration. All experiments were carried out in triplicate.
STR typing of the K562 DNA mixed with inhibitor using
different amount of DNA polymerase
5 μL of the K562 DNA solutions (0.1 ng/μL) mixed with the
standard addition concentration of six inhibitors respectively
were taken as template DNA, and different amount of the AmpliTaq Gold® DNA Polymerase, including 0.5 μL (2.5 U), 1 μL
(5.0 U), 1.5 μL (7.5 U), 2 μL (10.0 U), 2.5 μL (12.5 U), 3 μL (15.0
U), 3.5 μL (17.5 U), 4 μL (20.0 U), 4.5 μL (22.5 U) and 5 μL (25.0

U), were used for PCR amplification. The condition of PCR amplification and STR typing was the same as the above mentioned
methods in Determination of the standard addition concentration. All experiments were carried out in triplicate.
Statistical analysis
The peak height threshold for allele analysis was set to 50 relative fluorescence units (RFU). The number of different alleles
was calculated from the observed genotypes by the gene count
method, and taken the average of three repeated experiments as
experimental results. The association between different amount
of the K562 DNA or DNA polymerase and the average number
of STR alleles detected was evaluated using Spearman rank correlation.

Results
The effect of different amount of template DNA on genotyping of the K562 DNA mixed with inhibitors depended on the
the type of inhibitors, and it was significantly different between
different inhibitors (Figure. 1). For the inhibition resulted from
bile salts, collagen and urea, the improvement was significant (P
< 0.01) when the amount of the K562 DNA increased from 0.5
ng to 5 ng, and their correlation coefficients were 0.929, 0.813
and 0.700 respectively, which demonstrated a positive correlation between different amount of the K562 DNA and the average number of STR alleles detected. For the inhibition resulted
from humic acid, hematin and melanin, however, no significant
improvement (P > 0.05) had been observed when the amount of
the K562 DNA was increased (Figure. 1).
When the amount of the AmpliTaq Gold® DNA Polymerase increased gradually, the number of STR alleles detected from the
K562 DNA mixed with the standard addition concentration of
various inhibitors also gradually increased (Figure. 2). For all of
the six different inhibitors, all of the 26 alleles could be detected
when the amount of DNA polymerase reached 15 U (six times
the normal amount) (Figure. 2), and all of the improvement was
significant (P < 0.01).

Discussion
According to the different sources, PCR inhibitors can be divided
into two categories: one is from the biological samples themselves, such as hematin, melanin, and the other is from the reagents used in the extraction and purification process, such as SDS,
EDTA, ethanol, excess potassium chloride and sodium chloride
[7]. In this paper, all of the selected six representative PCR inhibitors come from the biological samples themselves, and are often
encountered in forensic practice, such as hematin in blood; humic
acid, an organic component in many soils; collagen, a naturally
occurring protein found in bone and connective tissues; urea in
urine; melanin in hair [6,10-12].
Because each inhibitor has its own physicochemical characteristics, their inhibition mechanisms to PCR amplification are not the
same, and previous studies have shown that some inhibitors such
as tannic acid, were more than one way to influence the PCR reaction [13]. In addition, the effect of each inhibitor on the efficiency
of PCR amplification was also very different. For example, for the
melanin and humic acid, the standard addition concentrations in
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Figure 1. The average number of STR alleles detected from different amount of the K562 DNA mixed with inhibitors.
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Figure 2. The average number of STR alleles detected from the K562 DNA mixed with inhibitors when different amount of
the AmpliTaq Gold® DNA Polymerase were used.
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which all of 26 different alleles of the K562 DNA were just inhibited completely were 55 ng/μL and 85 ng/μL respectively, and
were much lower than those of the urea and bile salt.
Some scholars believe that the effect of various inhibitors on
PCR reaction focused on the DNA polymerase [14]. However,
whether PCR inhibitors only act on the DNA polymerase or act
on both the DNA polymerase and template DNA molecules at
the same time remains to be elucidated. In this study, the experimental results of increasing the amount of template DNA and
DNA polymerase in PCR reaction respectively showed that the
issue should be analyzed specifically based on different inhibitors. For example, for the bile salts, collagen and urea, the total
number of STR alleles detected from the K562 DNA increased
significantly after increasing the amount of DNA polymerase and
template DNA in the PCR reaction respectively, which indicated
that both inhibitors can act simultaneously on the template DNA
molecule and DNA polymerase, and the effect on DNA polymerase was more than on the template DNA molecule. For the other
inhibitors, humic acid, hematin and melanin, the PCR reaction
had high tolerance to them after increasing the amount of DNA
polymerase, while no significant improvement was observed after

increasing the amount of template DNA, and this suggested that
the three inhibitors inhibited mainly DNA polymerase and had a
negligible effect on the template DNA molecule. In addition, as
shown in (Figure 2), the required amount of DNA polymerase
had obvious difference when all of 26 alleles of the K562 DNA
mixed with six inhibitors respectively could be detected, and this
also indicated from the other side that the effect of different inhibitors on the DNA polymerase was different.
It should be emphasized that the PCR inhibition mechanism
studied in this paper was based on an ideal environment and
the experiment was conducted after the K562 DNA was simply
mixed with different inhibitors. In forensic practice, however, the
biological samples from crime scenes are very complicated, and
sometimes may contain two or more different inhibitors. In addition, the structure of some inhibitors such as humic acid is very
similar to DNA molecule. Free DNA molecules in soil rapidly
adsorb and bind on humic acid especially in acidic environment,
and with the extension of adsorption time, humic acid will break
double-stranded DNA molecule or encased completely DNA
molecules [15-18].
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In conclusion, although only six representative inhibitors were
selected in the study, the results suggest that the increase of the
amount of DNA polymerase in PCR reaction can improve significantly the efficiency of PCR amplification and the success rate
of genotype of biological samples containing inhibitors.
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