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The PCR is an extremely powerful method for detecting microorganisms. However, its full potential as a
rapid detection method is limited by the inhibition of the thermostable DNA polymerase from Thermus aqua-
ticus by many components found in complex biological samples. In this study, we have compared the effects of
known PCR-inhibiting samples on nine thermostable DNA polymerases. Samples of blood, cheese, feces, and
meat, as well as various ions, were added to PCR mixtures containing various thermostable DNA polymerases.
The nucleic acid amplification capacity of the nine polymerases, under buffer conditions recommended by the
manufacturers, was evaluated by using a PCR-based detection method for Listeria monocytogenes in the
presence of purified template DNA and different concentrations of PCR inhibitors. The Ampli7aq Gold and the
Taq DNA polymerases from Thermus aquaticus were totally inhibited in the presence of 0.004% (vol/vol) blood
in the PCR mixture, while the HotTub, Pwo, rTth, and Tfl DNA polymerases were able to amplify DNA in the
presence of 20% (vol/vol) blood without reduced amplification sensitivity. The DNA polymerase from Thermo-
toga maritima (Ultma) was found to be the most susceptible to PCR inhibitors present in cheese, feces, and meat
samples. When the inhibitory effect of K and Na ions was tested on the nine polymerases, HotTub from Thermus
flavus and rTth from Thermus thermophilus were the most resistant. Thus, the PCR-inhibiting effect of various
components in biological samples can, to some extent, be eliminated by the use of the appropriate thermostable

DNA polymerase.

The usefulness of PCR-based detection of microorganisms
in complex biological samples, such as clinical, environmental,
and food samples, is limited in part by the presence of sub-
stances that inhibit the PCR or reduce the amplification effi-
ciency. The PCR inhibitors may act through one or more of the
following mechanisms (34): (i) interference with the cell lysis
step, (ii) degradation or capture of the nucleic acids, or (iii)
inactivation of the thermostable DNA polymerase.

A number of components have been reported to be PCR
inhibitors, namely, bile salts and complex polysaccharides in
feces (17, 22), heme in blood (2), humic substances in soil (30),
proteinases in milk (25), and urea in urine (11). Much effort is
being devoted to the development of sample preparation meth-
ods to overcome the problem of PCR inhibitors (for reviews,
see references 13 and 14). Different techniques are being em-
ployed to reduce the effect of PCR inhibitors and/or to sepa-
rate the microorganisms from the PCR inhibitors. For exam-
ple, aqueous two phase-systems (15), boiling (23), density
gradient centrifugation (18), dilution (5), DNA extraction meth-
ods (12), enrichment media (31), filtration (6), and immuno-
logical techniques (8) have been used to facilitate PCR. The
thermostable DNA polymerase is perhaps the most important
target site of PCR-inhibiting substances. The most widely used
polymerase in PCR-based methods for the detection of micro-
organisms is 7ag DNA polymerase from Thermus aquaticus.
The polymerase can be degraded by proteinases (25), dena-
tured by phenol (10) or detergents (27), and inhibited by block-
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ing of the active site by the inhibitor, which is the effect of
heme (2).

In a study by Wiedbrauk et al. (32), it was noted that both 7!
and Tth DNA polymerases were more resistant to aqueous and
vitreous fluids of the eye than the polymerases Taq, Tli, and
Stoffel fragment. The aim of this study was to systematically
investigate the capacity of nine commercially available ther-
mostable DNA polymerases to amplify DNA in the presence
of certain complex biological samples and in the presence of
certain ions. The samples are all known to reduce the ampli-
fication capacity of Tag DNA polymerase (13). We used a
PCR-based detection assay for Listeria monocytogenes to study
the effect of increasing the concentration of purified template
DNA and of adding different concentrations of the inhibitory
samples. Increasing the concentration of target DNA may be
useful in overcoming the effect of inhibitors (interfering with
DNA and/or binding reversibly to the DNA-binding domain of
the polymerase), while adding various concentrations of the
inhibitory sample may be useful in evaluating the effect of the
inhibitory samples on the amplification capacity of the nine
polymerases.

MATERIALS AND METHODS

Bacterial strain and DNA extraction. DNA of L. monocytogenes 167 vet (which
was obtained from the Meat Research Institute, Kéavlinge, Sweden) was used as
the target DNA in this study. Extraction of L. monocytogenes DNA was per-
formed in accordance with a standard technique described by Sambrook et al.
(28), modified by the addition of 30 U of mutanolysin (Sigma Chemical Co., St.
Louis, Mo.) per ml to the lysis solution. The concentration of DNA was mea-
sured spectrophotometrically (28), and the size of the L. monocytogenes genomic
DNA is estimated to be 3,150 kb (21).

PCR assay and incubation conditions. The PCR assay was carried out as
previously described by Lantz et al. (15). Briefly, the PCR assay was performed
with the primer ru8 [5'-AAGGAGGTGATCCA(G/A)CCGCA(G/C)(G/C)TT
C-3’], which is complementary to the universal region of the 16S rRNA gene
(26), and the primer LM2 (5'-CCTTTGACCACTCTGGAGACAGAGC-3'),
which is complementary to the L. monocytogenes-specific region of the 16S rRNA
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gene (15). The 553-bp PCR product was visualized by 1.3% agarose gel electro-
phoresis containing ethidium bromide (28). The gel was analyzed by using a gel
documentation system (Bio-Rad Laboratories, Hercules, Calif.). The results
were scored as follows: +, strong intensity of PCR product on agarose gel; =+,
weak intensity of PCR product on agarose gel; —, no visible PCR product on
agarose gel. Each of the PCR results given here was obtained from at least two
independent PCR amplifications.

The volume of the PCR mixture was 25 pl. All of the PCR mixtures contained
a 0.5 mM concentration of each of the primers ru8 and LM2 and a 0.2 mM
concentration of each of the deoxyribonucleoside triphosphates. Reaction buff-
ers for the polymerases, as specified by the manufacturers, were as follows: the
PCR buffer of AmpliZ7ag Gold DNA polymerase (Thermus flavus) contained 10
mM Tris-HCI (pH 8.3), 50 mM KClI, 2.5 mM MgCl,, and 0.75 U of AmpliTag
Gold DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.); the PCR buffer
of the Expand High Fidelity (Expand HF) PCR system (which is a mixture of two
DNA polymerases, Taq [Thermus aquaticus] and Pwo [Pyrococcus woesei]) con-
tained 1X Expand HF buffer, 1.5 mM MgCl,, and 1.33 U of Expand DNA
polymerase (Boehringer Mannheim GmbH, Mannheim, Germany); the PCR
buffer of Hot7ub DNA polymerase (Thermus ubiquatous) contained 50 mM
Tris-HCI (pH 9.0), 20 mM (NH,),SO,, 2.5 mM MgCl,, and 0.75 U of HotTub
DNA polymerase (Amersham Life Science, Cleveland, Ohio); the PCR buffer of
Pwo DNA polymerase (Pyrococcus woesei) contained 10 mM Tris-HCI (pH 8.85;
20°C), 25 mM KCI, 5 mM (NH,),SO,, 1.5 mM MgCl,, and 1.25 U of Pwo DNA
polymerase (Boehringer Mannheim); the PCR buffer of 77th DNA polymerase
(Thermus thermophilus) contained 5% (vol/vol) glycerol, 10 mM Tris-HCI (pH
8.3), 0.1 M KCl, 0.05% (wt/vol) Tween 20, 0.75 mM EGTA, 2.5 mM MgCl,, and
1.25 U of rTth DNA polymerase (Perkin-Elmer Cetus); the PCR buffer of Tag
DNA polymerase (Thermus aquaticus) contained 10 mM Tris-HCI, 1.5 mM
MgCl,, 50 mM KCI (pH 8.3; 20°C), and 0.75 U of Tag DNA polymerase
(Boehringer Mannheim); the PCR buffer of 7fl DNA polymerase (Thermus
flavus) contained 20 mM Tris-Acetate (pH 9.0), 10 mM (NH,),SO,, 75 mM
potassium acetate, 0.05% Tween 20, 2.5 mM MgSO,, and 0.5 U of 7fl DNA
polymerase (Promega Corporation, Madison, Wis.); the PCR buffer of 7/i DNA
polymerase (Thermus litoralis) contained 10 mM Tris-HCI (pH 9.0; 25°C), 0.1%
Triton X-100, 50 mM KCl, 2.5 mM MgCl,, and 0.3 U of 7li DNA polymerase
(Promega); the PCR buffer of Ultma DNA polymerase (Thermotoga maritima)
contained 10 mM Tris-HCI (pH 8.8; room temperature), 10 mM KCl, 0.002%
(vol/vol) Tween 20, 2.5 mM MgCl,, and 0.75 U of Ultma DNA polymerase
(Perkin-Elmer Cetus). The reaction mixtures were subjected to 30 amplification
cycles consisting of heat denaturation at 94°C for 40 s, primer annealing at 53°C
for 40 s, and DNA extension at 72°C for 40 s. Finally, the mixtures were
maintained at 72°C for 7 min for the final extension of DNA. These incubation
conditions were the same for all amplification reaction mixtures, except those
containing Ampli7ag Gold, since this polymerase requires a hot start (95°C for
10 min). Incubation was carried out in a model 2400 thermal cycler (Perkin-
Elmer Cetus).

PCR-inhibitory samples. The blood sample used was drawn from a healthy
person into 10-ml evacuated blood-collecting tubes containing 0.1 ml of 0.47 M
EDTA (Terumo Europe N. V., Leuven, Belgium). The Danish Blue Castello soft
cheese (henceforth referred to as cheese) was diluted 10-fold in physiological
saline solution and homogenized for 2 min in a stomacher (Lab-Blender 400;
Steward Laboratory, London, United Kingdom). The fecal sample was obtained
from a healthy person, diluted 10-fold in physiological saline solution, and ho-
mogenized for 2 min in the stomacher. The minced pork meat (henceforth
referred to as meat) was diluted 10-fold in physiological saline solution and
homogenized for 2 min in the stomacher. Each of the PCR-inhibitory samples
was poured into a sterile 1.5-ml Eppendorf tube and stored at —20°C. The frozen
blood and cheese, feces, and meat homogenates were thawed at room temper-
ature, mixed with a vortex mixer, and allowed to stand for 5 min to allow large
particles to settle before they were added directly or after dilution to the reaction
mixtures of the nine polymerases.

The effect of target DNA concentration on sensitivity in the presence of
PCR-inhibitory samples was studied by adding different concentrations of
L. monocytogenes DNA (1 pg to 10 fg per reaction tube) to reaction mixtures
containing 20% (vol/vol) blood, 20% (vol/vol) cheese homogenate, 20 or 0.4%
(volivol) fecal homogenate, and 20 or 0.2% (vol/vol) meat homogenate.

To study the effect of different concentrations of the PCR-inhibitory samples
on the amplification capacity of the nine polymerases, different blood concen-
trations (20, 2, 0.2, 0.04, 0.02, 0.004, and 0.002%) and different cheese, feces, and
meat homogenate concentrations (20, 2, 0.2, 0.1, 0.07, 0.05, and 0.04%) were
added to PCR mixtures of the nine polymerases containing 1 ng of L. monocy-
togenes DNA per reaction tube.

Ton solutions. Different concentrations of CaCl, - 2H,0, KCl, MgCl, - 6H,0,
and NaCl (Merck, Darmstadt, Germany) were prepared, as sterile solutions, to
study their effect on the amplification capacity of the nine polymerases. The ion
concentrations were 1, 5, 10, 20, 30, 40, and 50 mM CacCl,; 10, 50, 100, 200, 300,
400, 500, and 750 mM KCI; 25, 50, 75, 100, and 150 mM MgCl,; and 50, 100, 200,
300, 400, 500, and 750 mM NaCl. Five microliters of the different ion concen-
trations were added to the PCR mixtures of the nine polymerases containing 1 ng
of L. monocytogenes DNA per reaction tube.
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RESULTS AND DISCUSSION

Amplification capacity of the nine thermostable DNA poly-
merases. The DNA amplification capacities of nine thermostable
DNA polymerases were compared in accordance with a PCR-
based assay previously designed to detect L. monocytogenes (15).
To assess the detection limit for L. monocytogenes DNA in PCR-
inhibitory samples relative to the target DNA in the absence of
the sample (i.e., in pure water), various amounts of DNA were
added to the PCR mixtures containing different polymerases (Ta-
ble 1). Six of the nine polymerases detected 0.1 ng of DNA. The
detection limits for the polymerases Expand, 77i, and Ultrma were
1 pg, 10 pg, and 1 ng per reaction tube, respectively.

‘When blood was added to the PCR mixtures, it was found to be
highly inhibitory to the DNA polymerases from Thermus aquati-
cus (AmpliTaq Gold and Taq) and Thermotoga maritima (Ultma)
(Table 1). The addition of 20% (vol/vol) blood was completely
inhibitory to these polymerases, even after the concentration of
L. monocytogenes DNA was increased to 1 pg per reaction tube.
However, the polymerases Expand, Hot7Tub, Pwo, rTth, Tfl, and
Tli successfully amplified the selected region of the 16S rRNA
gene in the presence of 20% (vol/vol) blood. The amplification
sensitivities of four of these six polymerases were not affected by
the presence or absence of blood in the PCR, while the sensitivity
of Expand was decreased by 5 log units and the sensitivity of 7li
was decreased by 2 log units in the presence of 20% (vol/vol)
blood. Akane et al. (2) found that the heme compound of blood
is an inhibitor for Ampli7ag DNA polymerase, and they showed
that this inhibition was not due to irreversible inactivation of the
polymerase. Heme has been suggested to form a stable complex
with the DNA polymerase, thereby preventing formation, and
also causing dissociation, of the DNA polymerase complex (4).

The addition of 20% (vol/vol) cheese homogenate decreased
the sensitivity of the polymerases Ampli7Tag Gold, Expand, and
Pwo by 1 log unit and the sensitivity of the polymerase Ultma by
2 log units, while the detection sensitivities of the other poly-
merases in the presence of 20% (volivol) cheese homogenate
were the same as for pure water solutions of DNA (Table 1).
When 20% (volivol) fecal homogenate or 20% (vol/vol) meat
homogenate was added to reaction mixtures of the nine poly-
merases containing different concentrations of L. monocytogenes
DNA (1 pg to 0.1 pg per reaction tube), the nine polymerases
were completely inhibited (data not shown). Decreasing the fecal
concentration to 0.4% (vol/vol) resulted in a marked difference
between the polymerases (Table 1), so that 0.4% (vol/vol) fecal
homogenate was found not to be inhibitory to the polymerases
Pwo, from Pyrococcus woesei, and rTth, from Thermus thermophi-
lus, and they exhibited the same sensitivity as for pure water
solutions of DNA. On the other hand, the other polymerases had
a sensitivity to 1 pg of L. monocytogenes DNA per reaction tube
in the presence of 0.4% (vol/vol) fecal homogenate. Decreasing
the meat homogenate concentration to 0.2% (vol/vol) gave rise to
a small difference between the sensitivities of the polymerases
(Table 1). The polymerase 711, from Thermus flavus, was slightly
inhibited by the addition of 0.2% (vol/vol) meat homogenate,
such that it had a sensitivity 1 log unit less than pure water
solutions of DNA, while the polymerase Ulfrma required an in-
crease in the concentration of L. monocytogenes DNA to 0.1 pg
per reaction tube to overcome the inhibitory effect of 0.2% (vol/
vol) meat homogenate. The rest of the polymerases exhibited a
sensitivity to 10 ng of L. monocytogenes DNA per reaction. These
results agree with previous studies in which both fecal and meat
homogenates were found to be highly inhibitory to Ampli7ag and
Taq DNA polymerases (17, 19, 33, 35).

Effect of different concentrations of blood, cheese, feces, and
meat on the DNA polymerases. The polymerases HotTub, Tfl,
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TABLE 1. Inhibitory effects of blood, cheese, feces, and meat on the amplification capacities of nine thermostable DNA polymerases

PCR results” for mixtures containing indicated amt (g) of L. monocytogenes DNA/reaction tube

DNA polymerase Samples

10°¢ 1077 1078 107° 10710 101! 10712 10713

AmpliTag Gold 20% Blood —— —— —— —— [—-1] —— - ——
20% Cheese ++ ++ ++ +— [——] [ — _

0.4% Feces ++ —— —— - [——] - __ _

0.2% Meat ++ ++ +=+ —— [——1] —— —— __

Expand High Fidelity 20% Blood ++ +— - —— - - [--] __
20% Cheese +4+ +4+ ++ ++ +4 +— [--] -

0.4% Feces ++ —— —— - - - [--] _

0.2% Meat ++ ++ ++ —— —— - [--] __

HotTub 20% Blood ++ ++ ++ ++ ++ —— —— ——
20% Cheese ++ ++ ++ ++ +* —— - -

0.4% Feces ++ - —— - __ __ __ __

0.2% Meat ++ ++ ++ —— - —— —— __

Pwo 20% Blood ++ ++ ++ ++ ++ - —— -
20% Cheese ++ ++ ++ ++ —— - —— __

0.4% Feces ++ ++ ++ ++ +— —— —— _

0.2% Meat ++ ++ - —— —— —— —— —

rTth 20% Blood ++ ++ ++ ++ ++ - —— -
20% Cheese ++ ++ ++ ++ ++ —— —— ——

0.4% Feces ++ ++ ++ ++ ++ —— —— ——

0.2% Meat ++ ++ ++ - —— —— —— —

Taq 20% Blood - —— —— —— __ __ __ L
20% Cheese ++ ++ ++ ++ ++ —— - -

0.4% Feces ++ - —— - __ __ __ __

0.2% Meat ++ ++ ++ - —— —— —— —

11l 20% Blood ++ ++ ++ ++ ++ —— —— -
20% Cheese ++ ++ ++ ++ ++ —— - -

0.4% Feces +— - —— - __ __ __ __

0.2% Meat ++ ++ ++ ++ —— —— __ __

Tl 20% Blood ++ ++ ++ ++ —— -] __ __
20% Cheese ++ ++ ++ ++ ++ [++] —— ——

0.4% Feces ++ —— —— - —— [—-1] __ _

0.2% Meat ++ ++ ++ - —— [—7] —— —

Ultma 20% Blood —— —— —— [——1 - —— __ __
20% Cheese ++ ++ —— [——1 - —— __ __

0.4% Feces +— —— - [——1 —— I __ _

0.2% Meat ++ +— —— [—-—1 —— i __ __

“ Two independent PCR results. Symbols: +, band of good intensity; *, band of low intensity; —, no band; brackets indicate that results are for L. monocytogenes
DNA in pure water instead of the sample in the PCR. The amounts of DNA indicated are per reaction tube.
® Percentage (vol/vol) of blood or homogenate of cheese, feces, or meat in the PCR mixtures containing different amounts of L. monocytogenes DNA.

and 77 amplified the selected region of L. monocytogenes DNA in

the presence of all tested concentrations of blood (Table 2). TABLE 2. Inhibitory effects of different blood concentrations on
Although the polymerases Pwo and rTth were not inhibited in the the amplification capacities of nine thermostable DNA polymerases
presence of 20% (vol/vol) blood, and the polymerases Expand PCR results” with blood” concn

and Ultma were not inhibited in the presence of 2% (vol/vol) DNA polymerase (volivol) of:

blood, a PCR-inhibitory span was observed for the polymerases

20% 2% 02% 0.04% 0.02% 0.004% 0.002%
Pwo (0.02%), rTth (2 to 0.02%), and Ultma (0.2 to 0.02%). A

similar range of PCR inhibition was noted when we studied the AmpliTag Gold =~ —— —— —— —— —— —— 4
effect of adding different concentrations of culture medium con- ~ Expand High Fidelity —— ++ ++ ++ =+ -+ ++
taining 28.6% whole blood to PCR mixtures containing 7ag DNA ;IM?tT”b i S L A A S
polymerase and Streptococcus pneumoniae DNA (1). The addi- o S S

. . . L rTth R e e
tion of 0.5 pg of bovine serum albumin counteracted the inhibi- Tag S it
tory effect of the blood gulture at various (;qncentratiO.nS. A pos- 11 T o4 -4 4 a4
sible explanation of this may be the ability of bovine serum Tl T4+ 4+ 4+ 4+ 44+ — —+
albumin to bind heme and/or serve as a competitive target for Ultma —— ek —— = = —+ =
proteinases. On the other hand, the concentration of blood - - -
had to be reduced to as little as 0.002% (VOl/VOl) for the “ Two independent PCR results. Symbols: +, band of good intensity; +, band

. ’ . . . of low intensity; —, no band.

polymerases AmpliTag Gold and Taq to regain their amphﬁ- ® Percentage (volivol) of blood in the PCR mixtures containing 1 ng of

cation capacity in the presence of 1 ng of L. monocytogenes L. monocytogenes DNA.
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TABLE 3. Inhibitory effects of different concentrations of cheese,
feces, and meat on the amplification capacities
of nine thermostable DNA polymerases

DNA . PCR results® with sample concn of:
Sample’
0% 2% 02% 0.1% 0.07% 0.05% 0.04%

polymerase

AmpliTag Gold Cheese —+ ++ ++ ++ ++  ++  ++

Feces -—— —— ++ ++ ++ ++ ++

Meat - -—— —-—— -+ -+ ++ ++

Expand High Cheese ++ ++ ++ ++ ++ ++ 4+
Fidelity Feces —— —— ++ ++ ++ ++ ++
Meat —— —— =+ ++ ++ ++ 4+

HotTub Cheese =+ ++ ++ ++ ++ ++ 4+
Feces ——- —— —— ++ ++ ++ ++

Meat -— -—= —= *+ *+ ++ ++

Pwo Cheese =+ ++ ++ ++ ++ ++ ++
Feces -—— =+ ++ ++ 4+ ++ ++

Meat ——- -—- —— ++ ++ ++ ++

rTth Cheese =+ ++ ++ ++ ++ ++ ++
Feces - —— ++ ++ ++ ++ ++

Meat —— —— —* ++4+ ++  ++  ++

Taq Cheese =+ ++ ++ ++ ++ ++ 4+
Feces —— —— —— *+ ++ ++ ++

Meat —— —— —— *+ ++ ++ 4+

Il Cheese ++ ++ ++ ++ ++ ++ 4+
Feces ——- —— —— —%£ ++ +4+ ++

Meat —— —— —* —+ ++ ++ 4+

Tl Cheese ++ ++ ++ ++ ++ ++ ++
Feces - - —— —— —— -+ ++ ++

Meat - —= —— £+ 4+ ++ ++

Ultma Cheese —— —— 4+ 4+ ++ ++ 4+
Feces —— —— —— —*x —4+ 44+ 4+

Meat _— = = = = = =

“Two independent PCR results. Symbols: +, band of good intensity; *, band
of low intensity; —, no band.

® Percentage (vol/vol) of homogenates of cheese, feces, and meat in the PCR
mixtures containing 1 ng of L. monocytogenes DNA.

DNA (Table 2). In a study by Mercier et al. (20), it was found
that the addition of 4% (vol/vol) blood to the reaction mixture
was totally inhibitory to Tag DNA polymerase, whereas PCR
amplification took place in the presence of 1 or 2% (vol/vol)
blood. Panaccio and Lew (24), however, found that the
addition of 1% (vol/vol) blood was totally inhibitory to Taq
DNA polymerase, while they succeeded in amplifying a tar-
get sequence in the presence of up to 4% (vol/vol) blood by
using Tth DNA polymerase. A possible explanation of these
conflicting results for the effect of blood on Tag DNA poly-
merase may be the use of different target DNA concentrations
and PCR conditions.

When different concentrations of the cheese homogenate
were added to PCR mixtures of the nine polymerases contain-
ing 1 ng of L. monocytogenes DNA (Table 3), eight of the nine
polymerases were not inhibited by the cheese homogenate,
whereas the amplification capacity of the polymerase Ultma
was totally inhibited at concentrations of cheese homogenate
over 0.2% (vol/vol). The generally low level of inhibition by
cheese may be due to the choice of the particular cheese used.
In a previous study, variations in PCR inhibition were observed
for different soft cheeses (16).

The concentration of fecal homogenate had to be reduced to
0.2% (volfvol) to detect the PCR product in both replicates for
the polymerases Ampli7aqg Gold, Expand, Pwo, and rTth (Table
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FIG. 1. Relief of rTth inhibition due to blood by the addition of 5 pg of lima
bean trypsin inhibitor in a PCR mixture containing 1 ng of L. monocytogenes DNA
and blood at different concentrations. Lanes: 1, 100-bp molecular weight marker

(Boehringer Mannheim); 2, negative control; 3, positive control; 4, 20% blood;
5, 2% blood; 6, 0.2% blood; 7, 0.04% blood; 8, 0.02% blood; 9, 0.004% blood.

3). The amplification capacity of the polymerases Hot7ub, Taq,
111, and Ultma was restored after the fecal homogenate concen-
tration was reduced to 0.1% (vol/vol). The polymerase most sen-
sitive to fecal homogenate was 77i, which required a decrease in
the concentration of fecal homogenate to 0.07% (vol/vol) to re-
store its amplification capacity. In the case of the meat homoge-
nate, a concentration as low as 0.04% (vol/vol) was inhibitory to
the polymerase Ultma (Table 3). On the other hand, the ampli-
fication capacities of the polymerases Expand, rTth, and Tfl were
restored when the concentration of meat homogenate was de-
creased to 0.2% (vol/vol). The PCR product was detected with the
remaining polymerases in tubes containing meat homogenate at
concentrations of, but not higher than, 0.1% (vol/vol).

Effect of trypsin inhibitor on r7th inhibitors in blood. To in-
vestigate whether a trypsin inhibitor relieves inhibition of r7th
DNA polymerase in PCR mixtures with 2 to 0.02% (vol/vol)
blood concentrations (see Table 2), 5 g of lima bean trypsin
inhibitor (Sigma Chemical Co.) was added to PCR mixtures
containing different concentrations of blood and 1 ng of
L. monocytogenes DNA. The addition of trypsin inhibitor de-
creased the range of inhibitory blood concentrations relative to

TABLE 4. Effect of Ca ions on the amplification capacities
of nine thermostable DNA polymerases

PCR results® with CaCl, concn (mM)? of:
DNA polymerase

0.2 1.0 2.0 4.0 6.0 8.0 10.0

AmpliTag Gold +4+ = = —— = = =
Expand High Fidelity ++ ++ ++ —— —— —— ——
HotTub ++ ++ A+t = —= ==
Pwo e
rTth 4+ o+ = = —— =
Taq +4+ = - —— = —— =
T 4+ o+ - = = = =
Tli e
Ultma 4+ ++ = = = = —=

“Two independent PCR results. Symbols: +, band of good intensity; *, band
of low intensity; —, no band.

? Concentrations of CaCl, in the PCR mixtures containing 1 ng of L. mono-
cytogenes DNA.
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TABLE 5. Effect of K ions on the amplification capacities of nine thermostable DNA polymerases

DNA polymerase K ion concn (mM) in the

PCR results” with extra KCI concn (mM)? of:

supplied buffer 2 10 20 40 60 80 100 150
AmpliTag Gold 50 ++ ++ ++ ++ —— —— - ——
Expand High Fidelity Unknown ++ ++ ++ ++ ++ —— —— ——
HotTub 0 ++ ++ ++ T+ T+ T+ T+ ——
Pwo 25 ++ ++ ++ ++ —— —— —— ——
rTth 100 ++ ++ ++ T+ T+ T+ - ——
Taq 50 ++ ++ ++ ++ ++ —— —— ——
Vi 75 ++ ++ T+ T+ T+ - - ——
Tli 50 ++ ++ ++ ++ ++ - - ——
Ultma 10 ++ T+ —— —— —— —— - ——

“Two independent PCR results. Symbols: band of good intensity; *+, band of low intensity; —, no band.
? Concentrations of KCl in the PCR mixtures containing 1 ng of L. monocytogenes DNA.

© The buffer contained potassium acetate instead of KCI.

those shown in Table 2. However, blood concentrations of 0.2
and 0.04% (vol/vol) were still inhibitory to the #7Tth DNA poly-
merase (Fig. 1). Powell et al. (25) have also shown that the ad-
dition of proteinase inhibitors to the reaction mixtures can par-
tially counteract the effect of PCR inhibitors in milk. They studied
the detection of L. monocytogenes DNA in PCR mixtures with
various concentrations of milk and found the PCR to be inhib-
ited by the milk in the concentration range of 0.5 to 0.01% (vol/
vol). They suggested that a proteinase which inhibits the PCR
by degrading the DNA polymerase may be present in milk.

Effect of ions on the nine thermostable DNA polymerases.
Different concentrations of ions were added to reaction mix-
tures containing 1 ng of L. monocytogenes DNA to study their
effect on the amplification capacity of the nine polymerases
(Tables 4 to 7). The inhibitory effect of divalent ions (Ca and
Mg) was more pronounced than that of monovalent ions (K
and Na), with Ca being the most inhibitory. The polymerase
most sensitive to K, Mg, and Na was Ultma from Thermatoga
maritima, whereas the polymerases Ampli7aq Gold and Taq
were the most sensitive to Ca. On the other hand, the poly-
merases from Thermus flavus (HotTub) and Thermus ther-
mophilus (rTth) were the most resistant to the monovalent
ions, while the polymerase Hot7Tub was the most resistant to
Ca, which can be related to the low ionic content of Hot7Tub
buffer. The levels of resistance of the polymerase Taq to K, Mg,
and Na were higher than that of the polymerase AmpliZ7aq
Gold, although they are derived from the same organism. The
resistance pattern of the polymerase Expand, which is a mix-
ture of two polymerases (Pwo and Taq), to K, Mg, and Na was
more similar to that of 7aq than to that of Pwo. However, the
polymerase Expand was more resistant to Ca ions than were
the polymerases Tag and Pwo. It has previously been found
that the addition of K ions at concentrations higher than 75
mM was completely inhibitory to amplification of DNA by
AmpliTaq (9), and increasing the concentration of Mg ions to
15 mM has been found to inhibit the ability of Tag DNA
polymerase to detect herpes simplex virus (32). The highly
inhibitory effect of the Ca ion may be due to its ability to
compete with the Mg ion. Ca ion concentrations above 3 mM
have previously been found to be inhibitory to the amplifica-
tion capacity of Ampli7Tag DNA polymerase. This inhibitory
effect was reversed by increasing the Mg ion concentration in
the reaction mixture (3). Also, it has previously been shown
that variations in the performance of DNA polymerases in
coamplification PCR were salt dependent (7).

Conclusions. The inhibition of 7ag DNA polymerase ampli-
fication by the components of biological samples can be re-
duced or eliminated by the use of an appropriate thermostable

DNA polymerase. A number of DNA polymerases are now
commercially available. These polymerases exhibit different
properties with regard to resistance to various components in
clinical, environmental, and food samples. By selecting an ap-
propriate polymerase, it is possible to more efficiently amplify
nucleic acid in the presence of biological material without the
need for extensive sample processing prior to PCR.

Based on the results given in Tables 1 and 2, eight of the
nine polymerases can be divided into three groups: (i) the
blood-sensitive polymerases (AmpliTag Gold, Taq, and Ultma),
i.e., those whose amplification capacities were not restorable
by either increasing the template DNA concentration (Table
1) nor decreasing the blood concentration (Table 2); (ii) the
blood-resistant polymerases (HotTub, Tfl, and TIi), which am-
plified the template DNA in the presence of all tested blood
concentrations; and (iii) the feces-resistant polymerases (Pwo
and rTth), which can amplify DNA in the presence of 20%
blood but have a range of inhibition around the blood concen-
tration of 0.02%. The polymerase Expand, which is a mixture
of Pwo and Tagq, has a resistance pattern to the inhibitory
samples that is different from the other eight enzymes.

We have shown that components in biological samples can
differentially inhibit different polymerases in the PCR, often-
times by several orders of magnitude. However, many intrinsic
factors may also play a role in the resistance of the thermo-
stable DNA polymerases to PCR inhibition, for instance, the

TABLE 6. Effect of Mg ions on the amplification capacities of nine
thermostable DNA polymerases

Mg ion concn PCR results” with extra MgCl,

DNA polymerase (mM) in the conen (mM)” of:
supplied

buffer 5.0 100 150 200 30.0
AmpliTag Gold 2.5 ++ +- +- —— ——
Expand High Fidelity 1.5 ++ ++ ++ +*= ——
HotTub 2.5 ++ ++ xx —— ——
Pwo 1.5¢ ++  ++ ++ = —=
rTth 2.5 ++ ++ £ = ——
Taq 1.5 ++ ++ ++ +Ex ——
11l 2.5¢ ++ = —=  —= ==
Tli 2.5 ++ ++ ++ —= —=
Ultma 2.5 -— = = —=  —=

“ Two independent PCR results. Symbols: +, band of good intensity; +, band
of low intensity; —, no band.

 Concentrations of MgCl, in the PCR mixtures containing 1 ng of L. mono-
cytogenes DNA.

¢ The buffer contained MgSO, instead of MgCl,.
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TABLE 7. Effect of Na ions on the amplification capacities
of nine thermostable DNA polymerases

PCR results® with NaCl concn (mM)? of:
DNA polymerase

10 20 40 60 80 100 150

AmpliTag Gold ++ ++ - = - == —=
Expand High Fidelity ++ ++ ++ ++ —— —— ——
HotTub ++ A+ e+ A+ A+ —= ==
Pwo e e S
rTth ++  ++ ++ - ——
Taq e e S S S
Tfl e e S
Tli e e S S S
Ultma ++ ++ = = == = ==

“ Two independent PCR results. Symbols: +, band of good intensity; +, band
of low intensity; —, no band.

® Concentrations of NaCl in the PCR mixtures containing 1 ng of L. monocy-
togenes DNA.

difference in enzyme purification techniques, whether the poly-
merase is native or recombinant, and the buffer content. Taq
DNA polymerase from different commercial sources has pre-
viously been reported to be inhibited differentially by humic
substances in soil extracts (29). Although not examined in this
study, the DNA extraction protocol and the presence of trace
levels of extraction reagents in the purified DNA can also
affect extraction efficiency and increase PCR inhibition, there-
by affecting the sensitivity of detection. The polymerase Tth
has been found by Katcher and Schwartz (10) to maintain both
DNA- and RNA-dependent DNA polymerase activities in the
presence of 5% (vol/vol) phenol, while a trace amount of phe-
nol was found to be inhibitory to 7ag DNA polymerase.
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