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Summary: A 183 base pairs or 153 base pairs DNA fragment from a repetitive region of the Bordetella pertussis
genome was amplified in a polymerase chain reaction. The sensitivities of three different detection methods (En-
zymun Test, silver stained polyacrylamide gel, ethidium bromide stained agarose gel) after amplification by poly-
merase chain reaction showed that both a one-time polymerase chain reaction (35 cycles) with Enzymun testing as
well as a nested polymerase chain reaction with either of the electrophoresis methods have high levels of sensitivity
for detection of the infectious organism in nasopharyngeal swabs. Smears from 53 children with whooping cough
and from 50 children without infections were analysed, using these methods. 51 patients with whooping cough
gave positive test results, while 2 of the sick patients and all the control children gave negative results.

Introduction

Whooping cough is a common, highly contagious, acute
infection of the respiratory tract, which is caused by
Bordetella pertussis. The majority of the cases are
young, non-immunised children and infants. The most
severe complications are pneumonia, apnoea and ¢n-
cephalopathy. Reliable detection of the causal agent is
usually possible only in the catarrhal stage. From the
second week of the paroxysmal stage and in the conva-
lescent stage no B. pertussis can be found in the swabs

(1).

Bordetella pertussis is a Gram-negative, rod-shaped
bacterium which only grows on complex media. Usu-
ally, a Bordet-Gengou culture medium is used, which
requires immediate inoculation and incubation (2, 3).
Isolation and identification of bacteria with this method
takes many days and gives a significant number of false
negative results (4). Immunofiuorescence is another
possible method, but it requires the bacteria to be cul-
tured and false positive results are often obtained (3,
5—7). A pertussis infection can be detected serologically
by quantifying the specific immunoglobulins (IgA, IgM,
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IgG) with the ELISA technique (8). The immunoglobul-
ins are detectable at different times after infection. The
ELISA séems to have a higher sensitivity than other us-
ual methods of detection (9).

We have described methods for detecting Bordetella
pertussis DNA. With the help of the polymerase chain
reaction, a specific DNA fragment, found only in B. per-
tussis, can be identified in nasopharyngeal swabs. This
area of DNA is a repetitive sequence with 50 to 100
copies per cell and has a total length of 1100 base pairs
(10—15). The use of repetitive elements results in an
increased sensitivity of the PCR. Different detection me-
thods for the PCR-amplified product were compared.
Nasopharyngeal swabs were investigated from 53
patients who were clinically diagnosed with whooping
cough, and from 50 patients of a negative control group.

Material and Methods
Samples

Samples were obtained from patients (children from a paediatric
practice between March 1992 and Junc 1993; two outbreaks) clint-
cally diagnosed with whooping cough and from a negative control
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group (out-patients from the children’s hospital of the Medizinische
Hochschule Hannover, without any signs of infection or contact
with B. pertussis infected children). Nasopharyngeal secretions
were collccted from the nasopharynx with a swab set (Transwab
MD 173). The samples were placed in 200 pl physiological saline
solution in a sterile reaction tube (Eppendorf, 0.5 mal), resuspended
and stored at —20 °C until needed.

DNA isolation

25 ul PCR buffer (0.1 mol/! Tris-HC1 pH 9.0, 0.5 mol/l KC], 10
g/l Triton X-100) and 5 pl proteinase-K solution (10 g/t) (Merck)
were added to the secretion samples and incubated at 60 °C for 1
hour. The proteinase-K was then heat-inactivated by boiling the
samples for 10 minutes. The extract was kept on ice until it was
used in a PCR or was kept frozen for longer storage.

Implementation of the polymerase chain reaction

PCR was performed as described by Saiki et al. with some modifi-
cations (16). Tetramethylammonium chloride in the reaction mix
was used for a more specific annealing reaction (17). In order to
obtain a better yield we preferred a hot start PCR.

1. Amplification: 30 ul of the previous treated sample were placed
in a 0.5 ml Eppendorf tube, overlaid with 50 pl of paraffin and
incubated at 95 °C for 10 minutes (hot start PCR). 20 ul of Mix 1
and 2 units of Tug polymerase'} were then added at 80 °C (Mix I:
see below). The PCR was carried out with the primer pair Perl/
Per3rev in a thermocycler (Landgraf) for 35 cycles. The cycles
were made up of a denaturation step at 94 °C for 60 seconds, anne-
aling at 59 °C for 60 seconds and elongation at 72 °C for 60 se-
conds.

2. Amplification or nested PCR: 5 pl from the first amplification
were diluted with 200 p! of water. Of this, 5 pl were added to 45 pl
PCR Mix II and overlaid with 50 pl paraffin. The reaction was
carried out with the primer pair Perl/Per2rev for 25 cycles with
the same standards as in the first amplification reaction (with the
addition of a 2 minute denaturation before the first cycle).

The oligonucleotide sequences were:

PERL:  5-GAT TCA ATA GGT TGT ATG CAT GGT T-3,
PER2-rev: 5-AAT TGC TGG ACC ATT TCG AGT CGA CG-3,
PER3-rev: 5'-GCT TCA GGC ACA CAA ACT TGA TGG-3"

PCR Mix 1 (50 yl total volume): 0.2 mmol/l dNTPs (Fa. Pharma-
cia), 1 umol/l each of the oligonucleotides (Perl, Per3rev) HPLC
grade (Biometra), 2 pl PCR buffer (see section DNA isolation), 1.5
mmol/l MgCl,, 0.05 mmol/l tetramethylammonium chloride, 2 U
Tag polymerase (Cetus, Boehringer Mannheim), ad 20 pl H,O.

PCR Mix II (50 ui total volume): 0.2 mmol/] INTPs (Fa. Pharma-
cia), 1 umol/l each of the oligonucleotides (Perl, Per2rev) HPLC
grade (Biometra), 2 ul PCR buffer (see section DNA isolation), 1.5
mmol/l MgCly, 0.05 mmoV/! tetramethylammonium chloride, 2 U
Tag polymerase (Cetus, Boehringer Mannheim), ad 45 pl H,0.

If immunochemical detection was used after the polymerase chain
reaction the following changes were made: a 5-digoxigenin la-

belled oligonucleotide (dig-Per] primer) was used in the PCR
Mix 1.

Y Enzymes:
Tag polymerase: DNA  polymerase
Thermus aquaticus

DNA polymerase from T4-infected E, coli

EC 2777 from
T4 DNA polymerase:

T4 polynucieotide Polynucleotide kinase from T4-infected E.
kinase: coli
EcoRV: Restriction endonuclease from E. coli

T4 DNA ligase: DNA ligase from T4-infected E, coli

a

Controls

One positive (I ng cloned DNA from pBluescript KS+ in 200 pl
NaCl-solution (8 g/1)) and one negative control (200 ul NaCl-solu-
tion (8 g/1)) were used for each assay run, and were treated in the
same manner as the patient samples.

i
Avoiding contamination in the polymerase chain
reaction

In order to avoid false positives resulting from contaminated PCR
samples, only sterile pipette tips with filters (Multy Technology
Inc.) were used. The risk of contamination was further reduced by
using a very simple method of DNA isolation and apportioned
stock mixes which reduced the number of pipetting steps. Working
areas for sample preparation, PCR and detection of DNA were
strictly separated.

Detection of DNA fragments after electrophoretic
separation

1. Agarose gel electrophoresis

Ten pl aliquots were mixed with 3 pl sample buffer (100 mmol/l
EDTA, 200 g/1 Ficoll 400, 250 mg/l bromphenol blue) and applied
to a 20 g/l agarose gel in tris/borate/EDTA buffer (89 mmoVl/l Tris-
borate, 8 mmol/l boric acid, 2 mmol/l EDTA) (18). Electrophore-
sis in tris/borate/EDTA. buffer containing 400 pg/l ethidium bro-
mide was carried out for 45 minutes with 10 V/cm. The DNA
bands were detected with a UV transilluminator at 312 nm (18).

2. Polyacrylamide gel electrophoresis (PAGE)

Five pl aliquots were mixed Wwith 2 pl sample buffer (100 mmol/l
EDTA, 200 g/l Ficoll 400, 250 mg/l bromphenol blue) and applied
to a polyacrylamide gel. The gel consisted of 150 g/l acrylamide,
4 g/l bisacrylamide, 89 mmol/l Tris-borate, 89 mmol/l boric acid,
2 mmol/l EDTA.

Staining the gel: After electrophoretic separation (45 V/cm) the gel
was treated 2 X 3 minutes in 5 g/l acetic acid/100 g/l ethanol, 10
minutes in 2 g/l silver nitrate, 2 X 1 min in H,0, ca. 20 minutes
in 15 g/l NaOH/0.1 g/l Na-borohydride/1.5 g/l formaldehyde and
1 minute in 7.5 g/l Na-carbonate solution (19).

3. Partially-automated polyacrylamide gel electrophoresis (Phast-
System)

Each sample area of a PhastGel Sample Applicator 8/1 was covered
with 2 pl of the aliquot + 1 pl of the sample buffer. The electro=
phoretic separation was performed on PhastGel (Gradient 8—25 or
Homogeneous 20) with Native Buffer Strips and an ensuing silver
stain (20) following instructions from Pharmacia (21, 22) with sli-
ght modifications: SEP.3 at 400 V, 10 mA, 2.5 W, 15°C, 110 Vh.

Immunochemical detection
Enzymun Test with an ES 300 analyser

Forty l of the PCR-specifically amplified and digoxigenin-labelled
sample were added to 360 pl denaturing reagent (50 mmol/l NaOH)
and pipetted into the ES 300 analyser. The reaction program_ was
started according to the Enzymun Test DNA Detection instructions
(Boehringer Mannheim). The following reagefits were also nece-
ssary: 90 pg/l of the biotinylated capture probe were added to the
hybridisation solution (phosphate buffer, pH 6.5).

Capture probe: 5'Biotin-CTG GAC CAT TTC GAG TCG AC 3.

The B. pertussis-specific DNA was-detected by the binding of the
biotin-labelled nucleic acids to the &treptavidin solid phase (Enzy-
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mun TestR Streptavidin Tubes, Bochringer Mannheim) and the ad-
dition of a peroxidase-conjugated anti-digoxigenin antibody to la-
bel the digoxigenin. The complex was visualized by addition of the
chromogen, di-ammonium 2,2'-azino-bis(3-cthylbenzothiazoline-6-~
sulphonate) (ABTS), which produces a green colour. The intensity
was measured at 422 nm and qualitatively analysed. The positive
samples were determined by a cut-off value (cut-off = 2 X Ay.,).
Samples with absorbance values between —25% and + 50% of the
cut-off value were secn as borderline values and were repeated.

Cloning and sequencing of polymerase chain reaction
products in plasmid DNA

Ten pl of a PCR sample were separated on a 10 g/l agarose gel
and the DNA fragment was eluted with the help of the Sephaglas
Kit (Pharmacia). The purified DNA was treated with T4 DNA po-
lymerase') and T4 polynucleotide kinase!) (18), then ligated to an
EcoRVM-prepared vector pBluescript KS+ (Stratagene) with T4
DNA ligase!. This plasmid was amplified in £. coli C600 and
purified with a plasmid kit (Qiagen) after an alkaline lysis of the
bacteria (18).

The DNA was sequenced according to the dideoxyribonucleoside
triphosphate method with a T7 Sequencing Kit (Pharmacia).

Results

Choice of the DNA sequence used for
polymerase chain reaction

For detection of specific B. pertussis DNA, a repetitive
element was chosen which is present in 50 to 100 copies
per cell (11, 14, 23). The serial use of two primer pairs
used in PCR amplification produced a DNA fragment of
183 or 153 base pairs, respectively, when reamplification
(nested PCR) was used (see fig. 1).

Cloning the positive control in E. coli

Isolated B. pertussis DNA from a positive nasopharyn-
geal swab was PCR-amplified with the primer pair Perl/

Per3rev, and the resulting fragment extracted from an
agarose gel. After ligation with the vector pBluescript
KS-+ (Stratagene) the fragment was amplified in E. coli,
purified and sequenced (see materials and Methods). The
sequence had almost 100% homology to sequences
found in the literature (11, 14, 23) with the exception of
a single base change (see fig. 1). This DNA fragment
was used as a positive control and was run parallel to
the patient samples in the assay.

Determining the limit of detection of the
different methods used after amplification by
polymerase chain reaction

Three different methods for detection of the PCR-ampli-
fied DNA were compared. When agarose gel electropho-
resis is used, the separated DNA bands can be detected
under UV light by ethidium bromide intercalation. The
polyacrylamide gel electrophoresis is more than 10 ti-
mes more sensitive in detecting a DNA fragment, when
the gels are silver stained (20). This method can be ac-
complished with a manual system or a partially automa-
ted electrophoresis apparatus using purchased gels
(Pbarmacia) (see Materials and Methods). For a fully
automated detection of the amplified DNA, the Enzy-
mun Test (Boehringer Mannheim) was used.

To compare the various methods of detection, the posi-
tive control plasmid was diluted from 1 ng to 107 ng
and amplified in a PCR using a reaction mixture contain-
ing digoxigenin-labelled primer (dig-Perl) and an unla-
belled primer (Per3rev). After amplification, detection
was made with the Enzymun Test. A second amplifica-
tion with Perl and a sequence-internal primer Per2rev
was used for electrophoretically detected samples. Table

sk

G
CTAGCTGTGA AGATTICAATA GGTTGTATGC ATGGTTCATC CGAACCGGAT TTGAGAAACT GGAAATCGCC AACCCCCCAG

Peri/Per2-rev

Peri/Per3-rev NIINI|I]I}IIIIIIHNIIIIIIIIHIHIlHlllIIlIIHIII)IHIII|||lIIHIlI||llIIIHINIIHIUIIIHIHIIHIIIIIIH|||l|IlIIIIHIIIIIIIIIHI|IIIIH|||lHIIIIIIIIIIIHIIIIIHHIIIIHIIIIIIIIHIHI|IIIII|||l|||HIH|l|||IIIlll|¥|||||I||||||||l|||||ilHl|||I|Ii

~ Per1

TTCACTCAAG GAGCCCGGCC GGATGARCAC CCATAAGCAT GCCCGATTGA CCTTCCTACG TCGACTCGAA ATGGTCCAGC

AATTGATCGC CCATCAAGIT TGTGTGCCTG AAGCGGCCCG

— Per3-rev

E==153 base pairs

IIIIHIIIHIHil!Illl|1HIIl|II!llﬂlllillllllllllllilllll!IIIIHIHIIII]IIIIlll|Illl|lIIHIIIHIIHHI!IIHllHﬂl!IlllI|lHHI||HHIHHIHHHIIIHIIHIHIIHIHIINIHHIIHIIIHIllHNIIHIHIlIHIIHIlHllh‘lllIllllillHlllIHHHINHIIHIIHIHIHIIIHIHIIHIINIIIHIIIIIHHIII*

Per2-rev <

A TRUCHIEION 183 basee pairs

Fig. 1
tussis.,
The DNA sequence shows a section from a repetitive element in
B. pertussis which was used to detect specifically the causal organ-
ism when used in a PCR. The sequence pictured here is from the
pBluescript KS+ cloned positive control, which was found in bac-

Sequence of the PCR-amplified DNA from Bordetella per-

Eur. J. Clin, Chem. Clin. Biochem. / Vol. 32, 1994 / No. 3

teria taken from a positive nasopbaryngeal swab. It differs from
the sequence published by £ M. Glare et al. by a single base
change from A to G, indicated by the asterisk. The location and
orientation of the primer sequences is shown by arrows, the result-
ing PCR products by bars.
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Tab. 1 Sensitivity of the individual methods of detection of PCR-
amplified B. pertussis DNA.

The cloned B. pertussis DNA (see fig. 1) was pretreated as a patient
sample would be, diluted in several steps (1 ng— 10~% ng) and am-
plificd (see Materials and Methods). The limits of detection for the

individual methods of detecting are shown. In the Enzymun Test
(streptavidin technique), the measurements were always made after
the first amplification, whereas a second amplification in the form
of a nested PCR was necessary for detection with electrophoretic
methods.

DNA [ng]

il

1 1073

104 10-3 10-6 1077 10-8

Number of bacterial cells

3-10% 3-10 3 3-10t 3-107

3-106 3-10°

Agarose gel (1. Amplification) + -
(Ethidium bromide staining)

Agarose gel (2. Amplification)

Polyacrylamide gel (1. Amplification)
(Silver staining)

Polyacrylamide gel (2. Amplification)

Enzymun-Test + +
(ES 300 analyser)

1 shows the results of this comparison. Here, it is shown
that the agarose gel electrophoresis has the same sensiti-
vity as the Enzymun Test after the first amplification,
when coupled with the nested PCR. By using a capture
probe, the Enzymun Test (see Material and Methods)
has a specificity comparable to the nested PCR. Silver
staining of PCR-amplified products separated on polyac-
rylamide gels after a nested PCR, is shown to be the
most sensitive method. The same level of detection was
obtained with both the Phastsystem (Pharmacia) and a
common vertical PAGE system. With 100 copies of the
detectable DNA sequence per cell only 3 bacteria per
PCR run would be necessary (in comparison, 30 cells
would be needed for the Enzymun Test or agarose gel
electrophoresis after nested PCR).

Comparison of the methods of detection in
patient samples

Fifty-three nasopharyngeal swabs from B. pertussis infe-
cted children and 50 samples from a negative control
group were tested and the results compared. Investiga-
tion of the negative control group samples resulted in all
cases in the expected negative test ﬁndings. Fifty-one
out of 53 samples from the positive test pool had posi-
tive test results and the 2 remaining samples tested nega-
tive in both the nested PCR and the Enzymun Test. Fi-
gure 2 shows a comparison of the sensitivity of the vari-
ous detection methods from several patient samples with
different contents of B. pertussis (one negative test and
seven positive test samples). Uniform results are seen
only in samples 1, 8, P (positive control) and N (nega-
tive control). In all other cases there were no recog-

nisable products after the first PCR amplification when
run on an agarose gel. Here, the silver staining technique
is also near to its detection limit. With the Enzyriun Test
even the most weakly positive patiént samples exhibited
signals many times higher than the negative control. The
results with this method were ideritical to those from a
nested PCR followed by electrophoresis. Figure 3 shows
the absorbances measured with the ES 300 for the entire
negative pool, the positivé pool and the negative and
positive controls. The values of the 51 positive samples
are clearly higher than the calculated cut-off values
(2 XApeg)- The absorbances of the 50 negative patient
samples had an average value of x = 0.071 with a stan-
dard deviation of SD = 0.01. These values are in good
agreement with the results of the negative control runs
(Mean value 0.066, SD 0.01, n 10).

Discussion

In this paper the possibility of using the PCR in connec-
tion with various methods of detection was studied; in
order to determine whether B. pertussis can be detected
quickly and with a high degree of sensitivity in nasopha-
ryngeal swabs from whooping cough patients. Glare et
al. (23) have stated that a DNA sequence from this repe-
titive region can be detected on an agrose gel after one
PCR of 30 cycles using nasopharyngeal aspirates. We
found that thé sénsitivity and specificity of the different
methods of detection requires a nested PCR with ele-

. ctrophoretic detection or a one-time PCR followed by an

Enzymun Test, in order to detect the infécting bacteria
reliably in nasopharyngeal swabs.

Eur. J. Clin. Chem. Clin. Biochem. / Vol. 32, 1994 / No. 3




Lichtinghagen et al.: Polymerase chain reaction for B. pertussis identification 165

12345678 NP
Pt

1

| Agarose (Ethidium bromide) PAGE (Siiver staining)

RN

12345678 NP
b
clu- ... H

Dﬂbuﬁlu- a

E 1 2 3 4

Enzymun Test + + + +

(ES 300) 693 515 470 2.82
88) (65) (59 (36)

Agarose gel + - - -

(1. Amplification)

Agarose gel + + + +

(2. Amplification)

PAGE + + + +

(1. Amplification)

PAGE + + + +

(2. Amplification)

Fig. 2 Comparison of the sensitivity of the individual methods of
detection for weakly positive patient samples.
Eight patient samples were chosen (seven nasopharyngeal swabs
with suspected B. pertussis infection and one negative patient sam-
¢ ple) in which decreasing numbers of bacteria gave results which
" ranged from positive to negative. These samples were run simulta-
neously to test three methods of détection after successful PCR.
The results are shown after agarose gel electrophoresis (ethidium
bromide staining):

7t By — J’-
o
6 L _’# .“‘f R
5t o ]
£ 4 ;

o -

3 3t . ]
2} : 1
1F S :

__Cut-off]
OF — S L B
Negative sampleé Positive samples Controls

Fig.3 Distribution of the measured values after detection of the
PCR products with the ES 300 apalyser (Enzymun Test).
/.\bsorbance values at 422 nm are listed for increasing concentra-
tions of samples. 50 negative samples (Mean = 0.071, SD = 0.01),
53 positive samples (2 negative, 51 positive), 10 negative controls
(Mean = 0.067, SD = 0.01, CViyer.assay = 19%), 10 positive con-
trols (Mean = 6.211, SD = 0.5, CVinter-assay = 6.6%).

The principle of the Enzymun Test would lend itself to
a semi-quantitative estimation of the number of bacteria.
However, since the quality of the nasopharyngeal swabs

Eur. J. Clin. Chem, Clin. Biochem. / Vol. 32, 1994 / No. 3

5 6 7 8 N P ?

+ o+ o+ - -+
201 187 1.15 0.08 0.08 6.66

235) (249 (15 () (1) (84
- - - - - 4+
+ o+ o+ - - %
+ + - - - 4
+ o+ o+ - -+

(A) first amplification, (B) second amplification;

and polyacrylamide gel electrophoresis (silver staining):

(C) first amplification, (D) second amplification.

Table (E) shows the results generated with the individual electro-
phoretic techniques. These are compared with the results of the
streptavidin method (see Materials and Methods). A single PCR
amplification of 35 cycles was necessary for measurement with the
Enzymun Test. The values shown are related to the photometric
absorbance at 422 nm. The values in parentheses are the repeated
negative controls.

can vary and the standardisation is difficult, the measu-
red absorption should not be correlated to the actual
germ number in the respiratory tract. It should be kept
in mind that dead cells can also be detected by this me-
thod as opposed to the culture of living cells (8) (see
tab. 2).

In most cases B. pertussis is no longer detectable after
the second week of the paroxysmal stage. At this time
no bacteria are found in the nasopharyngeal area. Both
negative results in the positive patient pool were from
patients who had reached this stage of the disease, and
are explained by this fact. In this late phase, the paedia-
trician’s diagnosis is definite, but the use of antibiotics
is no longer meaningful. Therefore, the methods descri-
bed here are more applicable to early diagnosis. The
PCR assay is faster (results are obtained within one day)
than other methods described so far, since enrichment of
the organism is no longer necessary or, as in a serologi-
cal test, an increased antibody titre is not a requirement

(8). Furthermore, fully automated detection of PCR pro-

ducts proved to be very practical in the daily routine. It
also decreases the risk of false positive results due to
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Tab.2 Comparison of laboratory methods for the diagnosis of B. pertussis.
The relative sensitivity and specificity of the individual methods are graded from fow (+)
10 high (++++).

Advantages/Disadvantages

Relative Relative
sensitivity specificity
Culture ++ 4
Immunofluorescence ++ ++
ELISA serology +++ +++
A
Polymerase chain reaction ++++ ++++

Gold standard, positive early I illness, requires viable or-
ganisms, 3—7 days for results, often false negative resuits

Positive early in illness, viable organisms not required,
rapid results, difficult to interpret

Positive late in illness, less sensitive in infants

Positive early in illness, viable organisms not required,
rapid results and high specificity, contaminations due to

contaminations which could occur in a nested PCR as-

say.

The culture assay and immunofluorescence are not as
sensitive as the PCR method. Recently, high proportions
of false-negative culture results were found in two other
studies, while the PCR had a sensitivity of about 100%
(23, 24).

A meaningful advance would be the ability to detect the
organism while patients are still in the incubation period.
A first insight has been possible with several samples
from children who had proven contact with infected chi-
Idren. In several cases B. pertussis was detected al-
though no symptoms of the infection were found. These
results allow detection of Bordetella pertussis in suspe-
cted cases before the clinical symptoms of whooping
cough appear. Further studies are needed to pinpoint the
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false positive results

earliest time at which a reliable diagnosis can be made
after infection and before the end of the incubation pe-
riod.

In some instances a specific probe for all human patho-
genic bordetellae species would be helpful. Especially
if negative B. pertussis-specific PCR results do not cor-
respond to the clinical presentation, additional informa-
tion can be obtained by PCR of the adenylate cyclase
gene, which is specific for all bordetellae species except
B. avium (25).
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