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Specificity and Performance
of Diagnostic PCR Assays

Konrad Sachse

1. Introduction
The undisputed success of detection assays based on the polymerase chain

reaction (PCR) has been largely due to its rapidity in comparison to many con-
ventional diagnostic methods. For instance, detection and identification of
mycobacteria, chlamydiae, mycoplasmas, brucellae, and other slow-growing
bacteria can be accelerated from several days to a single working day when
clinical samples are directly examined. Other microbial agents that are difficult
to propagate outside their natural host often remain undetected by techniques
relying on cultural enrichment, thus rendering PCR the only viable alternative
to demonstrate their presence. Additionally, there is the enormous potential of
DNA amplification assays with regard to sensitivity and specificity.

Nowadays, when a new PCR assay is introduced into a laboratory, the diag-
nostician expects it to facilitate the examination of clinical samples without pre-
enrichment and to allow specific differentiation between closely related species
or subtypes at the same time. While there can be no doubt that the potential to
fulfill these demanding criteria is actually inherent in PCR-based methods, and
the present volume contains convincing evidence of this in Chapters 5–22, there
is often a need for critical evaluation of a given methodology, not only in the
case of obvious failure or underperformance, but also when certain parameters
have to be optimized to further improve performance or reduce costs.

The present chapter is designed to discuss the importance of key factors in
PCR detection assays and provide an insight into basic mechanisms underlying
the amplification of DNA templates from microbial sources. Besides the qual-
ity of the nucleic acid template (see Chapter 2) there are several other crucial
parameters deciding over the performance of a detection method, e.g., the tar-
get region, primer sequences, and efficiency of amplification.
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2. Selection of Target Sequences
2.1. General Criteria

The choice of the genomic region to be amplified will determine the speci-
ficity of detection from the outset. Obviously, a genomic DNA segment char-
acteristic for the respective microorganism or a group of species has to be
selected, and knowledge of the nucleotide sequence is practically indispens-
able to assess its suitability. With the steadily increasing amount of publicly
accessible DNA sequence data it is no longer a problem to check a given
sequence for its degree of homology to other organisms.

The sensitivity of the detection assay is connected with the nature of the
target region via the efficiency of primer binding (see Subheading 3.2.2.),
which determines the efficiency of amplification. The finding that different
primer pairs for the same gene can exhibit up to 1000-fold differences in sensi-
tivity (1) illustrates the extent of this relationship. Likewise, primer pairs flank-
ing different genomic regions can be expected to perform differently in
amplification reactions.

As the length of the PCR product has an inverse correlation to the efficiency
of amplification (2–4), relatively short targets do not only facilitate high sensi-
tivity of detection, but are also preferable for quantitative PCR assays. Further-
more, genomic regions of shorter size can be expected to remain intact at
conditions of moderate DNA degradation, thus making detection more robust
and less dependent on the use of fresh sample material. Hence, there seems to
be consensus among most workers that the optimum size of PCR fragments for
detection purposes is between 100 and 300 bp.

While the first detection methods of the 1980s and early 1990s had to rely
on randomly chosen target sequences the vast majority of currently used tar-
gets is well characterized. An overview on the various categories of target
sequences used in PCR detection assays for bacteria is given in Table 1. These
data will be discussed in the following paragraphs.

2.2. Ribosomal RNA Genes

The ribosomal (r) RNA gene region has emerged as the most prominent
target in microbial detection. Among the assays reviewed in the present chap-
ter, about 50% are based on sequences of rRNA genes, i.e., rDNA. Their popu-
larity is certainly due to the fact that the region represents a versatile mix of
highly conserved and moderately to highly variable segments. Moreover, rRNA
gene sequences are now known for virtually all microorganisms of veterinary
and human health interest.

The structure of the rRNA operon in bacteria, as schematically depicted in
Fig. 1 comprises three gene sequences and two spacer regions.
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Table 1
Target Sequences Used in PCR Detection Assays of Microorganisms
Target gene region Organism Authors (Reference)

16S rRNA Campylobacter spp. van Camp et al. (7)
Giesendorf et al. (8)
Metherell et al. (9)H

Cardarelli-Leite et al. (10) R

Chlamydia pneumoniae, Messmer et al. (13)M

C. psittaci, C. trachomatis Madico et al. (14)M

Clostridium perfringens Wang et al. (20)
Leptospira spp. Heinemann et al. (11)R

Mycobacterium spp. Kox et al. (15)H

Oggioni et al. (16)N

Mycoplasma capripneumoniae  (F38) Bascunana et al. (17)R

Mycoplasma conjunctivae Giacometti et al. (18)
Mycoplasma mycoides subsp.  Persson et al. (18)R

     mycoides SC

Group B streptococci Lammler et al. (12)R

Yersinia enterocolitica Lantz et al. (21)
many bacterial species Greisen et al. (6)

18S rRNA Cryptococcus neoformans Prariyachatigul et al. (119)
16–23S intergenic spacer Campylobacter jejuni/coli O’Sullivan et al. (30)H

Chlamydiaceae spp. Everett and Andersen (27) R

Clostridium difficile Cartwright et al. (31)
Cryptococcus neoformans Mitchell et al. (32)
Cryptococcus neoformans Rappelli et al. (33)
Listeria spp. Drebót et al. (34)
Listeria monocytogenes O’Connor et al. (35)H

Mycobacterium spp. Park et al. (36)
Mycoplasma spp. Uemori et al. (37)
Pasteurella multocida serotype B:1 Brickell et al. (38)
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Table 1
Target Sequences Used in PCR Detection Assays of Microorganisms (continued)

Target gene region Organism Authors (Reference)

16—23S intergenic spacer Pseudomonas spp. Gill et al. (39)
Staphylococcus spp., Streptococcus spp. Forsman et al. (41)
Streptococcus milleri Whiley et al. (40)
many bacterial species Gürtler & Stanisich (28)

Scheinert et al. (29)
23S rRNA Campylobacter spp. Fermer & Olsson (25)R

Campylobacter spp. Eyers et al. (26)
rRNA genomic regiona Trichinella spp. Zarlenga et al. (117)M

omlA (outer membrane Actinobacillus pleuropneumoniae Gram et al. (50)
     lipoprotein)

tbpA � tbpB Actinobacillus pleuropneumoniae de la Puente-Redondo
     serotypes      et al.  (51)R

apxIVA (toxin) Actinobacillus pleuropneumoniae Schaller et al. (49)
bcsp31 Brucella spp. Baily et al. (56)
hippuricase gene Campylobacter jejuni Englen et al. (57)
GTPase Campylobacter spp. van Doorn et al. (58)H

flaA (flagellin) Campylobacter jejuni/coli Oyofo et al. (52)
ompA/omp1(major outer Chlamydia psittaci, C. trachomatis, Kaltenböck et al. (53)N

     membrane protein) C. pneumoniae, C. pecorum

plC (phospholipase Clostridium perfringens Fach et al. (42)N

     C, α-toxin)

α-, β-, ε-toxins Clostridium perfringens Buogo et al. (43)
α-, β-, ε-, ι-toxins Clostridium perfringens Meer et al. (44)M

     and  enterotoxin

URA5 Cryptococcus neoformans Tanaka et al. (59)N

stx (shiga-like toxins) Escherichia coli (EHEC) Karch et al. (45)
uidA � eaeA � stx1 Escherichia coli (EHEC) Feng et al. (46)M

� stx2 � ehxA
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hly (hemolysin) Listeria monocytogenes Furrer et al. (60)
inlA � inlB (internalins) Listeria monocytogenes Ericsson et al. (69)R

iap gene Listeria monocytogenes Manzano et al. (73)R

hsp65 (heat shock protein) Mycobacterium avium complex Hance et al. (66)H

hsp65 Mycobacterium spp. Steingrube et al. (67)
Taylor et al. (68)

oppD�F (oligopeptide Mycoplasma bovis Pinnow et al. (63)
     permease) Hotzel et al. (64)
uvrC (uv repair gene) Mycoplasma bovis Subramaniam et al. (65)
p36 (cytosolic protein) Mycoplasma hyopneumoniae, Caron et al. (54)
� p46 (membrane protein M. hyorhinis

dtx (dermonecrotic toxin) Pasteurella multocida Hotzel et al. (47)
psl (P6-like protein) Pasteurella multocida Kasten et al. (55)H

lktA (leukotoxin) Pasteurella haemolytica, P. trehalosi Fisher et al. (48)
rfb genes  (abequose Salmonella serogroups Luk et al. (61)
     and paratose synthase) Hoorfar et al. (62)
invA (invasion- Salmonella serovars Rahn et al. (70)
     associated protein)

B1 gene Toxoplasma gondii Wastling et al. (72)
yadA (virulence gene) Yersinia enterocolitica Lantz et al.(21)
IS 1111 Coxiella burnetii Willems et al. (74)

Schrader et al. (75)
IS 1533 Leptospira interrogans Redstone et al. (79)
IS 6110 � direct repeat Mycobacterium bovis Roring et al. (76)H

IS 6110 Mycobacterium tuberculosis complex Thierry et al. (77)H

de Lassence et al. (78)
IS 6110 � direct repeat Mycobacterium tuberculosis complex Mangiapan et al. (79)
repetitive genomic sequences* Trichinella spp. Appleyard et al. (81)

* = Target region not specified, M, Multiplex PCR.
Recommended subsequent steps for verification and/or characterization: H, Hybridization using specific probe, N , Nested amplifi-

cation, R, Restriction enzyme analysis.
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Fig. 1.  Structural organization of ribosomal RNA genes in bacteria .

Due to its manageable size of approx 1500 bp, the 16S rRNA gene has
become the best characterized part of the operon with more than 33,000
sequences from bacterial sources alone available on the GenBank® database (5).
Many studies of genetic relatedness leading to the construction of phylogenetic
trees are based on sequence analysis of the 16S region. An extensive diagnostic
system based on 16S rRNA gene amplification was proposed by Greisen et al.
(6) for differentiation of many pathogenic bacteria including Campylobacter spp.,
Clostridium spp., Lactococcus lactis, Listeria monocytogenes, Staphylococcus
aureus and Streptococcus agalactiae. PCR detection systems based on 16S
rDNA target sequences were also used for identification of Campylobacter
(7–10), Leptospira (11) or streptococci (12), as well as species differentiation
within chlamydiae (13,14), mycobacteria (15,16), mycoplasmas (17–19) or iden-
tification of Clostridium perfringens (20) and Yersinia enterocolitica (21).

However, it must be noted that detection and differentiation based on 16S
rDNA can be hampered by significant intraspecies sequence heterology, as
reported for Riemerella anatipestifer (22), or by high homology between
related species, e.g., in the case of Mycoplasma bovis/Mycoplasma agalactiae
(23) and Bacillus anthracis/Bacillus cereus/Bacillus thuringiensis (24).

The gene of the RNA of the large ribosomal unit, the 23S rDNA, has been
used less frequently for diagnostic purposes so far, perhaps because of its
greater size. The number of complete bacterial 23S rRNA gene sequences avail-
able from databases is still very small compared to 16S data. However, consid-
ering the extent of sequence variation known at present, there is probably also
a great potential for species differentiation in this genomic region. Examples
of 23S rRNA sequences serving as target region for species identification
include assays for campylobacter (25,26) and chlamydiae (27).

Located between the two major ribosomal rRNA genes, the 16S–23S
intergenic spacer region (also called internal transcribed spacer) can be an
attractive alternative target. Besides sequence variation, it is the size variation
that renders this segment suitable for identification and differentiation. Spacer
length was found to vary between 60 bp in Thermoproteus tenax and 1529 bp
in Bartonella elizabethae (28). In a systematic study, Scheinert et al. (29) were
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able to distinguish 55 bacterial species, among them 18 representatives of
Clostridium and 15 of Mycoplasma, on the basis of PCR-amplified 16S–23S
spacer segment lengths. Other authors developed assays for Campylobacter
spp. (30), chlamydiae (27), Clostridium difficile (31), Cryptococcus
neoformans (32,33), Listeria spp. (34,35), mycobacteria (36), mycoplasmas
(37), Pasteurella multocida (38), Pseudomonas spp. (39), streptococci, and
staphylococci (40,41).

Although the above-mentioned examples clearly illustrate the broad appli-
cability of rDNA-based PCR assays, the feasibility of any new assay has to be
examined first by sequence alignments, as lack of sufficient sequence variation
in the operon region may not allow the development of genus- or species-spe-
cific assays with particular groups of microorganisms. Moreover, the diagnos-
tic potential of this target region is usually insufficient for intraspecies
differentiation. If the isolates are to be differentiated for medical purposes,
e.g., according to serotype or virulence factors, other target sequences are usu-
ally preferable.

2.3. Protein Genes

Many PCR assays targeting protein genes were developed in an effort to
genetically replicate conventional typing methods based on phenotypic proper-
ties, such as serological reactivity, enzymatic or toxigenic activity. In contrast
to rDNA amplification assays, they are usually specially designed for a particu-
lar microbial species or a small group of related organisms. The only notable
exception would include methods based on largely universal housekeeping pro-
tein genes, e.g., elongation factor EF-Tu, DNA repair enzymes, DNA-binding
proteins, etc., that are present in all organisms and whose sequences are phylo-
genetically interrelated in a manner comparable to rRNA genes.

The lower part of Table 1 shows the wide variety of protein-encoding
sequences used for diagnostic purposes. Toxin genes naturally lend themselves
as targets because, in many instances, they were among the first genes cloned
from the respective microbes, thus they are usually well characterized. It is,
therefore, not surprising that PCR assays for toxigenic bacteria, such as
Clostridium perfringens (42 – 44), Escherichia coli (45,46), Pasteurella
multocida (47), Pasteurella/Mannheimia hemolytica (48), and Actinobacillus
pleuropneumoniae (49) were based on this category of genes. Another fre-
quently used target are the genes of surface antigens or outer membrane pro-
teins, which were described in connection with detection methods for
Actinobacillus pleuropneumoniae (50,51) campylobacter (52), chlamydiae
(53), porcine mycoplasmas (54), Pasteurella multocida (55), and brucellae
(56). Furthermore, there are reports of genes coding for cellular enzymes
(57–62), essential transporters (63,64), DNA repair enzymes (65), heat shock
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proteins (66–68), invasion factors (69,70) and various virulence factors (71–73)
being used in PCR assays.

Apart from the potential to fine-tune specificity of detection as mentioned
above, the most evident advantage from the utilization of protein gene-based
PCR assays is the concomitant information provided on toxins, surface anti-
gens, or other virulence markers, as these factors are supposed to be directly
involved in pathogenesis. In this respect, such tests deliver more evidence on a
given microorganism than just confirming its presence in a sample.

2.4. Repetitive Elements

Some microorganisms possess repetitive sequences or insertion elements.
Since these segments are present in multiple copies the idea of targeting them
appears straightforward. Indeed, this is a favorable prerequisite for the
development of highly sensitive detection methods. In the literature, amplifi-
cation assays based on repetitive elements were reported for Coxiella burnetii
(74,75), Mycobacterium bovis (76), the Mycobacterium tuberculosis com-
plex (77–79) Leptospira interrogans (80), and trichinellae (81). In combina-
tion with sequence-specific DNA capture prior to amplification, a detection
limit of one mycobacterial genome was attained (79).

3. Efficiency of the Amplification Reaction

3.1. Early, Middle, and Late Cycles

DNA amplification by PCR is based on a cyclical enzymatic reaction,
where the products (amplicons) of the previous cycle are used as substrate
for the subsequent cycle. Thus, in theory, the number of target molecules is
expected to increase exponentially, i.e. double, after each cycle. As the effi-
ciency of the reaction is not 100% in practice, the real amplification curves
are known to deviate from the exponential shape (82–85). The course of DNA
amplicon production during 30 cycles in an ideal and a real PCR is illustrated
in Fig. 2. The extent of deviation from the theoretical product yield is deter-
mined by the efficiency of amplification, which can be approx assessed by
Equation 1 (86):

Y � (1 � ε )n [Eq.1]

where Y is the amplification yield (expressed as quotient of the number of mol-
ecules of PCR product and the initial number of target molecules), n is the
number of cycles, and ε is the mean efficiency of all cycles with 0 ≤ ε ≤ 1.

The reaction efficiency may, in principle, assume a different value in each
cycle. The parameters affecting ε include the concentration of DNA poly-
merase, dNTPs, MgCl2, DNA template, primers, temperatures of denaturation,
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annealing and strand synthesis, number of cycles, ramping times, as well as the
presence of inhibitors and background DNA.

 In the first few cycles, when relatively few DNA template molecules are
available, primers act predominantly as screening probes that hybridize inde-
pendently to complementary sites (84). Moreover, it is often overlooked that
the first cycle generates DNA strands longer than the interprimer segment, the
number of which grows arithmetically in successive cycles (87). The situation
changes in the middle cycles as more amplified product (of correct size) with
terminal annealing sites is present and primers assume their role as amplifica-
tion vectors. Regarding the yield of amplified product, a typical PCR will first
be exponential, then go through a quasilinear phase, and finally reach a pla-
teau. The plateau effect (82,83) is the result of a marked shift of the overall
mass balance in favor of the reaction product. A complex of features seems to
be responsible for the attainment of the plateau rather than a single factor or
parameter, as readdition of presumably exhausted reagents (dNTPs, prim-
ers, DNA polymerase, MgCl2) at late cycles did not cause the reaction to pro-
ceed with increased efficiency (88).

Fig. 2.  Accumulation of amplification product in the course of a PCR assay. The
broken line corresponds to an ideal kinetics of DNA synthesis (efficiency ε � 1), and
the curve shows the course of a real PCR with ε � 1.
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Since there appears to be a natural limit of product concentrations in the
order of 10–7 M (89) where the amount of accumulated amplicon can no longer
be increased significantly, there is no benefit in terms of final yield from run-
ning further cycles. On the contrary, the 5'–3' exonuclease activity of the DNA
polymerase may cause measurable loss of product if the reaction is extended
way beyond the quasilinear phase.

3.2. Factors Influencing Kinetics and Yield of DNA Amplification

3.2.1. Primer-to-Template Ratio

In the course of the reaction, the mass balance between the reaction partners
changes after each cycle. The crucial parameter in this dynamic system is the
amount of amplified product. As it accumulates with each cycle the reaction
efficiency decreases steadily. Using a continuous mathematical model based
on the law of mass action, Schnell and Mendoza (85) showed that the reaction
efficiency can be close to 100% only as long as there is very little product in
the system. As the reaction proceeds until the concentrations of initial DNA
(primers � dNTPs � template) and amplified product are the same, efficiency
drops to 50% before approaching zero upon saturation of the system in the
plateau phase (see Fig. 3). The decrease of the primer-to-template ratio during
late cycles also promotes self-annealing of amplicons, which results in a drop
of the number of free primer binding sites.

Another effect of the rise of product DNA concentration is the reduction in
the efficiency of duplex denaturation. Target DNA concentrations typically
are 103 to 106 copies at the beginning and can increase to 1012 after approxi-
mately 40 cycles. The melting temperature (Tm) of a DNA duplex, however, is
known to be elevated at higher concentrations, and the effect is measurable at
product concentrations corresponding to the plateau phase of PCR (83).

These considerations can help to explain why PCR amplification assays often
do not work when too much sample DNA is added to the reaction mixture, a
problem that is usually solved by dilution of the sample. Inefficient denaturation
can be avoided by strictly adhering to protocols providing for sufficiently high
denaturation temperatures (94° to 95°C) and denaturation times between 30 and
60 s. Knowledge of the kinetic characteristics of the plateau phase also helps to
understand that the extension of amplification protocols far beyond 40–45 cycles
would make an assay more vulnerable to non-specific amplification.

3.2.2. Efficiency of Primer Annealing

Optimal primer design seeks to achieve both high specificity (i.e. exclusive
amplification of the selected target) and efficiency (i.e., high yield of amplified
DNA through the selection of thermodynamically efficient primer binding
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sites) (see Chapter 4), although it will often be necessary to accept compro-
mised solutions for the sake of versatility and practicability.

Specificity of amplification is mainly determined by the annealing tempera-
ture (Tann) and, to a lesser degree, primer length. The Tann of a PCR assay is
usually set within a few degrees of primer melting temperatures Tm. For a given
reaction, the optimal Tann can be calculated using Equation 2 (2, 90):

Tann � 0.3 Tm-primers � 0.7 Tm-product � 14.9 [Eq. 2]

where the midpoint primer melting temperature is Tm-primers � 0.5 (Tm-primer1 �
Tm-primer 2), and product melting temperature is Tm-product � 81.5 � 0.41(% G�C)
� 16.6 log[K�] � 675/L (with %G � C, molar percentage of guanosine-plus-
cytosine, [K�], molar potassium ion concentration; L - length of amplicon in
base pairs). The addition of co-solvents, such as dimethyl sulfoxide and
formamide, allows to conduct the reaction at lower Tann and was shown to im-
prove both yield and specificity in selected cases (90).

If all other conditions are optimal, a rise in Tann can increase yield since
primer-template mismatches are further reduced and co-synthesis of unspe-
cific products is further suppressed. An example of the effect of Tann on speci-
ficity is shown in Fig. 4.

Fig. 3.  Variation of the efficiency ε of a PCR as a function of [DNA’], the ratio of
amplified product to initial template concentration (85). Point p, where [DNA']�1,
corresponds to an efficiency of ε � 0.5 (courtesy of Academic Press, Ltd.).
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In the context of identification of microbial species, genera, or serotypes,
however, the expected intragenus and intraspecies variation in the target
sequence region has to be taken into account. This may require the amplifica-
tion assay to be run at suboptimal Tann at the expense of specificity of detection.
If the extent of target sequence variation is well-documented, a set of degener-
ate primers can solve the diagnostic problem (91). Although the usefulness of
such systems has been demonstrated (53) they need to be tested extensively
before being introduced into routine diagnosis, as their performance is difficult
to predict.

Optimal primer length varies between 18 and 24 nucleotides. The base
composition of primer oligonucleotides should be as balanced as possible,
for instance, a guanosine-plus-cytidine (G�C) content around 50% would
lead to Tm values in the range of 56–62°C, thus allowing favorable annealing
conditions. Within a given primer pair, the G�C content and Tm values
should be no more than a few units apart to insure efficient amplification.

In the initial phase of PCR, nonspecific binding of primers and also primer–
dimer formation may present problems, because the collision frequency of
primer and template is still relatively low. Moreover, so-called jumping arti-
facts may be encountered as a result of single-stranded DNA fragments par-
tially extended from one priming site annealing to a homologous target
elsewhere in the genome, which finally leads to nonspecific product (84). Sec-
ondary structures of the template (loops, hairpins) are also known to cause
aberrant products as a result of DNA polymerase jumping, i.e., leaving nonlin-
ear segments unamplified (92,93).

An efficient way to deal with early-cycle mispriming effects is touch-down
PCR (94), where the initial annealing temperature is gradually decreased with
each cycle until the optimum value is reached. In the case of low target copy
number samples, however, it is often helpful to run the first few cycles at lower-
than-optimum Tann and thus tolerate the concurrent synthesis of a certain propor-
tion of unspecific product, and then raise Tann to its optimum for the rest of cycles
(touch-up PCR). A continuous increase of ∆Tann � 1°C per cycle was shown to
lead to higher product yield compared to a constant-Tann protocol (2).

As can be expected, the plateau phase exhibits more and more unfavorable
conditions for efficient primer binding. Although the concentration of primers
is only slightly lower than at the start, because of excess amounts present in the
reaction mixture, the dramatically reduced primer-to-template ratio (from 2 ×
107 to 19 after 106-fold amplification, [84])] results in a slowing down of the
primer–template complex formation and, finally, saturation.

The probability of primer–dimer formation can already be reduced in the
process of primer selection, e.g., by excluding primer sequences complemen-
tary to each other, particularly at 3'-ends (95).
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Fig. 4.  Effect of the annealing temperature on the specificity of amplification. Two
samples of avian feces were subjected to DNA extraction and examined by nested
PCR for Chlamydia psittaci. The annealing temperature of the second amplification
was varied from 50–60°C, all other experimental details were as in Chapter 8. Lane 1,
sample A; lane 2, sample B; lane 3, reagent control; lane 4, DNA of strain C1 (C.
psittaci); and lane 5, DNA size marker (100 bp ladder). Note that the correct amplifi-
cation product in lane 4 is at 390 bp, whereas nonspecific bands in lanes 1 and 2 at 50°,
54° and 57°C are near 400 bp. In this case, running the PCR assay at suboptimal
annealing temperature would lead to false positive results.

3.2.3. Enzyme-to-Template Ratio

The amount of DNA polymerase present in the reaction can also be a limit-
ing factor contributing to loss of efficiency (96). Schnell and Mendoza (87)
singled out the ratio of free (unbound) to total enzyme as the most important
parameter determining efficiency ε at the ith cycle and proposed a mathemati-
cal relationship given in Equation 3:

ε i = 1 –
ETi

Ei – ETi
[Eq. 3]

where [Ei] is the DNA polymerase concentration and [ETi] is the concentration
of the enzyme-template complex at the ith cycle.

While there is a great excess of enzyme molecules vs template DNA in the
early cycles, typically in the order of 105, the ratio will be �1 after 106-fold
amplification (84). The consequence of product molecules outnumbering the
polymerase is a reduction of yield per cycle in the linear and plateau phases.
Under these conditions, it is no longer possible to have one enzyme molecule
anchored to each primer–template complex in the extension step, which reduces
the number of (full-length) amplicons generated per cycle and allows more
nonspecific products of shorter length to be synthesized. It would be possible
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to partially compensate this drop in efficiency by prolonging the extension
step in the later cycles or increasing the enzyme concentration of the reac-
tion. The latter, however, has to be optimized empirically as excessive
enzyme often stimulates the co-synthesis of nonspecific products.

Although thermal stability of commercially available DNA polymerases has
been steadily improved over the last decade (see Chapter 2) there is a measur-
able decrease of its activity in the late cycles. This is another reason not to
recommend high numbers of cycles in PCR detection assays, indeed, 30–35
cycles proved sufficient in most applications.

4. Methodologies to Improve the Performance
of Amplification Assays

When using a PCR assay for clinical samples containing only a few cells
of the pathogen, one has to be aware of the special kinetic conditions prevail-
ing in such a reaction mixture. At the start of the reaction as few as 1 to 100
copies of the target sequence may be present, and the crucial primer anneal-
ing step is particularly difficult to control. This may require additional mea-
sures to insure that primer oligonucleotides specifically bind to as many
targets as possible and, at the same time, avoid nonspecific priming of DNA
synthesis.

4.1. Hot-Start PCR

The basic idea of hot-start PCR is to reduce nonspecific amplification in the
initial phase by releasing active enzyme only immediately before the first
primer binding step (97). This approach is designed to prevent primer–dimer
formation, mispriming, and spontaneous initiation of DNA strand synthesis,
most of which occur already at room temperature between the operations of
mixing reagents and actually starting the PCR run (98,99). The most common
variant of hot-start PCR involves thermostable DNA polymerases (see Chap-
ter 2) that are supplied in an inactive form and require a 10-min heating at 94°–
96°C for activation (100, 101). Many protocols of “conventional” amplification
assays can be improved in terms of specificity by adaptation to the hot-start
procedure and its special reagents.

Another approach involves so-called loop primers that carry additional 5'
tails causing the oligonucleotides to self-anneal or oligomerize at ambient
temperature (102). When the reaction mixture is heated, the primers are lin-
earized only at elevated temperatures, thus initiating a hot start. To facilitate
specificity of amplification, the protocol begins with six touch-up cycles,
where Tann is gradually increased from 60° to 72°C. Hot-start conditions were
also shown to be created through the addition of short double-stranded DNA
fragments (103).
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4.2. Nested PCR
The use of nested PCR can often solve detection problems associated with

clinical tissue samples containing low copy numbers of target against a high
background of host tissue DNA and inhibitors of DNA polymerase. A typical
protocol would begin with a first round of amplification (30–35 cycles) using
the outer primer set, and then subject a small aliquot of first-round product to a
second run with fresh reagents using the inner primer pair. This approach was
shown to be more successful than diluting and reamplifying with the same
primers (104). The position of inner primers is often the determining factor of
the assay’s sensitivity and specificity.

In theory, even under optimal conditions, any PCR will reach a natural
plateau (see Subheading 3.1.), so that one should not expect a gain in yield
(i.e., sensitivity) from reamplifying the diluted product of a previous reac-
tion. Nevertheless, there are numerous examples in which the necessary sen-
sitivity of detection was attained only thanks to nested PCR. This is mainly
due to the fact that many PCR detection assays are not completely optimized.
Besides, clinical and field samples often contain inhibitors (see Chapter 2),
which prevent the first PCR from proceeding at high efficiency. In these cir-
cumstances, a second round of amplification can make all the difference.

From the kinetic point of view, the second PCR could be seen as a con-
tinuation of the first reaction with strongly reduced amounts of product, a
measure that can be expected to increase efficiency and yield as discussed in
Subheading 3.2.1.

In diagnostic applications, nested PCR represents a powerful tool for dif-
ferentiation, because of the possibility to select outer primer binding sites in
a genomic segment common to a group of organisms, e.g., family, genus, or
species, and place the inner primers at sites that are specific for individual
species, serovars, or biovars. In this area of application, nested PCR can pro-
vide valuable data for epidemiology and taxonomy. Another advantage is
that reamplification of nonspecific products from the first round is minimized
because of the utilization of different primers in the second round.

As far as routine diagnosis is concerned, there are various reservations
about the introduction of nested PCR assays owing to its particular vulner-
ability to product carryover (71). The fact that there are many laboratories
using nested protocols for routine purposes also shows its practicability, but
it will certainly remain a domain of the more experienced and specialized
laboratories.

4.3. Multiplex PCR
The possibility to use several primer pairs, each having a particular specific-

ity, in the same reaction (105) adds a multidimensional perspective to the diag-
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nostic potential of PCR. Such a procedure allows simultaneous detection of
two or more different microbial agents in a single sample and the inclusion of
internal controls. As multiplex PCR involves a far more complex reaction sys-
tem than the normal simplex mode, its performance is more difficult to predict
and can be assessed only after extensive trials.

Users must be aware that, in principle, each of these parallel amplification
reactions will proceed with their own kinetics and efficiency, thus resulting
in different sensitivities and specificities for each target. Even in compara-
tively simple competitive PCR systems for relative quantitation, where
sample DNA and internal standard template have identical primer binding
sites it is not certain that both components will be amplified with the same
efficiency (3, 106–108). Although the situation is far more complex in a
multiplex assay involving different target sequences of different organisms,
two important conclusions that emerged from experience in competitive PCR
are of general significance: (i) An inverse exponential relationship exists
between template size and efficiency of amplification (3); and (ii) the forma-
tion of heteroduplexes between different amplicons becomes likely when two
or more target sequences share homologous segments (109,110). Also, prim-
ers can be expected to interact with each other, thus having a detrimental
effect on the assay’s performance. A recent study by Bercovich et al. (111)
revealed that the relative amounts of primers had a major effect on yields in
duplex amplification. Similarly, the optimal Tann of a duplex assay will not
necessarily be equal to the arithmetic mean value of the individual simplex
assay’s annealing temperatures.

A systematic study of experimental parameters in multiplex PCR led
Henegariu et al. (112) to propose a general step-by-step protocol for optimiza-
tion. These authors stressed the crucial importance of balancing relative con-
centrations among primer pairs, as well as between magnesium chloride and
dNTPs. Compared to simplex PCR, more time is necessary to complete strand
synthesis, so therefore, extension steps should generally be longer. Other
important parameters include Tann and concentration of the reaction buffer.

The number of multiplex PCR detection systems for microbial agents
described in the literature is not very large. Some examples will be discussed
in the following.

With the aim to detect bacterial agents associated with meningitis, a
seminested multiplex strategy was applied for simultaneous detection of Neis-
seria meningitidis, Haemophilus influenzae, Streptococcus pneumoniae, Strep-
tococcus agalactiae, and Listeria monocytogenes from cerebrospinal fluid
(113,114). The first round of amplification involves universal eubacterial prim-
ers binding to conserved segments of the 16S rRNA gene, one of which is
replaced by a set of species-specific primers in the second (multiplex) PCR.



PCR Specificity and Performance 19

A procedure for screening of respiratory samples was developed by Tong
et al. (115), who used primers from the P1 adhesin gene of Mycoplasma
pneumoniae and the ompA genes of Chlamydia pneumoniae and C. psittaci
to detect these pathogens. In this case, the optimized conditions of the multi-
plex assay were not significantly different from the individual assays.

To differentiate three species of chlamydiae, i.e., C. pneumoniae, C.
psittaci, and C. trachomatis, a genus-specific 16S rRNA gene segment was
amplified in the first round followed by multiplex nested amplification (13).
The method was recommended for clinical human and avian samples, such
as throat swabs, lung tissue, and feces. For the same species, another multi-
plex assay targeting the 16S rRNA gene and 16S–23S spacer region and based
on touch-down enzyme time-release PCR was reported (14). This methodol-
ogy was chosen to insure high specificity. Identification could easily be done
according to amplicon size, and detection limits were below 0.1 inclusion-
forming units.

Feng and Monday (46) described a multiplex assay for detection and differ-
entiation of enterohemorrhagic E. coli serotypes. Primers were placed in five
different gene regions (uidA, eaeA, stx1, stx2, ehxA) and results were consis-
tent with the accepted classification of genotypes.

A group of avian mycoplasmas, i.e., Mycoplasma gallisepticum, M. synoviae,
M. iowae, and M. meleagridis, were shown to be simultaneously detectable by
multiplex amplification of nonspecified species-specific target sequences (116).

The usefulness of PCR in genotyping Clostridium perfringens was demon-
strated by Meer and Songer (44) who developed a multiplex assay targeting the
genes coding for the major toxins, i.e., α, β, ε, ι, and enterotoxin. As genotypes
determined by this method coincided with the results of phenotypic assays in
99% of all cases, the PCR approach represents a simpler and faster alternative
to conventional methods.

Eight genotypes of Trichinella, some of them representing separate species,
were differentiated in a PCR using 5 primer pairs located in ribosomal rRNA
genes and spacer regions (117). The size of the amplicon(s) was characteristic
for each type.

Undoubtedly the demand for multiplex assays is going to increase further in
the near future, not only because of the potential to reduce costs and raise
throughput, but also in the light of current developments in the area of DNA
array technology, which will provide new powerful detection systems.

5. Practical Implications of Routine Use of PCR
in the Diagnostic Laboratory

Whenever a new PCR detection assay is introduced, verification of its find-
ings remains an indispensable demand. The identity of a given amplification
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product has to be confirmed by such tests as Southern blot hybridization
using a specific probe, restriction enzyme analysis, subsequent nested PCR, or
DNA sequencing.

As any other new diagnostic tool, the PCR detection assay requires careful
validation before it can be adopted as an official method. The ideal approach
would include culture as the main reference, often called gold standard, as
well as an established antigen enzyme-linked immunosorbent assay (ELISA).
While this appears feasible for some prominent and well-investigated bacte-
rial agents, such as salmonella, E. coli, campylobacter, or listeria, there are
serious obstacles to validation in other cases. For instance, comparative stud-
ies on PCR detection of animal chlamydiae (e.g. avian and bovine C. psittaci,
porcine C. trachomatis) often remain incomplete, because many strains do
not grow in cell culture. Similarly, any ELISA test for these agents would
face the same dilemma if subjected to validation. There is no way to validate
the better-performing PCR methodology against conventional standard meth-
ods that are obviously inferior in terms of sensitivity and specificity. In such a
situation, the pragmatic approach should prevail and PCR should be accepted
as the most suitable method available at present, provided that there is com-
prehensive evidence on specificity and sensitivity of detection.

Once a PCR assay has been accepted and used in diagnostic laboratories, the
question of how to deal with the data and its consequences has to be addressed.

The high sensitivity of PCR inevitably leads to a greater number of positive
samples in comparison to conventional methods. As a rule, the agent will be
detected over a longer period in the course of infection. The fact that the pres-
ence of a pathogen can be confirmed already in the incubation period, i.e.,
before the onset of the host’s immune response and the appearance of clinical
symptoms, represents a considerable advantage and allows necessary control
measures to be taken at an earlier stage.

Similarly, asymptomatic animals harboring and shedding the pathogen are
also more likely to be identified as a consequence of highly sensitive detection
by PCR. This implies the possibility to follow the actual epidemiological sta-
tus of a herd more closely. As high sample throughput can be achieved with
96-well microtiter plates and other formats, PCR lends itself as a powerful tool
for herd diagnosis.

The fact that PCR tests may detect DNA from nonviable or dead microbial
cells is occasionally interpreted as a weak point. The question of whether such
a finding really represents a false positive result is difficult to answer unam-
biguously. Of course, one has to be careful with PCR data from animals under-
going antibiotic therapy, as they could test positive because of some remaining
dead cells or DNA of the infectious agent, which are of no clinical significance
(118). On the other hand, micoorganisms identified by PCR in excrements of
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intermittent shedders, even if nonviable or nonculturable, can provide impor-
tant evidence on the presence of a pathogen that would have remained undetec-
ted by other methods. Repeated PCR positivity in the face of antibiotic
treatment and/or serological nonreactivity and bacteriological sterility may
mean chronicity or inadequacy of treatment.

One of the main consequences for epidemiology arising from the increasing
availability of PCR-based diagnostic data could be the realization that the
pathogen in question was more abundant than previously assumed and that it
persisted to a certain degree in apparently healthy hosts. It is certainly nothing
new for experienced diagnosticians and practitioners that the mere occurrence
of certain pathogens cannot always be associated with clinical disease, but this
point is rarely addressed in textbooks. Therefore, increasing amounts of PCR-
based epidemiological data are going to help recall (and confirm) the well-
known thesis that the presence of the pathogen is a necessary yet insufficient
condition to produce disease. It will certainly further mutual understanding
between practitioners, veterinary officers, laboratory vets, conventional and
molecular diagnosticians, if the latter manage to get this message across.

As a major limitation, it has to be emphasized that the pathogenic potential
of a given microbial strain is not adequately covered by most current PCR
tests, which merely show the presence of one gene or target sequence. Present
and future research aimed at a new generation of assays for simultaneous iden-
tification of a whole complex of pathogenicity factors connected with the
microbial agent, the animal host, and the environment will certainly provide
more satisfactory answers.
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Pre-PCR Processing of Samples
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1. Introduction
Diagnostic polymerase chain reaction (PCR) is an extremely powerful

rapid method for diagnosis of microbial infections and genetic diseases, as
well as for detecting microorganisms in environmental and food samples.
However, the usefulness of diagnostic PCR is limited, in part, by the pres-
ence of inhibitory substances in complex biological samples, which reduce
or even block the amplification capacity of PCR in comparison with pure
solutions of nucleic acids (1). Thus, the presence of substances interfering
with amplification will directly influence the performance of diagnostic PCR
and, in particular, the assay’s sensitivity of detection. Some inhibitors may
dramatically interfere with amplification, even at very small amounts. For
example, PCR mixtures containing the widely used Taq DNA polymerase
are totally inhibited in the presence of 0.004% (v/v) human blood (2). Conse-
quently, sample processing prior to PCR is required to enable DNA amplifi-
cation of the target nucleic acids in the presence of even traces of
PCR-inhibitory substances. To improve diagnostic PCR for routine analysis
purposes, the processing of the sample is crucial for the robustness and the
overall performance of the method. In general, diagnostic PCR may be
divided into four steps: (i) sampling; (ii) sample preparation; (iii) nucleic
acid amplification; and (iv) detection of PCR products (Fig. 1). Pre-PCR pro-
cessing comprises all steps prior to the detection of PCR products. Thus, pre-
PCR processing includes the composition of the reaction mixture of PCR
and, in particular, the choice of DNA polymerase and amplification facilita-
tors to be used.

This chapter will focus on sample preparation and the use of appropriate
DNA polymerases and PCR facilitators for the development of efficient pre-
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Fig. 1. Illustration of pre-PCR processing. The figure shows the different steps in
diagnostic PCR. Pre-PCR processing refers to sampling, sample preparation, and
DNA amplification with the addition of PCR facilitators and the use of an appropri-
ate DNA polymerase.
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PCR processing strategies for various categories of samples, as well as sub-
stances and mechanisms involved in inhibition.

2. PCR Inhibitors

PCR inhibitors originate either from the original sample or from sample
preparation prior to PCR, or both (3). In a review by Wilson (4), a systematic
list of PCR inhibitors was presented, and the mechanisms by which the inhibi-
tors may act were divided into the following three categories: (i) inactivation
of the thermostable DNA polymerase; (ii) degradation or capture of the nucleic
acids, and (iii) interference with the cell lysis step. Although many biological
samples were reported to inhibit PCR amplification, the identities and bio-
chemical mechanisms of many inhibitors remain unclear.

2.1. Approaches to the Characterization of PCR Inhibitors

The effect of PCR inhibitors can be studied by either increasing the con-
centration of purified template DNA or adding different concentrations of the
PCR-inhibitory samples or by both ways. Increasing the concentration of tar-
get DNA may be useful to overcome the effect of inhibitors (interfering with
DNA and/or binding reversibly to the DNA-binding domain of the DNA poly-
merase), whereas adding different concentrations of the inhibitory sample is
an alternative approach to evaluate the strength of the inhibitory samples on
the amplification capacity of PCR. On the other hand, studying the effect of
inhibitors on the polymerization activity of the DNA polymerase can be use-
ful to (i) compare the effect of different inhibitors; (ii) perform a kinetic analy-
sis of the DNA polymerase in the presence and absence of inhibitors; and (iii)
evaluate the effect of adding substances that relieve the inhibition, such as
bovine serum albumin (BSA). The recent introduction of thermal cyclers with
real-time detection of PCR product accumulation offers the possibility to study
the quantitative effects of inhibitors more efficiently. These instruments may
be used to study the efficiency of the PCR performance and/or to study the
DNA polymerase efficiency for the synthesis of DNA in the presence and
absence of PCR inhibitors (5).

2.2. Identification of PCR Inhibitors

A limited number of components have been identified as PCR inhibitors,
namely, bile salts and complex polysaccharides in feces (6,7), collagen in
food samples (8), heme in blood (9), humic substances in soil (10), protein-
ases in milk (11), and urea in urine (12). The thermostable DNA polymerase
is probably the most important target site of PCR-inhibitory substances (2).
In a recent study, using various chromatographic procedures, hemoglobin,



34 Rådström et al.

immunoglobulin G (IgG), and lactoferrin were identified as three major PCR
inhibitors in human blood (5,13). The mechanism of PCR inhibition by IgG
was found to be dependent on its ability to interact with single-stranded DNA.
Furthermore, this interaction was enhanced when DNA was heated with IgG.
By testing different specific clones of IgGs, blocking of amplification through
the interaction of single-stranded target DNA was found to be a general effect
of IgGs. Therefore, in the case of blood specimens, it is not advisable to use
boiling as a sample preparation method or to use hot-start PCR protocol.

Hemoglobin and lactoferrin were found to be the major PCR inhibitors in
erythrocytes and leukocytes, respectively (5), and both hemoglobin and
lactoferrin contain iron.  The mechanism of inhibition may be related to the
ability of these proteins to release iron ions into the PCR mixture. When the
inhibitory effect of iron was investigated, it was found to interfere with DNA
synthesis. Furthermore, bilirubin, bile salts and hemin, which are derivatives
of hemoglobin, were also found to be PCR inhibitory. It has been suggested
that heme regulates DNA polymerase activity and coordinates the synthesis
of components in hemoglobin in erythroid cells by feedback inhibition (14).
In the same study, it was observed that hemin was a competitive inhibitor
with the target DNA and a noncompetitive inhibitor with the nucleotides
through direct action against the DNA polymerase. As a result, characteriza-
tion of PCR inhibitors and detailed knowledge of inhibitory capacities and
mechanisms are important prerequisites for the development of more effi-
cient sample preparation methods, which will eliminate the need for exten-
sive processing of biological samples prior to diagnostic PCR.

3. Sample Preparation
The objectives of sample preparation are (i) to exclude PCR-inhibitory

substances that may reduce the amplification capacity of DNA and the effi-
ciency of amplification (see Chapter 1); (ii) to increase the concentration of
the target organism to the practical operating range of a given PCR assay;
and (iii) to reduce the amount of the heterogeneous bulk sample and produce
a homogeneous sample for amplification in order to insure reproducibility
and repeatability of the test. All these factors affect the choice of sample
preparation method. However, many sample preparation methods are labori-
ous, expensive, and time-consuming or do not provide the desired template
quality (15). Since sample preparation is a complex step in diagnostic PCR, a
large variety of methods have been developed, and all these methods will
affect the PCR analysis differently in terms of specificity and sensitivity (1).
The most frequently used sample preparation methods may be divided into
four different categories: (i) biochemical; (ii) immunological; (iii) physical;
and (iv) physiological methods  (Table 1).
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3.1. Biochemical Methods

The most widely employed biochemical method is DNA extraction. Many
different commercial kits are available, such as BAX (Quallcon Inc.,
Wilmington, DE) (16), PrepMan (Applied BioSystems, Foster City, CA, USA)
(17), Purugene (Gentra Systems Inc., Minneapolis, MN, USA) (18), QIAamp®

(Qiagen, Valencia, CA, USA) (19), and XTRAX (Gull Laboratories Inc., Salt
Lake City, UT, USA) (20). Consequently, several studies have compared and
evaluated the quality of the extracted DNA (18,21,22), and a kit that provides
the highest yield, concentration, and purity of DNA can be recommended. The
advantage of DNA extraction is that a homogeneous sample with high quality
is provided for amplification. Most PCR inhibitors are removed, since the tem-
plate is usually purified and stored in appropriate buffers, such as Tris-EDTA
(TE) buffer. The drawback of DNA extraction methods is that the target micro-
organism usually has to be pre-enriched in medium or on an agar plate prior to
extraction. In addition, most DNA extraction methods are laborious and costly.
Batch-to-batch variation after DNA extraction may also exist with respect to
purity and concentration of the template.

3.2. Immunological Methods

This category is mainly based on the use of magnetic beads coated with
antibodies (23). Since antibodies are used, the specificity will be influenced,

Table 1
Sample Preparation Methods Used for Different Types of Samplesa

Category
of sample
preparation Sample
method Subcategory preparation method Sample Reference

Biochemical Adsorption Lectin-based separation Beef meat (78)
Protein adsorption Blood (9)

DNA extraction DNA purification method Hemolytic serum (79)
Lytic methods Blood anticoagulant (80)

Immunological Adsorption Immunomagnetic capture Blood (81)
Physical Aqueous two-phase systems Soft cheese (82)

Buoyant density centrifugation Minced meat (31)
Centrifugation Urine (28)
Dilution Blood (30)
Filtration Milk (29)

Physiological Enrichment Meat (33)

a Modified with permission from Ref.  1.
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and the captured cells will be those containing the corresponding antigen. The
specificity of the PCR protocol will depend on both the PCR assay used, as
well as the specificity of the antibodies. In general, after immunocapture, the
sample requires lysis or washing (24), and viruses can then be used directly
(25). In most cases, these methods increase the concentration of the target
organism. The homogeneity of the PCR sample may differ depending on the
processing steps that follow the capture, but usually the template is of appro-
priate quality after this treatment. Since part of the specificity depends on the
antibodies themselves, false negative results can be obtained as a result of
cross-reactions. This methodology is quite expensive and also very laborious
and time-consuming.

3.3. Physical Methods

Many different physical methods have been used, such as aqueous two-phase
systems (26), buoyant-density centrifugation (27), centrifugation (28), filtra-
tion (29) and dilution (30). These methods are dependent on the physical prop-
erties of the target cells, for example cell density and size.  Aqueous two-phase
systems provide a gentle way of partitioning PCR inhibitors and target cells
between two immiscible phases. For instance, a polyethylene glycol (PEG)
4000 and dextran 40-based system was used in a PCR detection assay for
Helicobacter pylori in human feces (6).  Density centrifugation was shown to
be a promising method if fast detection is of importance (31). Density media,
such as Percoll (Pharmacia, Uppsala, Sweden) (27) and BactXtractor (Quintes-
sence Research AB, Bålsta, Sweden) (32), were used to concentrate the target
organism and remove PCR-inhibitory substances of different density. After this
treatment, whole cells were obtained, which could be used as a PCR sample.
The homogeneity of the sample may differ depending on the kind of biological
sample matrices. If components of the sample matrix have the same density as
the cells these may inhibit DNA amplification. The advantage of density cen-
trifugation is that the target organism is being concentrated, which allows rapid
detection response. Furthermore, these methods are relatively user friendly.

3.4. Physiological Methods

These methods are based on bacterial growth and biosynthesis of cell com-
ponents, i.e., genome, cytoplasm, and cell surface constituents. Culture can be
carried out in enrichment broth or on agar plates. Again, the aim is to provide
detectable concentrations of viable target cells prior to PCR (33). Selective or
nonselective agar or enrichment medium can be used, and the specificity will
depend partly on the characteristics of the medium. The template quality, as
well as the homogeneity of the PCR sample, may differ with respect to the
presence of cell components. The advantages of this methodology are its sim-
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plicity and low cost. The method provides viable cells to be used in PCR with-
out further lysis steps (34). However, it must be borne in mind that cells con-
tain high concentrations of macromolecules, which might influence and shift
the equilibrium in many biochemical reactions (35), for instance the DNA poly-
merase and its DNA template–primer binding properties (36) (see Chapter 1).
Therefore, the DNA polymerase has a key function during DNA amplification
in terms of DNA synthesis and resistance to PCR inhibitors.

A comparison of the performance of sample preparation methods described
in this section is shown in Table 2.

4. DNA Polymerases
The first PCR experiments were carried out with the thermolabile Klenow

fragment of Eschericia coli DNA polymerase I, which needed to be replen-
ished for every cycle (37). The use of the thermostable DNA polymerase from
Thermus aquaticus (Taq) has greatly simplified PCR and enhanced the speci-
ficity (38). With high specific activity, fidelity, and temperature range, Taq
DNA polymerase and its derivatives became and still are the most widely used
enzymes in PCR. Thermostable DNA polymerase is a key component in the
amplification reaction, and any factor interfering with the enzymatic activity
will affect the amplification capacity. The DNA polymerase can be degraded,
denatured, or have its enzymatic activity reduced by a wide variety of com-
pounds present in biological samples (3,5,9,39).

A number of DNA polymerases from other organisms are now commer-
cially available. Examples of commonly used DNA polymerases include rTth
and Tth, isolated from Thermus thermophilus, DyNazyme isolated from
T. brockianus, as well as AmpliTaq® Gold  (Applied BioSystems, Foster City,
CA, USA) and Platinum Taq with built-in hot start, both isolated from
T. aquaticus. These polymerases exhibit very different properties with regard
to resistance to various components in biological samples and performance
in the presence of these components. The choice of DNA polymerase was
shown to influence the performance of several PCR-based applications, such
as genotyping using restriction fragment-length polymorphism (RFLP) (40)
and random-amplified polymorphic DNA (RAPD) (41), multiplex PCR assays
(42), differential display reverse transcription PCR (RT-PCR) (43), and
autosticky PCR (44). Recent research indicated that different polymerases have
different susceptibilities to PCR inhibitors (2). Therefore, the inhibition of PCR
by components of biological samples can be reduced or eliminated by choos-
ing an appropriate thermostable DNA polymerase without the need for exten-
sive sample processing prior to PCR.

The choice of DNA polymerase is determined by several factors related to
the application. The level of resistance of DNA polymerase to PCR inhibitors
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Table 2
Comparison of the Performance of Different Pre-PCR Sample Preparation Methods

Product
Category of sample of sample Homogeneity Concentration Removal of Time
preparation method preparation of product of product PCR inhibitors required Cost Availability

Biochemical:
DNA extraction DNA Good Average Yes 3–6 h High Complex

Immunological:
Immunomagnetic capture Cell/DNA Average Average Average 2–4 h High Limited

Physical:
Buoyant density centrifugation Cell Average Good Average 30 min Average Limited

Physiological:
Enrichment Cell Low Good Low 6–24 h Low Good
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can be determined by intrinsic factors, such as enzyme purification techniques
and reaction buffer composition, as well as its production from native or recom-
binant strains. Furthermore, the sample preparation protocol and the presence of
trace levels of extraction reagents in the purified sample can affect the extraction
efficiency and the sensitivity of PCR. Taq DNA polymerase from different com-
mercial sources was reported to be inhibited to a different extent by humic sub-
stances in soil extracts (45). The source of Taq DNA polymerase in the PCR step
was also found to affect the banding patterns produced in differential display
(43). Variations in the performance of DNA polymerases in co-amplification
PCR were also found to be salt-dependent (46). The polymerase Tth maintains
both DNA- and RNA-dependent DNA polymerase activities in the presence of
5% (v/v) phenol, while a trace amount of phenol was found to be inhibitory to
Taq DNA polymerase (39). Several studies evaluated the usefulness and charac-
teristics of different DNA polymerases with respect to various PCR samples
including clinical samples, blood, feces, and cell material.

4.1. Clinical Samples

It was noted that both Tfl and Tth DNA polymerases are more resistant to
aqueous and vitreous fluids of the eye than the polymerases Taq, Tli, and the
Stoffel fragment (47). Tth DNA polymerase was also shown to be less affected
by inhibitors present in nasopharyngeal swab samples compared to Taq DNA
polymerase in an assay detecting influenza A virus (48). The use of hot-start
enzymes, such as AmpliTaq Gold and Platinum Taq, reduces the possibility of
carryover contamination. Furthermore, increased specificity using AmpliTaq
Gold was demonstrated for a multiplex PCR assay detecting middle ear patho-
gens (42). Amplification of highly degraded DNA from paraffin-embedded
tissue using AmpliTaq Gold or Platinum Taq increased the yield by up to 20
times compared to Taq. Improved PCR amplification with less background
was observed in the same study for AmpliTaq Gold compared to Platinum Taq
when a time-release PCR protocol was applied (49).

4.2. Blood

When the inhibitory effect of blood on nine thermostable DNA poly-
merases was studied, AmpliTaq Gold and Taq DNA polymerases were
totally inhibited in the presence of 0.004% (v/v) blood in the PCR mixture,
while HotTub, Pwo, rTth, and Tfl DNA polymerases were able to amplify
DNA in the presence of at least 20% (v/v) blood without reduced amplifica-
tion sensitivity (2). Furthermore, it was found that the addition of 1% (v/v)
blood was totally inhibitory to Taq DNA polymerase, while a target sequence
in the presence of up to 4% (v/v) blood was amplified using Tth DNA poly-
merase (50). Different PCR conditions and target DNA concentrations may
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explain these conflicting results regarding the effect of blood on Taq DNA
polymerase. The enhancement of amplification yield and specificity using
AmpliTaq Gold DNA polymerase instead of AmpliTaq DNA polymerase in
multiplex detection of DNA in blood was also reported (51,52).

4.3. Feces

In a comparison of the amplification efficiency of Tth polymerase and Taq
DNA polymerase in detecting Helicobacter hepaticus in mice feces, a 100-
fold increase in sensitivity with Tth polymerase over Taq DNA polymerase
was observed (53). Furthermore, it has been reported that Pwo and rTth DNA
polymerases could amplify DNA in the presence of 0.4% (v/v) feces without
reduced sensitivity (2). The inhibitory effect of the microbial flora in pig feces
on the amplification capacity of rTth and Taq DNA polymerase was observed
when detecting Clostridium botulinum  (17). The results showed a decrease in
sensitivity by one log unit when using Taq DNA polymerase instead of rTth.

4.4. Cell Material

The DNA polymerases from T. aquaticus and T. flavus were found to bind
to short double-stranded DNA fragments without sequence specificity (54).
Furthermore, it was reported that the accumulation of amplification products
during later PCR cycles also exerts an inhibitory effect on the DNA poly-
merases (55). It was indicated that the main factor contributing to the plateau
phase in PCR was the binding of DNA polymerase to its amplification prod-
ucts (see Chapter 1). Taq DNA polymerase was replaced with Tth DNA poly-
merase for more sensitive detection of Staphylococcus aureus  DNA in bovine
milk (8). Also, the detection of cells of the poultry pathogen Mycoplasma iowae
was significantly improved by replacement of Taq DNA polymerase with Tth
DNA polymerase (56).

5. Amplification Facilitators
In the course of the development of PCR methodology the basic master

mixture containing DNA polymerase, primers, nucleotides, and a reaction
buffer containing Tris-HCl, KCl, and MgCl2, has been extended with numer-
ous compounds to enhance the efficiency of amplification. Such compounds
are called amplification enhancers or amplification facilitators (57). They
can affect amplification at different stages and under different conditions by
(i) increasing or decreasing the thermal stability of the DNA template; (ii)
affecting the error rate of the DNA polymerase; (iii) affecting the specificity
of the system; and (iv) relieving the inhibition of amplification caused by
complex biological samples. With the introduction of new DNA polymerases,
a number of suppliers have already added amplification facilitators into the
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accompanying buffers (Table 3). A subdivision of facilitators into five
groups was proposed (58): (i) proteins; (ii) organic solvents; (iii) non-ionic
detergents; (iv) biologically compatible solutes; and (v) polymers. These
groups will be discussed in more detail, including some of the commonly
used compounds within the different groups. Specific amounts of facilitators
used by different research groups are listed in Table 4.

Table 3
Composition of Commercial Buffer Systems for DNA Polymerases

Buffer components

DNA Tris-HCl KCl MgCl2 Triton-X Tween 20 BSA EGTA Glycerol
polymerase (mM) (mM) (mM) (vol%) (vol%) (µg/ml) (mM) (vol%)

DyNazyme 100 500 15 1% — — — —
Platinum Taq 200 500 — — — — — —
rTth 100 1000 — —  0.5% — 7.5  5%
Taq 100 500 15 — — — — —
Tth 100 1000 15 —  0.5% 500 — —

Table 4
Concentration of Facilitators Used in Different Applications

Facilitator Concentration Application Reference

BSA 4.0  g/L Relief of inhibition by meat, blood, and feces. (61)
BSA 0.4  g/L Relief of inhibition by bilirubin and humics. (59)
BSA 0.6  g/L Relief of inhibition by melanin in RT-PCR. (83)
gp32 0.1  g/L Relief of inhibition by meat, blood, and feces. (61)
gp32 0.15 g/L Relief of inhibition by bilirubin and humics. (59)
DMSO 5% Rescue of failed amplification. (57)
DMSO 2–10% Facilitation of RT-PCR. (84)
Tween 20 2.5 g/L Relief of inhibition by feces. (61)
Tween 20 0.5% Relief of inhibition by plant polysaccharides. (74)
Betaine 117.0 g/L Relief of inhibition by blood and meat. (61)
Betaine 2.5 M PCR of GC-rich sequences. (71)
Glycerol 10–15% Rescue of failed amplification. (57)
PEG 400 5% Relief of inhibition by plant polysaccharides. (74)
PEG 400 10–15% Rescue of failed amplification. (57)
PEG 400 2.0 g/L Relief of inhibition by blood. (61)
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5.1. Proteins

The two proteins most commonly used to facilitate amplification are BSA
(59–61) and the single-stranded DNA-binding protein gp32, which is  a protein
encoded by gene 32 of bacteriophage T4 (59,61–63). The addition of BSA to
the amplification mixture was shown to relieve inhibition of amplification by
several substances, such as blood, meat, feces (61) and heme-containing com-
pounds (9). It has been suggested that BSA can help to overcome PCR inhibi-
tion by blood or heme-containing compounds by binding them. Furthermore, it
was shown that BSA can bind phenolics and relieve PCR inhibition in this way
(59). Inhibition of amplification by fecal samples can be caused by the degra-
dation of DNA polymerase by proteinases. It has been suggested that proteins
such as BSA and gp32 can relieve this inhibition effect by serving as a target
for the proteinases (11). BSA is often used for the stabilization of proteins in
solution, and thus, a possible way of facilitating amplification may consist in
stabilization of the DNA polymerase (64). The protein gp32 may facilitate
amplification in the same fashion as BSA. However, gp32 can bind single-
stranded DNA, protecting it from nuclease digestion (65), and it has been sug-
gested that, in blood, the protein can improve the accessibility of the DNA
polymerase when large amounts of coagulated organic material are present in
the PCR sample (50).

5.2. Organic Solvents

Examples of frequently used organic solvents as PCR facilitators include
dimethyl sulfoxide (DMSO) and formamide. It has been suggested that both
solvents affect the thermal stability of the primers and the thermal activity pro-
file of the DNA polymerase (57), thereby increasing the specificity of amplifi-
cation (66). The effect on thermal stability seems to be caused by the general
capability of organic solvents to destabilize DNA in solution (67,68).

5.3. Non-ionic Detergents

The main non-ionic detergents used as PCR facilitators are Tween 20 and
Triton-X. It was shown that the addition of Tween 20 stimulates the activity of
Taq DNA polymerase and reduces false terminations of the enzyme (69). The
mechanisms behind these findings are still unclear.

5.4. Biologically Compatible Solutes

Betaine and glycerol are the most common facilitators in the group of biologi-
cally compatible solutes. The solutes are used by organisms and cellular systems
to maintain biological activity under extreme conditions. For that reason, glyc-
erol is used in the storage buffer of thermostable enzymes. The addition of both
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betaine and glycerol to amplification reaction mixtures was found to enhance
specificity (66,70) and to reduce the formation of secondary structures caused
by GC-rich regions (71). Also, glycerol may facilitate amplification by enhanc-
ing the hydrophobic interactions between protein domains and raising the ther-
mal transition temperature of proteins (72). Glycerol can also lower the strand
separation temperature of DNA, thus facilitating amplification (73).

5.5. Polymers

PEG and dextran are polymers that can be used as amplification facilitators.
It was shown that PEG can facilitate amplification in similar ways as organic
solvents (57). Also, PEG was reported to relieve the inhibition caused by feces
(61) and dextran sulfate, a plant polysaccharide (74).  Furthermore, PEG is
known to possess enzyme stabilizing properties comparable to BSA, which
serve to maintain enzymatic activity (64). This action could enhance amplifi-
cation by stabilizing the DNA polymerase.

6. Pre-PCR Processing Strategies

The treatment of complex biological samples prior to amplification is a cru-
cial factor determining the performance of diagnostic PCR assays. The follow-
ing requirements should be fulfilled to insure optimal conditions (1): (i) absence
or low concentration of PCR-inhibitory components in the sample; and  (ii)
sufficient concentration of target DNA.

Pre-PCR treatment aims to convert a complex biological sample contain-
ing the target microorganisms into PCR-amplifiable samples. Since complex
biological samples often contain PCR inhibitors (4), numerous pre-PCR pro-
cessing  protocols have been developed. The reason for the variety in PCR
protocols and pre-PCR methods is that the most suitable approach depends on
the nature of the sample and the purpose of the PCR analysis. For instance,
various sample preparation methods were developed to remove or reduce the
effects of PCR inhibitors without knowing the identity of the PCR inhibitors
and/or understanding the mechanism of inhibition. Therefore, the character-
ization of PCR inhibitors represents an important step in the development of
efficient sample preparation methods designed to overcome the effects of
inhibitory factors. For example, the PCR-inhibitory effect of collagen was
partially relieved by adjusting the magnesium ion concentration in the ampli-
fication mixture (75).

Once the sample matrix has been characterized regarding PCR inhibitors
and concentrations of target DNA, one can predict whether the sample is suit-
able for PCR analysis or not. Samples can be divided into heterogeneous and
homogeneous samples, with most complex biological samples being heteroge-
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neous. Consequently, the conditions for DNA amplification can be optimized
through efficient pre-PCR processing.  Several different pre-PCR processing
strategies can be used: (i) optimization of the sample preparation method; (ii)
optimization of the DNA amplification conditions by the use of alternative
DNA polymerases, and/or amplification facilitators; and (iii) a combination of
both strategies.

Selection and optimization of sample preparation methods is the most fre-
quently used approach to circumvent PCR inhibition (1). Many PCR protocols
combine sample preparation methods from different categories. A common
strategy for diagnostic PCR consists in the combination of a pre-enrichment
method with a biochemical DNA extraction method (17,76) or with a physical
sample preparation method (20).  The enrichment step is usually included to
concentrate the target cells to PCR-detectable concentrations (33). The com-
plexity of the various methods must be considered in light of the aim of the
PCR analysis, i.e., if the results are to be used for risk assessments or for haz-
ard analysis critical control point (HACCP) purposes.

A summary of the different sample preparation categories is presented in
Table 2.  In general, DNA extraction methods provide templates of high qual-
ity, but the method is usually complex. However, automated robust DNA
extraction methods have been introduced.  Physical methods are favorable,
since they do not affect the specificity of the PCR protocol, as may the immu-
nological and physiological methods. The simplest method is to take the PCR
sample directly from the enrichment broth and dilute the sample, because of
the inhibitory components present in the enrichment broth (20). Recently, a
PCR-compatible enrichment medium was developed for detection of Yersinia
enterocolitica, thus making pre-PCR processing of swab samples unnecessary
(77). However, complex matrices present in the culture medium may have a
detrimental effect on PCR performance.

The DNA amplification reaction mixture can be optimized by selection of a
robust DNA polymerase and by the addition of amplification facilitators, to
circumvent the PCR-inhibitory effects of sample components and to maintain
the amplification efficiency. This strategy has been employed in the laboratory
of the authors for blood samples, and by using the rTth DNA polymerase com-
bined with BSA, it was possible to amplify DNA in the presence of at least
20% (v/v) blood without loss of sensitivity (2). Furthermore, a pre-PCR pro-
cessing protocol was developed for detection of Clostridium botulinum spores
in porcine fecal samples, based on inclusion of a sample preparation method
and the use of a more robust DNA polymerase (17). After a heat shock (10 min
at 70°C: and pre-enrichment for 18 h at 30°C, the feces homogenate was ex-
posed to DNA extraction prior to PCR, and PCR was performed using the more
robust rTth DNA polymerase.
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In the future development of diagnostic PCR assays, research on pre-PCR
processing is most likely to expand in response to the growing demand for
rapid, robust and user-friendly PCR protocols. A future challenge for pre-PCR
processing strategies is the design of PCR procedures integrating both sam-
pling and DNA amplification as automated operations.
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Critical Aspects of Standardization of PCR

Jeffrey Hoorfar and Nigel Cook

1. Introduction
Food-borne zoonotic bacteria, transferred from animals to food products, are

a major concern in modern food production and, consequently, for human health
(1). Accordingly, there is a need to control the entire food chain, from infec-
tions at the herd level to the consumer, through screening and certification pro-
grams, which apply highly sensitive and cost-effective methods for detection of
food-borne pathogens. Such tests would also be useful to the food industry and
clinical diagnostic laboratories. Molecular methods, using nucleic acid diag-
nostics, are receiving increasing attention for testing the microbiological safety
of food (2). There are several advantages of nucleic acid diagnostics compared
to bacteriological culturing and immunochemical methods.  Nucleic acid mol-
ecules can, via sequence combinations, precisely prescribe the phenotypic char-
acteristics of a microorganism, and detection of specific sequences unique to a
particular species can obviate any requirement for confirmatory tests. Further-
more, detection of nucleic acids is very rapid compared to conventional culture-
based analysis.  The most widely used nucleic acid diagnostic test is based on
the powerful PCR technology (3).

The enthusiasms of scientists, and the enormous bulk of publications present-
ing convincing data, have encouraged many diagnostic laboratories to imple-
ment PCR-based methods for pathogen detection (4). However, the results of
tests developed or published by one laboratory can sometimes be difficult to
reproduce by other laboratories. Although this relates to most laboratory tech-
niques, lack of reproducibility is more pronounced in molecular techniques due
to sensitive reagents, complex equipment, and the need for personnel with spe-
cific skills. Proper validation based on consensus criteria is an absolute prerequi-
site for successful adoption of PCR-based diagnostic methodology.
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2. FOOD-PCR: A European Effort

Recognizing this, in 1999, the European Commission approved the
research project FOOD-PCR (www.PCR.dk) with the aim of validating and
standardizing the use of diagnostic PCR for detection of bacterial pathogens
in foods. A consortium of 35 institutes, companies, and universities from
14 EU countries and 7 associate and applicant states was formed to work on
this project.

An intention of FOOD-PCR was to devise standardized PCR-based detec-
tion methods for 5 major pathogens: Salmonella enterica, thermophilic
Campylobacter spp., enterohemorrhagic Eschericia coli (EHEC), Listeria
monocytogenes and Yersinia  enterocolitica. The methods would focus on
three sample types from primary food production: poultry-carcass rinse, pig-
carcass swab, and milk.

The 3-yr project comprises 6 work packages and 20 tasks (see Fig. 1),
including production of certified DNA material, preparation of a thermal
cycler performance guideline, and performance of PCR ring trials. Another
important area would be automated detection, including enzymer-linked
immunosorbent assay (ELISA)-format and real-time PCRs.

The development of the standardized methods was designed to proceed
in three phases (see Fig. 2). In Phase 1, researchers working in expert labo-
ratories prepared defined DNA material, selected promising candidate PCR
methods, and tested them for efficiency and selectivity against comprehen-
sive collections of reference strain DNA. The final selected PCRs were
then optimized and taken forward into Phases 2 and 3 (see Subheading 9.).
This would provide a thorough evaluation of the efficiency and robustness
of the PCRs.

The project also had a work package devoted to sample pretreatment. Here,
methods would be developed based on current International Organization for
Standardization (ISO) pre-enrichment procedures (5,6), adapting then-exist-
ing procedures, where necessary, to allow PCR to replace conventional
postenrichment and/or detection. In Phase 3, the complete procedure com-
prising sample pretreatment and PCR would be subjected to intelaboratory
trials, to provide validated PCR-based pathogen detection protocols.

Among the intended outcomes of the project was the production of a guide-
line and a biochemical kit for proficiency testing of different types and brands
of cyclers, a simple method for purifying DNA from bacterial cultures, pro-
duction of reference DNA material, an on-line database containing validated
PCR protocols, organized workshops for end users, and preparation of stan-
dardized guidelines in collaboration with European Committee on Standard-
ization (CEN), Working Group 6 (WG6).
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Fig. 1. Graphical presentation of the FOOD-PCR project for validation and stan-
dardization of PCR for detection of important food-borne pathogens.

3. A Common Vision

The experience gained through the FOOD-PCR project and activities of vari-
ous international working groups suggest that a very basic aspect of PCR stan-
dardization is elaboration of a vision, or far sighted goals. As with any other
major effort, the work should be based on a clear vision, a focused strategy,
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and a few basic principles shared by the organizations, industries, scientists
and authorities involved. The vision adopted by the PCR working group
(TAG3/WG6) of CEN is that diagnostic PCR will have the same status as
conventional bacteriological culture techniques by the year 2010 (see Fig. 3).
The strategy or long-term plan to achieve that vision is rapid publication of a
few basic guidelines. The principles of the work will be based on noncommer-
cial and international effort, including extensive multicenter ring trials, with
the aim of providing end-users with nonexclusive protocols. The emphasis in
the strategy is the speed and simplicity of the publications, thus avoiding pro-
tocols outdated by the amazing pace of technology development in the field of
molecular diagnostics.

Fig. 2. Practical steps when performing ring trials for validation of PCR.
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4. Focused Strategy
Preparation of international standards can be notoriously lengthy and cum-

bersome and can take up to several yr. This has at least been the case with
bacteriological culture techniques and, interestingly, also with PCR-based
detection of genetically modified organisms (GMO), creating a technologi-
cal vacuum for legislators.

In addition, most standards were initially prepared without available valida-
tion data, which has had to be provided later with some considerable effort.
This can be avoided for diagnostic PCR if the strategy is based on rapid publi-
cation of timely standards prepared as guidelines, rather than detailed labora-
tory protocols, which in some cases may even be outdated by the time they
have been through the usual international voting procedure. A European work-
ing group (TC275/WG6/TAG3) has planned preparation of overall guidelines
on pre-PCR sample preparation, thermal cycler efficiency testing, and amplifi-
cation and detection (see Fig. 4).

Fig. 3. Proposed vision, strategy and principles for standardization of diagnostic
PCR for detection of food-borne pathogens.
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 5. Validation Criteria
Often the terms “sensitivity” and “detection limit” are used interchangeably

in the literature and in the scientific community. The confusion can be worse
for PCR laboratories, where sensitivity can also refer to the lack of robustness
or the well-described fragility of the polymerase enzyme to inhibitors in the
sample. Fortunately, guidelines laid in the draft of the MicroVal protocol (7)
provide us with some general definitions for interpretation and communication
of the results of validation of alternative microbiological methods.

Some national or regional validation organizations, e.g., Nordic Validation
Organ (NordVal), Association Francaise de Mormalisation (AFNOR),
Deutsches Institute für Normung (DIN), etc., have also published definitions
and guidelines for validation of alternative microbiological methods. Based on
the literature and international working papers available, we propose a set of
specific definitions for validation parameters to be used for evaluation of PCR
testing (see Tables 1 and 2)

6. Interpretation of Results
Due to the risk of false positive PCR cases, the TAG3 European working

group is currently considering inclusion of a solution hybridization step for
confirmation of amplicons (8). However, in our experience, if primer sequences
that amplify genetic regions unique to a species have been carefully chosen,
tested, and validated, post-PCR confirmation is unnecessary and will negate
the advantage of rapidity, although it may look convincing on a paper for stan-
dard protocol. In addition, it could be too complicated for many small labora-
tories and exclude commercial kits based solely on gel electrophoresis.

Fig. 4. The strategy for preparation of standards for PCR testing.
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Definition of Terms Proposed to Be Used in Validation of PCR Testinga

Validation: Demonstration that adequate confidence is provided that results
obtained by PCR are comparable to those obtained by the refer-
ence method.

Qualitative PCR: The test response is either the presence or absence of PCR product
(amplicon), detected either by observation or in equipment.

Quantitative PCR: The test response is the copy number of amplicon, detected
indirectly and related to the number of target microorganisms.

Detection limit (DL): The smallest number of culturable target microorganisms neces-
sary to create a PCR positive response.

Selectivity: A measure of inclusivity of target strains (from a wide range of
strains) and exclusivity (the lack of amplicon from a relevant
range of closely related nontarget strains).

Positive deviation (PD): A PCR positive case when the reference method gives a nega-
tive result (false positive).

Negative deviation (ND): A PCR negative case when the reference method gives a posi-
tive result (false negative).

Positive agreement (PA): A sample being positive in both PCR and the reference method.

Negative agreement (NA): A sample being negative in both PCR and the reference method.

Diagnostic accuracy (AC): The degree of correspondence between the response obtained
by PCR method and the response obtained by reference
method on identical natural samples [AC � (PA�NA) /
Total number of samples].

Diagnostic sensitivity (SE): The ability of PCR to detect the microorganism when it is
detected by the reference method [(PA/N�) × 100].

Diagnostic specificity (SP): The ability of PCR to not detect the microorganism when it is
not detected by the reference [(NA/N�) ×100].

Robustness: Reproducibility by other laboratories using different batches
and brands of reagents and validated thermal cyclers and
equipment.

a Adapted from the MicroVal protocol (7).
N� is the total number of negative results with the reference method.
N� is the total number of positive results with the reference method.

Table 2
Paired Results of Reference and PCR Methods (7)

PCR response Reference method positive (R�) Reference method negative (R�)

Alternative method � / � positive agreement (PA) – /  � positive deviation (PD)
(A�) (R�/A�)
Alternative method � � – negative deviation (ND) �/ � negative agreement (NA)
negative (A�) (A� / R�)

57
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Possible false positive results can be revealed through further culturing of
the enriched microorganisms from PCR positive cases, although we should
have in mind the suboptimal diagnostic sensitivity of most culture methods.
Just to mention one: for Salmonella culture, it was found necessary to pre-
enrich some samples in two different pre-enrichment broths in order to obtain
an optimal diagnostic sensitivity (9,10).

7. Test Controls
This brings us back to the well-known dilemma of PCR vs culture methods,

where we actually compare “apples” with “pears”. In PCR, we are amplifying
DNA, while culture methods isolate live bacteria, and in some cases, leaving
the injured target bacteria behind. Many workers have addressed this issue by
spike-in experiments that demonstrate a detection limit of one target bacterium
in a 25-g sample. However, the applicability to real life situations of spiked stud-
ies using fresh cultures of “healthy” inoculates can be justifiably questioned.

One of the strengths of diagnostic PCR is its ability to be used as an identi-
fication tool, particularly using the 16S sequence regions of pathogenic bacte-
ria (see Chapters 1 and 4). Although this application appears to be quite
straightforward, the importance of including proper test controls may be easily
overseen due to the excitement of workers and the elegance of the technique.

A PCR cannot be given diagnostic status, no matter how limited the applica-
tion, before it includes, as a minimum, an amplification control, a processing
positive control, a reagent control (blank), and a processing negative control
(see Table 3), as suggested in several working documents.

Table 3
Test Controls Necessary for Performance of Diagnostic PCR

Internal amplification control (IAC): Containing chimeric nonrelevant DNA added to master
mixture and to be amplified by the same primer set as the
target DNA but with an amplicon size visually distinguish-
able from the target amplicon.

Processing positive control (PPC): A negative sample spiked with sufficient amount of the target
pathogen and processed throughout the entire protocol.

Processing negative control (PNC): A negative sample spiked with sufficient amount of a closely
related, but nontarget strain processed throughout the entire
protocol.

Reagent control (Blank): Containing all reagents, but no nucleic acid apart from the
primers.

Premise control: A tube containing the master mixture left open in the PCR
setup room to detect possible contaminating DNA in the
environment (to be done in certain intervals as part of the
quality assurance program).

Standard concentrations: 3 to 4- samples containing 10-fold dilution series of known
number of target DNA copies in a range above the detection
limit (necessary only for quantitative PCR).
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8. Sequence of Events
The occurrence of an incorrect sequence of events is seen with some of the

traditional culture techniques. When many workers begin to face the chal-
lenge of quality control requirements it is realized that we actually have to go
several steps back and begin with proper validations (see Fig. 5). The writing
of standards must be based on validation studies and experience gained
through ring trials. Harmonization and validation are the prerequisites of stan-
dardization, in that sequence, and the writing of standards must be based on
successful validation studies and laboratory experience gained through ring
trials. Implementation of quality assurance programs is often substantially
facilitated if relevant standards are available.

9. Development and Validation of Standard PCR-Based Methods
to Detect Food-Borne Pathogens

We propose that development and validation of a standard PCR-based
method to detect a food-borne pathogen should take place in three phases.

Fig. 5. The proper sequence of events in preparation of PCR standards.
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The choosing and testing of primers should be the first phase in the pro-
duction of a standard PCR. Here, laboratories, which are expert in PCR meth-
odology for a particular pathogen, should decide collectively which primer
sets will be selected for evaluation. This will generally be done on the basis
of those laboratories’ experience of the primers in use. Next, laboratories
with particular expertise in working with the pathogen concerned should draw
up a specificity strain list.  This list should contain strains that comprehen-
sively represent the pathogen and representatives of cross-reacting species.
These other nontarget species should be ones that are closely related to the
target species, and the list may also contain more distantly related or
nonrelated species, if it is considered that they may be encountered with the
target species in the food matrix ultimately to be examined. DNA should be
extracted from each strain and analyzed in a series of PCRs containing the
primer sets to be evaluated. Each PCR should contain reagents that  are as
identical as possible (supplier, batch, etc.) and use thermal cyclers that are
routinely calibrated and checked. The initial evaluation should be performed
through a limited interlaboratory trial, including at least three expert labora-
tories as partners (see Fig. 2). The criteria for successful evaluation should
be strong, with specific amplification of correct target sequences and no oth-
ers. One primer set should be chosen to take forward into the next rounds of
the standardization process. The PCR should then be optimized (see Chap-
ter 4). The detection limit of the PCR,  in terms of the number of cells it can
detect with 99 % probability (11), should be established thereafter.

The second phase should take the form of a large-scale interlaboratory
trial to confirm the specificity of the PCR. This trial should involve 10–
12 partners (7), in addition to the organizing laboratory. Each participating
laboratory receives a Standard Operating Procedure (SOP), samples of
DNA from the strain list established previously, and sufficient reagents (once
again as identical as possible, e.g., same supplier and batch) to perform PCRs
in duplicate upon the DNA. The DNA samples should be blind, i.e., their
identity known only to the organizing laboratory, and coded.  The partici-
pants perform the PCRs and report the results to the organizing laboratory.
The percentage ratio of true positive results to false positive and true nega-
tive results to false negatives should be recorded (see Table 2). With a robust
and accurate PCR that is correctly performed, this ratio should be 100% in
each case.

A robust PCR could in addition work as well with different reagents from
different suppliers. The Phase 2 ring trial participants, this time using non-
identical reagents, should evaluate this.  This is done by repeating the speci-
ficity evaluation, but this time using enzymes and reagents of their choice
(while still conforming to the reaction concentrations and conditions as
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specified in the SOP). This will provide a demonstration of the ultimate
robustness of the PCR. If it works as well with other reagents as with those
used in the originating laboratory, this should reduce the logistic burden of
the next phase of the validation, as the organizing laboratory need not sup-
ply all the reagents to each participant.

The final PCR-based detection protocol should contain a simple and uni-
versal sample treatment of the matrix in combination with a PCR-compatible
(pre)enrichment broth prior to amplification. This will give a degree of
familiarity to the method, which should encourage end users to replace con-
ventional methodology with it. Pre-enrichment is commonly employed in
several microbial detection techniques associated with foods and is used for
several reasons.  It can ensure the presence of target cells in numbers above
the detection limit of the technique and either dilutes out food-derived
inhibitory substances or allows their digestion through bacterial growth
(12,13). The pre-enrichment step of the PCR-based method should be simi-
lar, if not identical, to the conventional method, and in the case of food-borne
pathogens, there are several standard pre-enrichment methods currently avail-
able (14–16). The simplest way of using a pre-enrichment culture would be
to put an aliquot directly into the PCR as target. This, however, may result in
inhibition of the PCR, which should be carefully ascertained. Some form of
secondary treatment may be necessary, ranging in complexity from simple
dilution of the enrichment culture, to DNA extraction, to the use of PCR
facilitators (17) (see Chapter 2). The most straightforward method should
be chosen, as it should always be remembered that the final method is
intended for use by routine high-throughput laboratories and general techni-
cal staff.

The next and final phase, therefore, involves validation of the complete
PCR-based method as a comparison with the equivalent conventional
method. Again, this is done as an inter-laboratory trial involving 10–12 part-
ners. Samples of matrix spiked at various target cell densities are sent to each
participant by the organizing laboratory. In the Nordval guideline (18), these
levels should be zero, 1–10 cells, and 10–100 cells /25-g sample. The partici-
pants should then incubate (pre-enrich) the samples, apply the PCR accord-
ing to the SOP, and record the results. Concurrently, they perform a
conventional detection procedure (plating, etc.) after the pre-enrichment and
record the results. The organizing laboratory should compare the results, or
responses, of each method. Results from at least eight laboratories with valid
results must be available, if the comparison is to be thorough (7). The diag-
nostic specificity, diagnostic sensitivity, and the overall accuracy of each
method should be determined and compared. A robust and efficient PCR-
based method should be at least as accurate as the conventional method.
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10.  Demanding Logistics
The experience from FOOD-PCR and those of others shows that ring trials

can be very costly and that they require a specialized infrastructure for pack-
aging, shipment, and data collection (19). If the participating laboratories are
not all accredited, it is then necessary to provide detailed SOPs for basic
methods and equipment involved, and the originating laboratory, as well as
organizing the shipments, must centralize as much of the handling techniques
as possible.

The ideal situation would be to assign one specialized company to take
care of the centralized purchase of reagents, the packaging of chemicals and
hazardous pathogens according to international regulations, include and
evaluate temperature markers in packages, and assess the overall logistics
performance of ring trials. This will minimize the risk of sample and reagent
variation and allow the scientist’s time to be focused on the test performance
rather than organizing the logistics. Major projects can then easily subcon-
tract the practical work with sufficient funding to such a company. In addi-
tion, this kind of logistics infrastructure would be beneficial to other
standardization programs once established.

11. Transparency of Information
What most scientists engaged in basic research may naturally overlook,

when working in multilateral research consortia involving both companies and
control authorities, is agreement on access rights and level of information flow,
which can turn any standardization project into a nightmare.

In our opinion, transparency is so crucial to public acceptance of interna-
tional standards, that the issue of protection of knowledge must come sec-
ond. Naturally, any entrepreneur should be welcome to take advantage of
available standards for producing ready-to-go kits and automated platforms.
This is already the case, e.g., with culture media used for traditional micro-
biological techniques. End users who would prefer to procure kits due to lack
of space or skilled personnel, but would still wish to conform to international
standards, should be able to do so through commercial kits. However, the
commercial aspects of the knowledge produced through ring trials and
exchange of technology must not come in the way of standardization for the
benefit of public health.

Here, it is important to emphasize that leadership of various standardization
working groups involved can play a major role in creating an atmosphere of
trust and credibility. Specifically, we recommend assigning persons with no
affiliation to commercial interests to chair various working groups. A level of
awareness would always overshadow the work of an ad hoc group, if a com-
pany member chairs it, regardless of how hard they try to exercise impartiality.
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PCR Technology and Applications
to Zoonotic Food-Borne Bacterial Pathogens

Peter Stephensen Lübeck and Jeffrey Hoorfar

1. Introduction
Among molecular biological methods targeting nucleic acids, the polymerase

chain reaction (PCR) has become the most popular diagnostic method in human
and veterinary medicine, as well as in microbiological food testing (1,2).

The first publications on PCR came from the group of R. K. Saiki and col-
leagues in 1985 (3) and K. B. Mullis and F. A. Faloona in 1987 (4). Initially,
the Klenow fragment from Eschericia coli DNA polymerase I was used by
manual addition of the enzyme to the reaction after each individual cycle about
40 times. The introduction of Thermus aquaticus (Taq) DNA polymerase (5)
with its relative stability at temperatures above 90°C eliminated the need for
adding enzyme after each cycle. This simplified the PCR technology signifi-
cantly and contributed to its rapid and widespread acceptance, not only in basic,
but also in applied research. As a result of amplification, it is now possible to
study genetic material that is present in such tiny amounts that it cannot be
detected or analyzed by other methods directly. In little more than a decade,
PCR has evolved from being a technique used by a few molecular biologists to
a universally accepted tool for rapid diagnosis of pathogens.

2. Detection of Food-Borne Bacteria:
DNA-Based Methods vs Culture

Classical methods of detecting bacteria often involve a pre-enrichment cul-
ture and a selective enrichment step followed by subsequent identification
through morphological, biochemical and/or immunochemical tests. Cultural
methods tend to be labor-intensive and time-consuming. Therefore, many
research efforts were devoted to the development of rapid and sensitive meth-
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ods for the detection of microorganisms (6,7). Application of DNA and RNA
probes, immunochemical methods and detection of bioluminescence are some
of the tools currently used (8–12).

PCR testing offers the possibility to improve detection and characterization
of pathogenic bacteria, since one can target species-specific DNA regions and
specific traits of pathogenicity, especially genes coding for toxins, virulence
factors, or major antigens. The PCR technique has several advantages over
classical bacteriology with respect to detection limit, speed, and potential for
automation (13,14). The latter capability is indeed necessary for application of
the test in extensive screening programs. Currently, probes and PCR methods
are available for many important food-borne pathogens, such as Salmonella,
enterohemorrhagic E. coli, Yersinia enterocolitica, Campylobacter spp., and
Listeria monocytogenes.

Salmonella: Salmonellosis is an infectious disease of humans and animals
caused by organisms of two species of salmonella, S. enterica and S. bongori.
In order to increase the sensitivity, specificity, and speed of detection, several
different DNA methods have been developed (15,16). However, due to the
lack of common genes for toxins or other virulence factors, the approach for
isolation of specific DNA probes has been to select randomly cloned chromo-
somal fragments. Furthermore, ribosomal RNA-based oligonucleotide probes
have been used successfully in a single-phase hybridization assay to detect a
large number of serovars of Salmonella. (For PCR-based detection of Salmo-
nella, see Chapter 19.)

E. coli: The pathogenic and nonpathogenic strains of E. coli are difficult to
distinguish using selective cultivation methods, whereas pathogenic properties
are reliably identified through detection of toxin genes (17,18). Cloned oligo-
nucleotide probes have been designed for detection of genes encoding entero-
toxins of both the heat-stable (ST), the heat-labile (LT), and shiga-like
cytotoxin (SLTs) families (19). Today, probes and oligonucleotides are mostly
used for characterization of E. coli which has been isolated by traditional cul-
ture methods (20). (For PCR-based detection of shiga toxin-producing E. coli
[STEC]), see Chapter 11.)

Campylobacter spp.: Most species of Campylobacter are recognized as
pathogens in humans (21), with the thermophilic species C. coli and C. jejuni
being the most important pathogenic species. Animals are the main reservoir
of the microorganisms, and infections of humans are mainly of food-related
origin. Detection of Campylobacter by culture has to cope with several prob-
lems (22). First, in samples such as food, the agent is present in very low num-
bers. Second, due to their extreme sensitivity to environmental factors, such as
atmospheric oxygen, low pH, dryness, and ambient temperature, the number of
viable Campylobacter cells can be substantially reduced during transportation.
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Third, in clinical samples, antibiotics may inhibit growth of bacteria. Finally,
despite being viable, the organism may still not grow in culture media. Appli-
cation of alternative methods can, therefore, help to overcome the aforemen-
tioned problems. A large number of reports were published on the application
of oligonucleotides, cloned DNA fragments, and chromosomal DNA as
hybridization probes, as well as PCR (23–25). (For PCR-based detection of
Campylobacter, see Chapter 7.)

Y. enterocolitica: The pathogenic serotypes of Y. enterocolitica are impor-
tant food-borne pathogens frequently found in pig herds and pig products
(26,27). Conventional culture methods for detection of the organism can take
up to a month to complete and are rather laborious (28). In addition, nonpatho-
genic strains of Y. enterocolitica may be present in diagnostic samples to the
same extent as the pathogenic ones, and a main goal for nucleic acid-based
methods is the exclusion of this group (29). The first PCR method used for the
detection of pathogenic strains was developed in 1990 (30). Since then, various
other amplification protocols have been used to detect the bacteria in culture
(31), feces (32), water, and spiked food samples (33), as well as in tonsils from
swine (34). (For PCR-based detection of Y. enterocolitica, see Chapter 22.)

L. monocytogenes: This microorganism is recognized as an important food-
borne pathogen because of its widespread distribution in the environment and
its ability to grow at lower temperature (35). However, only the hemolytic
species L. monocytogenes, L. seeligeri, L. ivanovii are associated with patho-
genicity (36). PCR has shown great promise as tool for detection of the hemol-
ysin (hlyA) gene of L. monocytogenes, which is found in the pathogenic strains
(37–39). (For PCR-based detection of L. monocytogenes, see Chapter 12.)

Generally speaking, nucleic acid amplification methods are extremely sen-
sitive and, therefore, require just minute amounts of the target organism (40).
PCR possesses all the virtues to make it a versatile tool for the detection of
pathogens; it is very specific if suitable primer sequences are chosen. In addi-
tion, amplification of DNA copies can be accomplished rapidly, and the method
is of particular value in situations where the target microbes are viable but non-
culturable, or when isolation of the microorganism is difficult (41). While other
DNA-based methods require careful handling and processing of samples to
provide good quality target DNA, PCR can still detect sheared or partially
degraded DNA (42).

The specificity of DNA hybridization techniques depends primarily on the
sequence of the probe. This is similar to detection by PCR, where specificity
primarily depends on the sequence of the primers and the target sequence
flanked by them. In this connection, it should be mentioned that the distinction
between primers and probes is blurred, since specific primers can also be used
as probes (43), and probes can be used for selection of specific primers for
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amplification. The possibility to design both narrow and broad ranges of speci-
ficity allows differentiation at different taxonomic levels and the monitoring of
specific populations or strains (44,45).

3. Fundamentals of PCR

PCR has the ability to amplify specific DNA sequences in an exponential fash-
ion by in vitro DNA synthesis (4,5). Starting from a few molecules of template
DNA, it is possible to produce millions of copies of a characteristic genomic seg-
ment. In microbiological diagnosis, the technique is used to detect, identify and
differentiate germs present in clinical and environmental samples.

3.1. Principle of the Reaction

PCR represents a cyclic reaction where target DNA is amplified in vitro by
a series of polymerization cycles. Each cycle includes three steps: a heating
step at 91°–97°C, where the DNA template duplex is denatured (melted) to
single strands, an annealing step usually at 40°–65°C where short oligonucle-
otide primers bind to the single-stranded DNA template, and an extension step
at 68°–73°C where thermostable DNA polymerase catalyzes the synthesis of a
new DNA strand by elongation of the primed strand.

The reaction requires two short oligonucleotides (primers) flanking the
target region to be amplified, which are present in large molar excess and
hybridize to complementary segments of DNA. During the reaction, deoxy-
nucleotide triphosphates (dNTP), i.e., dATP, dCTP, dGTP and dTTP, are
bound to the free 3'-hydroxyl end of the new strand. Only deoxynucleotide
monophosphate is incorporated in the DNA chain, cleaving off a pyro-
phasphate group.

Ideally, the number of DNA copies is doubled in each cycle. Consequently,
a single copy of target DNA should theoretically be multiplied to 230, i.e., 1.074
×109, copies after 30 cycles. In practice, however, the number of copies in the
final reaction product is lower, mainly due to inhibitory effects (see Chapter
2), the influence of structural and methodological parameters (see Chapter 1),
as well as the exhaustion of reagents.

3.2. Thermostable DNA Polymerases

The key reagent of PCR is the thermostable DNA polymerase, which was
originally extracted from thermophilic bacteria. The various sorts of today’s
commercially available polymerases exhibit different degrees of resilience
towards inhibitory components in clinical, environmental, and food samples
(46) and are often designed for specific applications, e.g., hot start PCR,
reverse transcription PCR (RT-PCR), long-range PCR, high-fidelity amplifi-
cation (proofreading enzymes), or all-purpose use. This makes the choice of
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polymerase an important task that should be considered before a specific PCR
assay is set up (see Chapter 2).

PCR facilitators, compounds such as bovine serum albumin (BSA) and the
single-stranded DNA-binding T4 gene 32 protein, can be used as additives in
the PCR buffer to prevent inhibition of amplification (47). Thus, by selecting
an appropriate combination of thermostable enzyme and PCR facilitator(s), it
may be possible to improve the amplification in the presence of background
biological matrix.

3.3. Buffers and Master Mixtures

The composition of the polymerase reaction buffer should be optimized for
the chosen enzyme. It consists at least of Tris-HCl, pH 7.3–8.9, KCl, and
MgCl2. Moreover, EDTA, BSA, and detergents such as Tween® and Triton®

X-100 may be required for some enzymes to inactivate inhibitors and insure
maximum activity. As a cofactor for the DNA polymerase, Mg2�-ions are cru-
cial for successful polymerization. In general, excess Mg2� will result in accu-
mulation of nonspecific amplification products, and insufficient Mg2� will
reduce the yield of amplicon (48). Also, too high concentrations of dNTP may
promote misincorporations by the polymerase (48). The dNTPs bind to free
Mg2� in a 1:1 molar ratio, and efficient binding of different primers to tem-
plate DNA is dependent on Mg2�-concentration. Therefore, each PCR assay
with a given set of primers has an optimal concentration of free Mg2�, which
should be known to the user.

A master mixture contains all the components for a PCR except sample
(template) DNA. Thus, all compounds except one are mixed and distributed
in a number of tubes followed by addition of the sample DNA, after which
the amplification can be started. The idea of making a master mixture is to
insure that all components in the reaction are identical in all tubes, so that
only the component to be investigated is variable. This minimizes the risk
of contamination caused by repeated pipeting. Moreover, the master mixture
can contain PCR facilitators and/or components for the elimination of
PCR inhibitors.

3.4. Optimization

The enormous variety of applications of PCR makes it impossible to
describe a single set of conditions for a successful reaction. As described in the
previous paragraphs, many parameters influence the efficiency of amplifica-
tion, such as the buffer composition, the choice of thermostable DNA poly-
merase, the length and sequence of the primers, concentration of MgCl2 and
dNTP, amount of template and nontarget background DNA, other cellular com-
ponents, and polymerase inhibitors from sample matrix.
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It may be necessary to change the composition of the reaction buffer pro-
vided with the DNA polymerase in order to improve the performance of the
assay, especially when high sensitivity is a requirement.

Furthermore, methods optimized in one laboratory may lack reproducibil-
ity in another laboratory, since the efficiency of amplification is very sensi-
tive to various factors, as for example the quality of the sample with regards
to the presence of inhibitors and thermocycler performance. A major problem
with PCR detection is, therefore, the possibility of obtaining false negative
results. One way of checking whether the DNA is of suitable quality and
quantity for PCR is the inclusion of an internal control in the reaction (duplex
PCR) (49).

In order to optimize a PCR assay, it is necessary to start with a general reac-
tion and subsequently change the components according to a defined scheme.
After optimization, the method should be assessed for its analytical accuracy
with a relevant set of target and nontarget strains and species. If the optimized
protocol is valid for different thermal cyclers in different laboratories using
compounds from different companies, the method is regarded as robust and,
therefore, reproducible among laboratories. This means that the PCR protocol
has a buffer capacity tolerating certain variations. If the method works only on
a certain thermal cycler using certain compounds in the laboratory where it was
developed, the method has limited or no buffer capacity and must be optimized
each time when introduced into a new laboratory on a new thermal cycler.
Unfortunately, most PCR protocols are without buffer capacity and, therefore,
have to be optimized when transferred to another laboratory.

4. Oligonucleotide Primers
Primers are synthetic sequences of single-stranded DNA between 6 and 30

nucleotides in length, most often between 16 and 24. Several parameters are
important to consider when designing a primer set for a successful PCR. The
complementary binding of primer and template DNA, also called annealing,
is due to hydrogen bonding between the bases in primer and template DNA.
Guanine (G) and cytosine (C) are linked via three hydrogen bonds, and
adenine (A) and thymine (T) form two hydrogen linkages. Therefore, the
annealing temperature of a primer of a given length is dependent on its base
composition. A typical primer should have a molar G � C content of 40–60%.
The length and composition of a primer determine the melting temperature
(Tm) of the duplex DNA, which can be roughly calculated by the following
simple formula (50):

Tm = 2(A + T)° + 4(G + C)° [Eq. 1]

The formula is not exact, but provides a temperature range for optimal annealing.
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4.1. Primer Design

A critical aspect of any PCR assay is the design and selection of optimal
primers. Poorly designed primers are among the main causes for nonspecific
amplification of nontarget DNA or complete failure of amplification of target
DNA. Commercially available primer design software, e.g., OLIGO (51), can
facilitate a systematic search for suitable primers.

An important feature of an efficient primer is its complete match with the
target DNA. When primers have to be designed on the basis of a single or a few
available sequences of the target organism, it may turn out later that they do
not match completely to all strains because of sequence variation. In these cir-
cumstances, the primers must match the target sequence at least at the 3' end,
covering 5 to 6 nucleotides towards the 3' end. A few mismatches of the primer
at the 5' end can be tolerated. The amount of tolerable mismatch is dependent
on the nucleobases facing each other. While GC and AT pairing are perfect,
and AC pairs are acceptable, GT, CT and GA pairs are unacceptable because of
weak hybridization or steric hindrance. The consequences of poor primer
annealing due to mismatches can be false negative results of the PCR assay.

Another important factor impairing the performance of an amplification
assay is the formation of primer–dimers as a result of complementary base
pairing between primer molecules. Complementary stretches of 2 to 3 bases
in the two primers are sufficient to cause this phenomenon. Moreover, prim-
ers forming hairpin structures by internal hybridization will reduce the effi-
ciency of amplification. In both cases, high annealing temperatures are
necessary to prevent the unwanted hybridization, or new primers should be
designed to insure optimal amplification.

Following the design of specific primers, it is necessary to check their
selectivity in diagnostic PCR (see Chapter 3). There should be a positive
PCR signal for all members of the target taxon and no amplification of DNA
from organisms outside the taxon. Specificity in PCR is dependent on the
annealing temperature. For specific detection with a completely matching
primer set, it is recommended to use the highest possible annealing tempera-
ture to insure high stringency (45,49,52). Optimal annealing temperatures
are typically at 55–60°C. In contrast, primers not matching 100 % will
anneal only at lower temperatures, which leads to lower sensitivity and speci-
ficity. This can be compensated by nested amplification (53,54) (see Chap-
ters 1 and 3).

4.2. Diagnostic Specificity

When developing a technique for detection and identification of organisms
in a complex environment, one of the most central aspects to be considered is its
diagnostic specificity (see Chapters 1 and 3). In most cases, the criteria of
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specificity can only be fulfilled on the basis of the knowledge of relationships
at the genetic level between the targeted organism(s) and related organisms.
Therefore it is necessary to characterize a number of isolates genetically,
including individuals from the target group as well as individuals from related
groups (55).

Specific detection by PCR requires knowledge of sequences of the target
gene and of corresponding genes in related organisms. These sequences can
be identified using specific probes that already exist for detection of the
organism (51), by studying specific genes with unique sequences (56), or by
sequencing amplified fragments from fingerprint methods (57). Other poten-
tial targets for specific amplification can be repetitive extragenic sequences
present in bacteria (58) or species-specific tandem DNA repeats in many
eukaryotes (44,59,60). In some instances, published sequences can be used
solely as the basis for primer design from highly variable regions, but often
only few sequences are available from such target genes. One strategy is to
align known sequences (61,62), design primers (amplimers) from the con-
served regions, and use these to amplify the corresponding region of related
organisms, including the target organism (63). Direct sequencing and subse-
quent alignment of the sequences may then facilitate the design of specific
primers for the target organism in variable regions.

If no DNA sequence data of a potential target gene are available, degenerate
primers based on protein sequences (64) or alignments of DNA sequences from
related genes of other organisms can be designed. Degenerate primers repre-
sent mixtures of primers with different nucleotides at certain positions. They
can be used to amplify a variety of target sequences that are related to each
other, but share a lower degree of homology.

By using two or more primer pairs in the same reaction, i.e., multiplex PCR
(see Chapter 1), it is possible to amplify several target sequences simulta-
neously (65,66). For instance, Lee Lang et al. (67) used a triplex PCR to screen
E. coli for three different toxins in marine waters. Multiplex PCR can also be
used with internal controls to identify potential false negative results
(49,68,69). In bacteria this procedure can be performed by adding universal
16S rDNA primers to each specific amplification (68). An example of multi-
plex PCR in combination with nested primers and an internal control was
reported for Listeria spp. (70).

4.3. Diagnostic Sensitivity and Detection Limit

Good detection limit (see Chapter 3) is crucial when a pathogen has to be
identified directly from the sample without cultural enrichment. There are sev-
eral approaches to increase the detection limit, such as double PCR, nested
PCR, and RT-PCR. In double PCR, a portion of the amplification products
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from the first reaction is used in a second reaction using the same primers (66).
In nested PCR, however, different primers are used in the second reaction,
which are internal to the first primer set (4,54,71). In semi-nested PCR, only
one of the two primers is internal, the other being the same as in the first round
of amplification (72–74). The use of nested or semi-nested primers in the sec-
ond amplification step furthermore enhances the specificity by eliminating
possible false positive products from the first round (66).

As detection by PCR does not discriminate between live or dead bacteria, it
may be necessary to combine PCR with other methods to evaluate the presence
of viable cells. One way to overcome this problem may involve methods like
BIO-PCR (combined biological and enzymatic amplification), in which only
living cells seem to be detected (51), or RT-PCR where the target for detection
are specific mRNAs. RT-PCR is reverse transcription of RNA to DNA fol-
lowed by a PCR amplification. RT-PCR is primarily used in studies of gene
expression (75) and in detection of virus with RNA genomes (76–78). Conven-
tional RT-PCR includes only one specific set of primers and can detect only
one type of target RNA sequence in a sample. As in conventional PCR, this
approach can be used with several sets of primers, i.e., multiplex RT-PCR (77).

Detection of small numbers of target organisms requires a low detection
limit. There are reports that additional cycles of amplification enhance the
detection limit (66,79), but according to Henson and French (44) and Arai et al.
(80), too many cycles can increase the risk of the accumulation of nonspecific
PCR-amplified products. Another strategy to increase detection limit includes
the use of labeled primers or probes to detect amplification products that are
not visible on agarose gels (53,81).

5. Identification and Typing
5.1. Ribosomal Approaches for Identification

The presence of highly conserved regions in the ribosomal DNA has facili-
tated the development of primers to be used in a broad range of organisms (see
Chapter 1). Because of the special features of rDNA, this region represents an
attractive target for genotyping and also the analysis of phylogenetic related-
ness by PCR (82). The existence of an extensive catalog of bacterial 16S rDNA
sequences in databanks such as Ribosomal Database Project (RDP), (http://
rdp.cme.msu.edu/html/) permits rapid comparison of 16S sequences and
development of primers for PCR assays at different phylogenetic levels.

5.2. Fingerprinting Methods for Typing
Quite a number of PCR fingerprinting methods have been developed since

1989. Generally, the methods can be subdivided into whole genome finger-
printing and fingerprinting of genomic regions containing repetitive elements.
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The latter include enterobacterial repetitive intergenic consensus PCR (ERIC-
PCR) (83), repetitive extragenic palindromic PCR (REP-PCR) (83), denaturing
gradient gel electrophoresis (DGGE), (84), terminal restriction fragment length
polymorphism (T-RFLP) (85), and amplified ribosomal DNA restriction analy-
sis (ARDRA) (86). Among whole genome fingerprinting PCR methods, ran-
dom amplified polymorphic DNA (RAPD) (87), and amplified fragment length
polymorphism (AFLP) (88) are most common, but also arbitrarily primed-PCR
(AP-PCR) (89) and universally primed PCR (UP-PCR) (90) are used.

RAPD, AP-PCR, and UP-PCR can all be used for typing of organisms without
previous knowledge of DNA sequences. The use of one single primer leads to
amplification of several DNA fragments randomly distributed throughout the
genome. AFLP makes use of restriction enzyme digestion and addition of adapt-
ers for primer annealing before amplification of the DNA for differentiation. In
all these methods, multiple bands are produced, and the fragments are separated
by gel electrophoresis, providing direct analysis of polymorphism of different
isolates. UP-PCR differs from the more well-known RAPD and AP-PCR tech-
niques in the design of primers. The primers used in RAPD are short, usually
8–12-mers, with random sequence composition. The amplification is very sensi-
tive to reaction conditions, in particular the annealing temperature. Primers in
UP-PCR are usually 15–21-mers and have a unique design targeting mainly evo-
lutionary younger intergenic segments of the genome. Based on the UP-PCR tech-
nique, different derivative methods have been developed. One of these, the species
identification method, is a cross-blot hybridization variant, in which hybridiza-
tion of UP-PCR products obtained from isolates of one species with the same
primer reveals DNA homology (91,92). The cross-blot hybridization variant has a
potential as a DNA array-based typing method (93). Another application is the
development of diagnostics of specific strains by identification of unique markers
that can be detected selectively by conversion of the marker into sequence charac-
terized amplified method (SCAR) and using pairwise combinations of selected
primers (SCAR primers) for amplification of a specific product (94).

Fingerprinting methods are not suitable for direct detection of target organ-
isms in complex diagnostic samples. These methods require pure cultures due
to the nature of the primers that allow amplification from almost any organ-
isms. The main advantage of the methods is their potential to differentiate very
similar isolates of the same species, which makes them suitable for studies of
microbial populations in molecular epidemiology.

6. Critical Parameters in PCR

6.1. Inhibition of DNA Amplification

Failure of DNA amplification due to the presence of inhibitory substances is
a common problem in PCR and may, in some cases, be the main cause of false
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negative reactions (see Chapter 2) (94). Inhibition influences the outcome of
PCR by lowering the amplification efficiency or complete prevention of ampli-
fication. The inhibition acts at one or more essential stages of the reaction, the
most important of which is inhibition of polymerase activity. Inhibition of PCR
encountered in complex samples, such as blood, stool, serum, chicken carcass,
soil, cheese, bean sprout, and oyster have been described (95,96). It has been
shown that a number of substances, frequently found in enrichment media, DNA
preparation solutions and food samples, inhibit PCR (97). Moreover, it was
shown that different sample preparation procedures have different efficiency
depending on the organism to be detected (98,99). Therefore, research in sample
preparation and standardization is still needed in order to exploit the full poten-
tial of PCR in microbiological diagnosis.

Not only the substances influence the outcome of the PCR, but the DNA
polymerase itself can be a limiting factor because different brands of the
enzyme can be inhibited by different inhibitors (46,100). Therefore, inhibition
of PCR in different biological samples can be reduced or eliminated by choos-
ing an appropriate thermostable DNA polymerase without the need for exten-
sive sample processing prior to PCR (100). Although optimization and
refinement of the PCR technique have been given much attention, the problems
associated with the presence of PCR inhibitors in complex samples have not
been overcome. This makes sample preparation steps prior to PCR a bottleneck
in routine application and quality assurance of PCR-based methods.

6.2. Carry-over Contamination

Nucleic acid amplification techniques in general, and PCR in particular, are
notoriously susceptible to contamination (101,102). Once a reagent becomes
contaminated with target DNA, the only solution is to discard it. It is often
impossible to accurately determine which reagent is contaminated and when
the contamination occurred. However, one of the greatest risks of contamina-
tion is the possibility of introducing a small amount of previously amplified
DNA into a new reaction. This is referred to as “the carryover problem” (103).

Enzymatic and chemical methods have been developed to control this phe-
nomenon (104,105). One approach is based on the use of the enzyme uracil-N-
glycosylase (UNG), which preferentially cleaves uracil-containing DNA. As
dTTP is replaced with dUTP in the master mixture (104), UNG does not degrade
native DNA templates or primers, but it cleaves the DNA products of previous
amplifications at the uracil residues, rendering the contamination source non-
amplifiable. UNG, which is present in the mixture from the beginning, is not
active during the amplification reaction, so newly synthesized molecules are
unaffected. The use of this technology is essentially invisible to the user, and no
additional manipulations or equipment are necessary.
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A simple chemical method for carryover control is based on the inactiva-
tion of amplified DNA using a photochemical technique based on isopsoralen
derivatives (105). Amplification is carried out in the presence of isopsoralen.
At the end, the PCR tube is irradiated with UV light, and the isopsoralens
form cyclobutane monoadducts with pyrimidine bases of the DNA. If this
modified DNA is carried over into subsequent amplification reactions, it will
not serve as a template for amplification. However, double PCR or nested
PCR cannot be controlled by either of these procedures.

7. Further Prospects

7.1. Quantitation

There have been many efforts to use PCR for quantitation (106–109).
There will be a further increase in the popularity of real-time PCR as com-
mercially available equipment has become more reliable and affordable.
However, great care must be taken with optimization of reaction conditions
and interpretation of quantitative PCR results. Minor differences in the effi-
ciency of amplification among samples can give rise to markedly different
amounts of the final product, due to exponential nature of amplification. Ferre
(110) showed, for the first time that results obtained by quantitative PCR
correlated well with results from hybridization experiments. Besnard and
Andre (111) developed a quantitative method in which a competitor DNA
was added to the sample at known concentrations before nucleic acid extrac-
tion, so that both targets would be co-processed and quantitative results be
more reproducible.

The inclusion of known amounts of internal control DNA (competitors) is
one of the most frequently used methodologies in quantitative PCR
(75,107,109). By using this strategy, it is possible to reproducibly quantify the
amount of target DNA in an environmental sample by titrating unknown
amounts of target DNA against a dilution series of competitor DNA (66,75).

Quantitative competitive PCR (QC-PCR) is a method consisting of
co-amplification, in the same tube, of two different templates of similar
length carrying the same primer binding sites. This insures both templates
being amplified at equal efficiency and the ratio of products remaining con-
stant throughout the reaction. The relative amount of each product can be
determined by ethidium bromide-stained gels or by counting bands radiola-
beled with 32P (112).

7.2. Automation

Since the invention of thermal cyclers in connection with thermostable DNA
polymerases, real-time detection equipment has introduced the second major
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automation event into PCR technology. The real-time mode of amplification
has basically abolished the need to open PCR tubes following amplification,
which is the main source of carryover.

In addition, application of solution hybridization probes in combination with
fluorescence dyes can increase diagnostic specificity and sensitivity of PCR
testing, making the use of nested PCR or double PCR unnecessary.

Finally, automation has increased the throughput capacity of PCR labora-
tories substantially, providing a real opportunity for cost-effective testing of
large number of samples, with minimum requirements for skilled labor and
large dedicated work spaces. The major automation effort of the future will
be directed at pre-PCR sample treatment.
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Detection, Identification, and Subtyping
of Actinobacillus pleuropneumoniae

Joachim Frey

1. Introduction
Actinobacillus pleuropneumoniae is the etiological agent of porcine pleurop-

neumonia, which causes significant losses in industrialized swine production
worldwide. Bacterial diagnosis of contagious porcine pleuropneumonia is gen-
erally done by bacteriological isolation and cultivation of A. pleuropneumoniae,
followed by serological typing which differentiates 15 serotypes (1–3). There
are significant differences in virulence among the 15 serotypes. Serotypes 1, 5,
and also 9 and 11 are involved in particularly severe outbreaks of disease with
high mortality and severe pulmonary lesions. Serotypes 2–4, 6–8, 12, and 15
are generally less virulent, causing moderate mortality but relatively strong lung
lesions. Serotype 3 seems to be mostly of low epidemiological importance, while
the remaining serotypes are isolated only very rarely. The degree of virulence
seems to be mainly due to the presence of one or two of the pore-forming
RTX toxins ApxI, ApxII, and ApxIII, found in A. pleuropneumoniae, which char-
acterize the different serotypes of A. pleuropneumoniae (4,5) (see Table 1).
Toxin ApxI is encoded by the genes apxICABD, with gene A specifying the
structural protein toxin, C coding for its activator, and B and D coding for the
corresponding type I secretion pathway. ApxI is produced and secreted by the
highly pathogenic serotypes 1, 5, 9, and 11, and also in serotype 10 and 14 of
A. pleuropneumoniae. ApxII, encoded by apxIICA, is produced by all serotypes
except 10 and 14. However, serotype 3 is unable to actively secrete ApxII due to
the lack of the apxIBD genes, which specify the type I secretion pathway for the
export of the hemolytic and cytotoxic ApxI and ApxII. The cytotoxic ApxIII,
encoded by the operon apxIIICABD, is secreted by serotypes 2, 3, 4, 6, 8, and 15.
ApxIII seems to be involved in virulence together with ApxII. Consequently,
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strains secreting both ApxII and ApxIII are more pathogenic than those secreting
ApxII alone, such as serotypes 7 and 12. Hence, typing of A. pleuropneumoniae
on the basis of their ability to secrete the three main toxins, or on the basis of the
presence of the genes encoding the corresponding structural toxins A, their acti-
vators C, and their secretion proteins B and D, respectively, is a useful method to
subtype A. pleuropneumoniae. This method can, to a certain extent, substitute
serotyping of A. pleuropneumoniae strains.

Variants encoding the toxins ApxI, ApxII, and ApxIII are also found in a few
other Actinobacillus species, such as A. suis and A. rossii, as well as yet uniden-
tified Actinobacillus species, which are occasionally isolated from swine (6).
A fourth toxin, ApxIV, encoded by apxIVA, was shown to be specific to the
species A. pleuropneumoniae (7) and was not found in other Actinobacillus spe-
cies. Hence, apxIVA was proposed as a genetic target for the identification of
the species A. pleuropneumoniae. The current report describes a polymerase
chain reaction (PCR) method for the identification of the species A.
pleuropneumoniae and its subtyping into major toxin groups (5,8). A second
method consisting of a nested PCR, based on the apxIV gene, is devoted to the
detection of A. pleuropneumoniae in lung tissue and in nasal secretory fluid (9).

Table 1
Presence of the Various apx genes in Different Serotypes
of A. pleuropneumoniae and Apx Toxin that is Actively Secreted

Reference  apxI  apxII  pxIII  Secreted
Serotype   strain operon operon operon Apx toxin

1 4074 C  A  B  D C  A I + II
2 S1536 B  D C  A C  A B  D II + III
3 S1421 C  A C  A  B  D III
4 M62 B  D C  A C  A  B  D II + III
5a K17 C  A  B  D C  A I + II
5b L20 C  A  B  D C  A I + II
6 Femø B  D C  A C  A  B  D II + III
7 WF83 B  D C  A II
8 405 B  D C  A C  A  B  D II + III
9 CVI 13261 C  A  B  D C  A I + II
10 13039 C  A  B  D I
11 56153 C  A  B  D C  A I + II
12 8329 B  D C  A II
13 N273 B  D C  A II
14 3906 C  A  B  D I
15 HS143 B  D C  A C  A  B  D II + III
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2. Materials
1. A. pleuropneumoniae serotype 1 reference strain 4074 and serotype 2 reference

strain S 1536 as positive control samples.
2. Heating block for Eppendorf® tubes at 56°C, 60°C, and at 95°C.
3. Vortex blender.
4. Safety cabinet for PCR preparations (“Clean Spot”; Coy Laboratories, Grass

Lake, MI, USA) .
5. Eppendorf centrifuge (relative centrifugal force [RCF] ≥ 13000 g) and Eppendorf

tubes.
6. Agarose gel equipment including agarose, TBE running buffer (90 mM Tris-

base, 90 mM boric acid, 2 mM EDTA, pH 8.3), gel loading buffer, ethidium
bromide, DNA size marker as well as photographic equipment for documenta-
tion (see ref. [10]).

7. Cotton swabs.
8. Thermal cycler and corresponding thin-wall tubes for reactions.
9. Phosphate-buffered saline (PBS) buffer: 50 mM Na-phosphate, pH 7.5, 750 mM

NaCl.
10. Instagene matrix (Bio-Rad, Hercules, CA, USA).
11. Oligonucleotide primers, each 10 µM (see Table 2).
12. 10X PCR buffer: 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl2, 50 mM KCl, 0.005 %

Tween® 20.

Table 2
Sequences of Oligonucleotide Primersa  Used for PCR and Amplicon Sizes

Amplified Sequence Fragment
   gene Oligonucleotide    (5'–3')     (bp)

ApxICA XICA-L TTGCCTCGCTAGTTGCGGAT 2420
XICA-R TCCCAAGTTCGAATGGGCTT

apxIICA XIICA-L CCATACGATATTGGAAGGGCAAT 2088
XIICA-R TCCCCGCCATCAATAACGGT

apxIIICA XIIICA-L CCTGGTTCTACAGAAGCGAAAATC 1755
XIIICA-R TTTCGCCCTTAGTTGGATCGA

apxIBD XIBD-L GTATCGGCGGGATTCCGT 1447
XIBD-R ATCCGCATCGGCTCCCAA

apxIIIBD XIIIBD-L TCCAAGCATGTCTATGGAACG 968
XIIIBD-R AATTAAATGACGTCGGCCAGTC

ApxIVA v APXIVA-1L TGGCACTGACGGTGATGAT 441
APXIVA-1R GGCCATCGACTCAACCAT

apxIVA APXIVAN-1L GGGGACGTAACTCGGTGATT 377
nested APXIVAN-1R GCTCACCAACGTTTGCTCAT

a The extension L is used for the forward primer, and R for the reverse primer (see Note 1).
b See Note 2.
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13. Lysis buffer: 100 mM Tris-HCl, 0.05 % Tween 20, 0.2 mg/mL proteinase K, pH 8.5.
14. dATP 100 mM, dCTP 100 mM, dGTP 100 mM, dTTP 100 mM.
15. Taq DNA polymerase 5 U/µl.

3. Methods
The methods described below are aimed at (i) the identification and toxin gene

typing of A. pleuropneumoniae isolates from cultures and (ii) the direct detection
of A. pleuropneumoniae by PCR in lung tissue and nasal secretory fluid.

3.1. Identification and Toxin Gene Typing
Identification of the species A. pleuropneumoniae and toxin gene typing of

an isolate or a strain from culture on solid medium (e.g., blood agar, chocolate
agar, or Columbia agar-βNAD) is performed by preparing a lysate of the cul-
ture followed by six individual PCRs using the lysed bacteria as template. As
positive controls, lysates from A. pleuropneumoniae cultures of serotype 1
strain 4074 and serotype 2 strain S1536 are used.

3.1.1. Preparation of Lysates
Lysates are made from all strains to be tested and from each of the two

control strains.

1. Add 450 µL lysis buffer to an Eppendorf tube.
2. Resuspend 4 to 5 bacterial colonies.
3. Vortex mix strongly, to obtain a good suspension.
4. Incubate tube at 60°C for 60 min (heating block).
5. Vortex mix strongly.
6. Incubate at 95°–97°C for 15 min (inactivate proteinase).
7. Use lysates directly as templates for PCR, or store at �20°C.

3.1.2. Preparation of PCR Premix
For each specific PCR (see Table 2), 1 mL PCR premixture is first prepared

in the safety cabinet, taking all necessary precautions to prevent contamina-
tion. Then, PCRs are made for each of the genes apxICA, apxIICA, apxIIICA,
apxIBD, apxIIIBD, and for apxIVA (see Note 1). The PCR based on apxIV is
made to confirm the species A. pleuropneumoniae (see Notes 2 and 3).

PCR Premixture (label tube with corresponding gene pairs to be amplified):
H2O  bidistilled 843 µL
10X PCR buffer 100 µL
dATP 100 mM  1.7 µL
dCTP 100 mM  1.7 µL
dGTP 100 mM  1.7 µL
dTTP 100 mM  1.7 µL
Primer-L 10 mM (see Table 2)   25 µL
Primer-R 10 mM(see Table 2)   25 µL
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3.1.3. PCR and Electrophoretic Analysis
1. Use thin-walled thermal cycler tubes cooled on ice, or cooling block (4°C).
2. Add for each reaction: corresponding PCR premixture (47.0 µL), Taq DNA poly-

merase (0.25 µL), and lysate (2.0 µL).
3. Pre-heat thermal cycler to 95°C.
4. Place the cooled tubes directly into the thermal cycler.
5. Run 35 cycles with the parameters 30 s at 94°C, 30 s at 54°C, 1.5 min at 72°C.
6. Take the tubes to a different room for analysis of the amplicons.
7. Analyze 5 µL of each PCR amplicons on a 0.7 % agarose gel.
8. For a given strain, the PCR amplicons (5 µL of each) can be united and run together

on the electrophoresis, since the products have a different length (see Fig. 1).
9. Stain the gel and photograph.

10. Analyze the results and determine the toxin type according to the patterns of
Fig. 1. and toxin data of Table 1.

3.2. Detection of A. pleuropneumoniae in Lung Tissue
and Nasal Secretory Fluid

For the detection of A. pleuropneumoniae in lung tissue and nasal secretory
fluid, DNA of the samples is recovered, using Instagene matrix prior to the use

Fig. 1. Agarose gel electrophoresis of the PCR products obtained with the specific
primers for genes apxICA, apxIBD, apxIICA, apxIIICA and apxIIIBD for the 15 different
serotypes and subtypes 5a and 5b. Note that the PCR amplification products of the differ-
ent individual reactions are united and analyzed in the same slot of the gel. Lanes 1–15,
PCR products obtained with the reference strains of the different serotypes, respectively.
H, bacteriophage λ DNA digested with HindIII and used as molecular size standard.
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as template for PCR. In addition, a nested PCR based on the apxIVA gene is
required in order to attain an appropriate sensitivity of the test. The method
allows the detection of A. pleuropneumoniae bacteria in lung tissue and nasal
secretory fluid. For subtyping, however, it is necessary to isolate A.
pleuropneumoniae by culture (9).

3.2.1. Preparation of Template from Lung Tissue (see Note 4)

A. pleuropneumoniae can be detected directly from pathological lung lesions
by PCR. The preparation of the template DNA is done using the following method:

1. Excise 0.25 g lung tissue from the edge of a lesion.
2. Place in a sterile tube and homogenize by hand using a sterile pestle.
3. Add 0.5 mL PBS to facilitate homogenization.
4. Centrifuge 5 s at 10,000g to remove large debris.
5. Retain 200 µL of the supernatant, discard the rest.
6. Centrifuge the supernatant 5 min at 13,000g.
7. Keep the pellet.
8. Add 200 µL Instagene matrix and resuspend pellet.
9. Heat to 56°C for 30 min.

10. Vortex mix briefly.
11. Heat to 95°–97°C (or boil) for 8 min.
12. Vortex mix briefly.
13. Centrifuge 5 min at 13,000 g.
14. Keep the supernatant as template for PCR.

3.2.2. Preparation of Template from Nasal Secretory Fluid (see Note 4)

 A. pleuropneumoniae can be detected by PCR directly from nasal secretory
fluid taken by simple cotton-tipped swabs:

1. Insert a cotton-tipped swab 2 cm into the nasal cavity of the pig.
2. Return swab immediately to its sterile plastic housing.
3. Keep on ice until further processing.
4. Immerse swab in 1 mL PBS for 30 min on ice.
5. Twirl for 1 min, then remove swab, and discard.
6. Vortex mix suspension.
7. Centrifuge 5 min at 13,000g.
8. Discard supernatant.
9. Add 200 µL Instagene matrix and resuspend pellet.

10. Heat to 56°C for 30 min.
11. Vortex mix briefly.
12. Heat to 95–97°C (or boil) for 8 min.
13. Vortex mix briefly.
14. Centrifuge 5 min at 13,000g.
15. Keep the supernatant as template .
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3.2.3. Nested PCR
The detection of A. pleuropneumoniae DNA in the samples prepared from

lung tissues (see Subheading 3.2.1.) and nasal secretory fluid (see Subhead-
ing 3.2.2.) will be performed by a highly sensitive 2-step nested PCR. Particu-
lar care has to be taken in order to avoid any cross-contamination by spill-over
and by aerosols originating from samples containing PCR amplicons, espe-
cially from the first amplification step. Care must be taken when opening PCR
tubes (avoid aerosol formation). The preparation of the second step, which
involves the pipeting of the PCR amplicon of the first step, should be done, if
ever possible, in a separate safety cabinet for PCR preparations, which should
be treated by UV light after each use. It is highly recommended to run several
negative control samples.

1. Use thin-walled thermal cycler tubes pre-cooled at 4°C.
2. Add for each first-step reaction: PCR premixture apxIVA (40.0 µL), Taq DNA

polymerase (0.25 µL), template (see Subheadings 3.2.2. or 3.2.3.) (10.0 µL).
3. Preheat thermal cycler to 95°C.
4. Place the cooled tubes directly into preheated thermal cycler.
5. Run 35 cycles with: 30 s at 94°C, 30 s at 54°C, 30 s at 72°C.
6. Prepare the second step in a precooled thin-walled tube by mixing: PCR

premixture apxIVA-nested (49 µL), Taq DNA polymerase( 0.25 µL), and
Amplicon of the first step (1 µL)

7. Preheat thermal cycler to 95°C.
8. Directly place the cooled tubes into the preheated thermal cycler.
9. Run 35 cycles with: 30 s at 94°C, 30 s at 54°C, and 30 s at 72°C.

10. Take the tubes to a different room for analysis.
11. Analyze 10 µL of each PCR amplicon on a 0.7 % agarose gel.
12. Stain the gel and photograph.
13. Analyze the results (377-bp band) and verify all negative controls.

4. Notes
1. The oligonucleotide primers (Table 2) were designed in order to get the same

annealing temperature of 54°C for all seven PCRs. However, we do not recom-
mend the use of several primer pairs in the same reaction (multiplex PCR), since
our experience showed that, in some cases, certain genes are only weakly ampli-
fied in the presence of several primer pairs. The primer pairs for the genes of the
toxins ApxI, II and III were developed from DNA sequence data obtained from
the corresponding genes of the different serotype reference strains and field
strains. They were tested in over 300 different serotype reference and field strains
including at least 10 field strains from each serotype (ref. 8). However, the result-
ing PCR products are relatively large. In case of redesigning new primer pairs,
variability of the apx toxin genes must be considered.

2. Identification of the species A. pleuropneumoniae, using primer pair APXIVA-
1L/APXIVA-1R, was performed on a large number of A. pleuropneumoniae
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strains, including all serotype reference strains and 200 field strains collected
from laboratories worldwide (9). In addition, strains from a large collection of
Actinobacillus species and other Pasteurellacea, as well as yet unknown species
were tested as negative controls. PCR findings were verified by rrs (16S rRNA)
sequence determination and phenotypic identification. The apxIVA PCR fully
matched with phenotypic and phylogenetic identification.

3. Alternative methods for the detection of A. pleuropneumoniae were developed
based on 16S rRNA genes (11), genes of outer membrane proteins (12,13), house-
keeping genes (14), or a random by chosen specific DNA segment of A.
pleuropneumoniae (15). Furthermore, a serotype 5-specific PCR test based on
capsular biosynthesis genes was developed (16).

4. Direct detection of A. pleuropneumoniae from pathological lung tissue revealed
a high recovery of A. pleuropneumoniae reaching 94% of all lungs with lesions
indicative of pleuropneumonia. Culture technique was less sensitive and recov-
ered A. pleuropneumoniae in 76% of the cases (9). The sensitivity of the test
from nasal swabs seemed to be lower in this study, ranging from 43–64% of the
potentially infected animals (9). However, A. pleuropneumoniae was not culti-
vated from nasal swabs in this study (9).
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Identification and Differentiation of Brucella
abortus Field and Vaccine Strains by BaSS-PCR

Darla R. Ewalt and Betsy J. Bricker

1. Introduction
Brucellosis is a bacterial disease affecting livestock worldwide. Historically,

at least seven species of pathogenic Brucella have been described, based pri-
marily on host preference. Genetically, it appears that there is only a single
species with host-adapted strains (1). Brucella abortus typically infects cattle
and causes abortion. It is easily spread within a herd and can cause significant
economic loss. It is also zoonotic, causing a range of chronic symptoms in
humans. Many countries have developed a brucellosis eradication program and
have significantly reduced or eliminated the disease, thanks in part to the use
of two live-vaccines administered in early calfhood, B. abortus strain 19 and
strain RB51. These are the most commonly used vaccines for cattle.

Countries that have successfully eliminated the disease maintain active sur-
veillance measures necessary to prevent reintroduction of the disease. The ini-
tial screening protocol is based on serological reaction to Brucella antigens.
However, cross-reacting bacterial infections and other factors can cause false
positive reactions. Isolation and identification of the Brucella bacteria is the
definitive diagnostic tool.

The extreme level of genetic conservation among Brucella species and strains
has made differential identification difficult. The conventional “gold standard”
identification consists of a panel of traits based on cultural characteristics, sub-
strate-dependent metabolic rates, phage susceptibility, and antibiotic resistance.
Twenty-five separate characteristics must be considered in making a specific
identification, a process that typically takes 1 to 2 wk.

To expedite the process, numerous polymerase chain reaction (PCR) assays
have been developed and published. However, only one assay, the AMOS assay
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(named for the species it identifies: B. abortus, B. melitensis, B. ovis, and B. suis),
has been developed to identify and differentiate the major Brucella species and
also to differentiate the B. abortus vaccine strains from field isolates (2,3). The
AMOS assay is a single-tube multiplex PCR assay designed to amplify up to three
independent targets differing in size. Identification is based on the pattern of DNA
products amplified from specific DNA targets located within the unknown
isolate’s genome. In the field, most cases involve the specific identification of
B. abortus and differentiation of field isolates from the vaccine strains. For this
reason, the assay was abbreviated to include only those primers necessary to
identify B. abortus and differentiate field isolates from the vaccine strains and
from other Brucella species. In the laboratory setting, this abridged assay was
evaluated and found to be in good agreement with the conventional tests (4).

Over time, the original protocol has been modified. Primers have been added
or changed, and the assay conditions have been optimized. An internal control
was included to detect inhibitors or insufficient target concentration. In its cur-
rent form, the assay involves amplification of up to four different loci by seven
unique primers (Fig. 1). The specific loci selected were: (i) a region of the 16S
rRNA gene conserved in most bacteria (internal, positive control); (ii) the DNA
sequence in which the Brucella-specific element IS711 is inserted adjacent to
the alkB gene (an arrangement present in all B. abortus biovars found in North
America [2]); (iii) the DNA sequence in which the Brucella-specific element
IS711 is inserted within the wboA gene (an arrangement that appears to be
found only in B. abortus vaccine strain RB51 [5]); and (iv) a segment of the
erythritol (eri) catabolic operon that includes a 702-bp sequence absent from
the B. abortus vaccine strain S19 genome (6,7). Identification is based on the
presence or absence of these loci as indicated by PCR amplification. This pa-
per describes the improved protocol that, for convenience, is now referred to as
the Brucella abortus strain-specific (BaSS)-PCR assay.

2. Materials
2.1. Equipment

1. A dedicated work area completely free of contaminating Brucella or Brucella DNA.
2. A set of adjustable pipets dedicated to PCR setup only (e.g., P-2, P-10, P-200,

and P-1000; Rainin Instruments, Woburn, MA, USA).
3. Additional pipets (e.g., P-10 and P-200) for dispensing template and detection

procedures.
4. Disposable pipet tips with aerosol-preventing filters (e.g., RT-10F [or RT-10FG,

see item 5], RT-200F, and RT-1000F; Rainin Instruments).
5. (Optional) Disposable pipet tips 0.5–10 µL with ShaftGard™ (see Note 1) and

aerosol-preventing filters (e.g., RT-10GF in place of RT-10F).
6. Test tube racks designed for 0.2-mL microtubes which are dedicated to PCR

setup only.
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2.2. Sample Preparation

1. Nutrient agar plates such as tryptose agar (Difco no. 264300, Becton Dickinson,
Sparks, MD, USA), trypticase soy agar (BBL no. 211043; Becton Dickinson), or
Brucella agar (BBL no. 211086), containing 5% serum (bovine, calf, or fetal calf).

2. Saline: 0.85% (w/v) NaCl in sterile water.
3. CO2 (10%) incubator or jar.
4. Inoculating loops.
5. Spectrophotometer (e.g., DU 650; Beckman Instruments, Fullerton, CA, USA).
6. Disinfectant, e.g., 1% Lysol IC™, (Reckitt & Colman, Wayne, NJ, USA).

The following items are needed for the methanol preservation of cells (optional):
7. Methanol.
8. Screw cap tubes, 20 × 125 mm.
9. Trypticase soy broth with 5% bovine serum (30 mL per 250-mL screw cap flask).

10. Shaking (rotating) water bath set at 37°C.
11. Screw cap centrifuge tubes (50 mL).

2.3. PCR Amplification

1. Thermal cycler (see Note 2).
2. Disposable 200-µL thin-walled tubes.
3. (Optional) A repeating pipet such as the Eppendorf® Repeater™ Model 4780 (Cat.

no. 22-26-000-6; Eppendorf AG, Westbury, NY, USA) fitted with a 1.25-mL
combitip set to dispense 25 µL (see Note 3).

4. PCR-grade water (see Note 4).
5. FastStart™ Taq DNA Polymerase (Cat. no. 2-032-902; Roche Molecular

Biochemicals, Indianapolis, IN, USA) (see Note 5).
6. 10X Reaction buffer without MgCl2 (included with FastStart Taq DNA Poly-

merase) (see Note 6).
7. 25 mM MgCl2 (see Note 6).
8. 10 mM dNTP mixture: 2.5 mM each of dATP, dCTP, dGTP, and dTTP (e.g., Cat.

no. R725-01; Invitrogen, Carlsbad, CA, USA).
9. Oligonucleotide primers (see Table 1 and Subheading 3.1.1.).

10. (Optional) GC Rich Enhancer (included with FastStart Taq DNA Polymerase),
(see Note 7).

11. TE: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA; can be stored for at least 2 yr at room
temperature.

2.4. Detection of Amplification

1. Electrophoresis equipment with power supply (e.g., Horizon 11-14 Gel Electro-
phoresis Apparatus, cat. no. 11068-012; Life Technologies/Gibco-BRL,
Rockville, MD, USA).

2. Electrophoresis grade agarose (e.g., SeaKem® GTG agarose, cat. no. 50071;
FMC/BioWhittaker, Rockland, ME, USA).

3. 6X Loading dye (e.g., cat. no. E190; AMRESCO, Solon, OH, USA).
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4. Ethidium bromide 10 mg/mL (e.g., cat. no X328; AMRESCO).
CAUTION: ethidium bromide is a mutagen and potential carcinogen.

5. 0.5X TBE: 44.6 mM Tris, 44.5 mM boric acid, 1 mM EDTA, pH 8.3 (see Note 8).
6. DNA size standard, preferably a 100-bp ladder in the range of 100–1000 bp (e.g.,

cat. no. 15628-019; LifeTechnologies/Gibco-BRL).

3. Methods
3.1. Precautions

The extreme sensitivity of the PCR makes this technique highly vulnerable
to contamination artifacts. Since as little as a single copy of template will
amplify the corresponding products, significant care and planning must be
implemented before performing any PCR assays for diagnostic purposes. Prepa-
ration of the bulk quantities of the reaction mixture (referred to as the Master
Mixture) should be done in a dedicated room or hood that is free of bacteria or
DNA. It is not sufficient to simply decontaminate an area with bactericidal solu-
tions, since the DNA of the dead bacteria will still be amplified by PCR. The
treatment of surfaces with 10% bleach (v/v) (8) will destroy the DNA as well as
kill the bacteria, as long as all surfaces are exposed. Pipets, tube racks, and
stock solutions should be dedicated to PCR. Addition of the sample template,
amplification, and detection should be performed in another area. The use of
disposable tips containing aerosol-preventing filters is highly recommended for
all stages of the procedure.

3.2. Sample Preparation
Biohazard Warning: Brucella is a Class III pathogen; all steps involving the

use of live Brucella should be done in a BL2 approved Biological Safety Cabinet
with appropriate precautions (9; this reference is an excellent resource for tech-
niques in handling, isolating, culturing and identifying Brucella) (see Note 9).

1. The B. abortus from abortion material, lymph nodes, milk, and reproductive
organs is cultivated on a primary isolation plate (a basic nutrient agar plate, such
as tryptose agar, trypticase-soy agar, or brucella agar, containing 5% serum
[bovine, calf or fetal calf serum] and antibiotics) (see Note 9). The plate is incu-
bated in a 10% CO2 atmosphere at 37°C for 24–72 hrs. If there are numerous
pure colonies on the primary isolation plate, the isolate can be set up immediately
for PCR (see step 4).

2. If pure colonies of Brucella cannot be obtained from the primary isolation plate,
the suspected Brucella colonies are reinoculated onto a secondary isolation plate
and incubated at 37°C in a 10% CO2 atmosphere for 24–48 h.

3. (Optional) Culture suspensions may be preserved in methanol for later use (see
Note 10). Using a sterile inoculation loop, transfer bacteria from a single colony
to a flask containing 30 mL of trypticase soy broth with 5% bovine serum. Incu-
bate in a shaking 37°C water bath for 24–72 hrs until a heavy growth is achieved
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(the broth will be deeply opaque). Transfer the bacteria-broth suspension to a
screw top centrifuge tube that has been weighed. Centrifuge the sample at 7000g
for 15 min. Discard the supernatant into a bactericidal disinfectant (e.g., 1% Lysol
IC), and determine the wet weight of the pellet. Resuspend the pellet in 100 µL
methanol and 50 µL saline for each mg wet weight of the pellet. Incubate the
sample at 4°C for at least 1 wk, thoroughly mixing by inversion daily, to assure
complete killing of the bacteria.

4. Standardize each suspension to a density of 1.5–2.0 U of absorbance at 600 nm,
(DU650 Spectrophotometer) by removing supernatant or adding additional 66.6%
methanol/33.3% saline.

5. To prepare bacteria from agar plates (primary or secondary) for PCR, use a sterile
inoculating loop to transfer bacteria from several colonies to 500 µL of saline.
Adjust the concentration of bacteria to the specifications given in step 3 with saline.

6. Immediately before use, remix the culture suspension and dilute an aliquot 1/10 in
PCR-grade water (e.g., 5-mL suspension in 45-µL water). Mix gently but thoroughly.
The diluted material should be appropriately discarded after use. (see Note 11).

3.3. PCR Amplification

3.3.1. Preparation of the Master Mixture (100 Assays; see Note 12)

1. Synthetic oligonucleotides should be dissolved in TE buffer to a concentration of
100X (see Table 1). The 100X stock (20 µM of each primer) is stable at 4˚C for
at least 2 yr as long as care is taken not to contaminate the solution.

2. Prepare the Primer Cocktail by dispensing the following 100X concentrates into
a 1.5-mL microfuge tube: 233 µL PCR-grade water, 2.5 µL IS711-specific
primer, 2.5 µL B. abortus-specific primer, 2.5 µL 16S universal primer-F, 2.5 µL
16S universal primer-R, 2.5 µL eri primer-F, 2.5 µL eri primer-R, and 2.5 µL
RB51-primer.

3. Prepare the Master Mixture by dispensing the following into a 3- or 5-mL dispos-
able tube: 1130 µL PCR-grade water, 250 µL 10X reaction buffer without MgCl2

(see Note 6), 150 µL 25 mM MgCl2, 200 µL 10 mM dNTP mixture, 250 µL

Table 1
PCR Primer Sequences and Stock Concentrations

Concentration
Primer Nucleotide sequence 5' to 3' of 100X Stock

IS711-specific TGC-CGA-TCA-CTT-AAG-GGC-CTT-CAT-TGC-CAG 1.90 µg/µL
Abortus-specific GAC-GAA-CGG-AAT-TTT-TCC-AAT-CCC 1.55 µg/µL
16S-universal-F GTG-CCA-GCA-GCC-GCC-GTA-ATA-C 1.40 µg/µL
16S-universal-R TGG-TGT-GAC-GGG-CGG-TGT-GTA-CAA-G 1.60 µg/µL
eri-F GCG-CCG-CGA-AGA-ACT-TAT-CAA 1.35 µg/µL
eri-R CGC-CAT-GTT-AGC-GGC-GGT-GA 1.30 µg/µL
RB51-3 GCC-AAC-CAA-CCC-AAA-TGC-TCA-CAA 1.55 µg/µL
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Primer Cocktail from step 2, 500 µL GC Rich Enhancer (optional) (see Note 7).
(If an enhancer is not used, then 500 µl PCR-grade water should be substituted),
and 20 µL FastStart Taq DNA Polymerase.

4. Mix the solution thoroughly, but gently, by pipeting up and down (see Note 13).
5. Aliquot the Master Mixture in 25-µL quantities into 0.2-µL thin-walled PCR

tubes (or alternatively, a PCR-certified 96-well plate) (see Note 14). Store the
assay tubes at –20° �2°C.

6. Prior to use, thaw enough Master Mixture tubes for unknowns and controls and
mix thoroughly but gently by finger tapping.

3.3.2. Amplification of Products by PCR
1. Add between 1.0 and 2.5 µL of unknown sample or control to each assay tube

(see Note 15). Be sure to mix each sample thoroughly, just before removing the
aliquot, since Brucella tends to settle out quickly.

2. Amplify the PCR products by using the following parameters: 1 cycle of 95°C
for 5.0 min (see Note 16), then 40 cycles of 95°C for 15 s, 52°C for 30 s, 72°C for
1 min 30 s, and then 4°C indefinitely. The choice of ramp-time does not appear to
be critical.

3. After amplification, the unopened samples can be stored at 4°C until ready for
detection.

3.4. Detection of Amplified Products
1. Prepare a 5-mm thick 2.0% agarose gel (in 0.5X TBE) with an appropriate num-

ber of wells (see Note 17).
2. Combine 1 µL of 6X loading dye with 8 µL amplified sample and mix well

before loading into the gel well (see Note 18).
3. Run the gel in 0.5X TBE until the bromophenol blue marker is at least 5 cm from

the well to achieve good separation of the bands. For the equipment described
here, 80–85 V for 2.5 h maximizes resolution without significant diffusion of the
amplified DNA bands. Adjustments in voltage and time may be needed for other
brands of equipment.

4. Stain the gel for 45 min in ethidium bromide solution (250 µg/500-mL of 0.5X TBE).
Alternatively, the gel can be stained before electrophoresis or during electrophore-
sis by adding ethidium bromide to the running buffer (see Note 19). CAUTION:
ethidium bromide is a mutagen and potential carcinogen (see Note 20).

3.5. Interpretation of Data
Identification is based on the number and the sizes of the products amplified

by PCR (see Fig. 1). All samples except the negative controls should amplify at
least 1 DNA product, the 800-bp 16S sequence. If this band is not present, then
the sample may contain PCR inhibitors, the DNA was degraded, or the sample
was not dispensed into the Master Mixture. It may be necessary to dilute the
original sample to decrease the level of inhibitors in the reaction, repeat the assay
with a fresh sample, or simply repeat the assay with the original sample.
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A 500-bp product from the IS711-alkB locus is amplified with all B. abortus
(biovar 1, 2, and 4) templates including those from the vaccine strains. Other
Brucella species and bacteria do not have this DNA sequence, and no product
will be amplified. A 300-bp product will be amplified from the IS711-wboA
locus found only in the vaccine strain RB51. A 180-bp product is amplified
from the eri gene present in all Brucella species and strains except B. abortus
vaccine strain S19. Other bacterial genomes lack this locus and will not
amplify the 180-bp product. Sample results are shown in Fig. 2.

3.6. Troubleshooting
The B. abortus RB51 positive control should amplify all four products. If some

or all of the products are missing, then there was a problem with the Master Mix-
ture or the cycling parameters. Repeat the assay with fresh Master Mixture.

The presence of amplification in the negative controls indicates a contami-
nation problem. If both negative controls are contaminated, then the entire
batch of Master Mixture was probably contaminated and should be discarded.

Fig. 1. Predicted amplified loci (rows) for various categories of unknowns (col-
umns). (A) The four loci for each category are shown with their hybridizing primers;
(B) the predicted products resulting from successful amplification. , 16S locus;

, alkB locus; , IS711; , wboA locus; , eri locus; , DNA absent; , hybridiz-
ing amplification primer; , nonhybridizing primer.
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If only the water control is contaminated, then it means the problem probably
occurred during the current assay, and the rest of the unused batch is probably
usable. Repeat the assay with fresh water and extra care to prevent contamina-
tion. If the contamination of either control amplifies only the large 16S gene
product, then any exposure to bacteria during the process could have caused the
contamination. This may be difficult to avoid since even commercial enzymes
and buffers may contain trace levels of nonspecific bacterial DNA, and absolute
sterility in the larger laboratory environment is difficult to maintain.

The appearance of weak bands on a gel can complicate the analysis. Weak
bands can result from cross-well contamination, improper amplification param-
eters or sample contamination. Only a few bacteria contaminating an isolate can
result in visible amplified product. Multiplex PCR is more sensitive to varia-
tions in the amplification parameters than is traditional PCR. The annealing tem-
perature is a good example. The addition of more primers increases the range of
individual optimal melting temperatures (Tms) and also the potential for
mispriming events. The optimal temperature for each primer is a compromise
between a lower temperature for stable annealing to the correct locus (but also

Fig. 2. Typical patterns amplified from bacterial bovine isolates as detected by aga-
rose gel electrophoresis. Lane 1, 100-bp ladder; lane 2, B. abortus RB51; lane 3,
B. abortus field strain; lane 4, B. abortus field strain; lane 5, B. abortus field strain;
lane 6, B. abortus field strain; lane 7, B. abortus field strain; lane 8, B. abortus RB51;
lane 9, B. abortus field strain; lane 10, B. abortus field strain; lane 11, B. abortus
strain S19; lane 12, Brucella species (not B. abortus); lane 13, Brucella species (not
abortus); and lane 14, non-Brucella bacteria. A 2% agarose gel was loaded with 8-µL
amplified product and 1-µL loading dye per well, electrophoresed for 2.5 h at 70 V,
stained with ethidium bromide, and visualized with UV light.
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possible mispriming) and a higher temperature to discourage mispriming (but
also weaker binding to the correct locus). The BaSS-PCR assay was optimized
at 52°C but may be run with a few degrees variation without compromising the
results. The eri primers have the lowest Tm, and this product is the most likely to
be affected by high temperature, inhibitors, and other destabilizing agents.

Amplification of smaller products is favored over larger products synthe-
sized at the same time. Certain PCR enhancers may even prevent larger prod-
ucts from being amplified (see Note 6). Weak amplification of the 800-bp 16S
amplicon across an entire group of samples would suggest that the operating
parameters were not optimal.

4. Notes

1. Disposable pipet tips with ShaftGard protection (an extension of the top of the tip
that covers a larger area of the pipet barrel) are particularly useful for taking
aliquots (e.g., templates) from test tubes deeper than 35 mm (the size of a stan-
dard 1.5-mL microfuge tube) without contaminating the pipet barrel.

2. The protocol is written for a thermal cycler with a heated lid to prevent evaporation.
If the machine to be used does not have a heated lid, the sample must be overlaid
with an equal volume of bacteria-free DNA-free mineral oil or paraffin wax.

3. If a repeating pipet is used to dispense the Master Mixture, it should be used only
for PCR. The use of individually wrapped disposable combitips is particularly
helpful in preventing contamination. The tip should be replaced when making
each batch of Master Mixture.

4. All stocks and solutions need to be made with PCR-grade water (i.e., sterile DNA-
free RNA-free nuclease-free water).

5. Because of the complexity of the assay components, the choice of polymerase is
critical to the success of this assay. Numerous polymerases have been examined
with variable success. Proofreading polymerase formulations such as the Expand™
Long Polymerase mixture (Cat. no. 1 681 834; Roche Molecular Biochemicals)
performed the best and most consistently, provided that the assay mixture was
prepared fresh (see Note 9). The FastStart Taq DNA Polymerase also performs
well and was selected as the polymerase of choice. Taq DNA polymerase from
other commercial sources should be tested for suitability. AmpliTaq Gold® (Cat.
no. N808-2041; Applied Biosystems, Foster City, CA, USA) was consistently a
poor performer and is not recommended for this assay.

6. The success of the assay is also dependent on the pH and the MgCl2 concentration
of the reaction buffer. In general, PCR of Brucella DNA works best at pH 9.0 and
a final MgCl2 concentration of 1.5 mM. However, for proper activation of the modi-
fied FastStart Taq DNA Polymerase, the reaction buffer needs to be pH 8.3. This
was taken into consideration during optimization of the assay. If other polymerases
are used, the pH and MgCl2 concentration will need to be optimized.

7. Since Brucella DNA is moderately GC rich (56%), we examined a number of
PCR-enhancing products on the market. Both MasterAmp™ 10X PCR Enhancer
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with betaine (Cat. no. ME81201; Epicenter Technologies, Madison, WI, USA),
and Perfect Match™ (Cat. no. 600129, Stratagene, La Jolla, CA, USA) enhanced
amplification of the smaller products at the expense of the larger products to the
point that often the larger products were not synthesized. These products are not
recommended for use in this assay. Addition of 10% dimethyl sulfoxide (DMSO)
appeared to have no effect on the assay. The GC Rich Enhancer that comes with
the FastStart Taq DNA Polymerase didn’t appear to affect amplification of prod-
ucts but did seem to reduce primer–dimer formation. Its inclusion in the Master
Mixture is optional.

8. TBE can be conveniently prepared as a 5X solution: 54 g Tris base, 27.5 g boric
acid, and 4.16 g EDTA-tetrasodium salt dihydrate/L. Store the stock in a glass
bottle at room temperature. If the solution starts to precipitate during storage, it
can be redissolved by autoclaving. Dilute the stock 1/10 to make a 0.5X solution
for preparing gels, for staining, and for use as the running buffer.

9. A comprehensive description of the primary isolation of Brucella is beyond the
scope of this paper. Detailed information on the isolation procedures is located in
other sources (10,11).

10. Preservation of samples in methanol is recommended for samples that will not be
tested within 7–10 d. The preserved cells are a little more difficult to lyse during
the 95°C precycle step, but serve as an adequate source of target DNA when used
at the recommended concentration this protocol. When preserved as described,
samples can be stored at 4°C for at least 5 yr without noticeable deterioration. As
an additional benefit, the bacteria are killed during preservation, reducing the
risk of infection and eliminating further need for BL3 containment.

11. Once it has been diluted in water, the DNA inside the bacteria is not as stable, and
so, the diluted samples should not be stored for later use (longer than about 12 h).

12. The individual assay tubes can be stored at –20˚ C for at least 6 mo without a
significant change in activity. Preparing large batches of Master Mixture that are
stored frozen in individual aliquots has several advantages: (i) there will be fewer
variations between experiments; (ii) less opportunity for contamination since the
stock solutions are opened and used fewer times; (iii) assays can be performed
immediately as samples trickle in; and (iv) repeated freeze-thaw cycles are
avoided. However if the Master Mixture is stored frozen in its complete for-
mulation with polymerase, dNTPs, and primers, it is necessary to use an artificial
hot start component to prevent premature polymerization of primers into hairpin
and primer–dimer structures. This can be accomplished by physical separation
of components with a paraffin wax barrier (such as Ampliwax Gems®, Cat. no.
N808-0150; Applied Biosystems), by using a chemically modified polymerase
(such as FastStart Taq DNA Polymerase, Roche Molecular Biochemicals)
designed to be inactive until heated to a high temperature for several min, or by
inactivating the polymerase active site with an antibody (such as TaqStart Anti-
body, Cat. no. 5400-1; Clontech Laboratories, Palo Alto, CA, USA) that dena-
tures and dissociates at high temperature. Because of the complex nature of
multiplexed PCR, we found the FastStart Taq DNA Polymerase to be the best
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option. Surprisingly, a similar product, AmpliTaq Gold, was found to be a poor
performer for this specific multiplex formulation (see Note 5).

13. Thorough mixing of the Master Mixture is critical to the success of the assay
because several components are highly viscous and will settle to the bottom by
gravity if not properly dispersed.

14. Dispensing a large batch of Master Mixture is most easily accomplished with a
repeating pipet such as the Eppendorf Repeater Model 4780 fitted with a 1.25-
mL combi-tip set to dispense 25 µL (see Note 3).

15. Each assay should have at least three controls. Include at least two negative con-
trols to monitor for contamination. One negative control, containing only the
Master Mixture, monitors the purity of the Master Mixture batch. The second
negative control, prepared last, includes 1.0–2.5 µL of the water used to dilute
the unknowns. This control monitors the purity of the dilution water and moni-
tors for the occurrence of sample contamination during the dilution and addition
of template (originating from sources such as gloves, aerosolized droplets, etc.).
Use a known isolate of B. abortus RB51 as the positive control, since RB51 will
amplify all four possible products.

16. The precycle incubation of 95°C for 5 min has two purposes. First, the chemically
modified polymerase is activated during the 5-min period. Second, the high heat
causes a percentage of the bacteria to rupture and release the DNA that is then
used as the template for amplification. If the polymerase chosen for use does not
require heat activation, then the precycle incubation step can be reduced to 2 min.

17. For the analysis of large numbers of samples, a double-decked 11-cm (wide) X
14-cm (long) gel with two 20-well 1-mm thick combs (e.g., Cat. no. 11951-076;
LifeTechnologies/Gibco-BRL) arranged 6-cm apart produces good resolution
among fragments. Other gel sizes and comb arrangements can be used; however,
the use of very small wells (� 3.5-mm wide) that are close together can make
lane assignment of bands difficult and is not recommended. The best results come
from wide well-spaced wells.

18. It is important that all edges of the gel wells are completely submerged in run-
ning buffer to avoid having capillary action pull the sample out of the well. When
using gels and combs that are different from the sizes given, be careful that the
sample volume does not exceed the well capacity since this can lead to cross-well
contamination. Even minor contamination between wells can make interpreta-
tion of the data very difficult. If loading samples cleanly is difficult, skip every
other well, or load each sample in duplicate adjacent wells. Cross-contamination
between wells is easily detected when samples are run in duplicate.

19. Do not wait to stain and record results, as diffusion of the small fragments will
occur.

20. Use gloves and safe methods when handling gels and solutions containing
ethidium bromide. After staining, solutions containing ethidium bromide should
not be poured down the sink, but must be deactivated and disposed of properly.
For an easy method for decontaminating solutions, destaining bags (Cat. no. E732;
AMRESCO), which are tea bag-like pouches containing a matrix, binds the
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unused ethidium bromide. Afterwards, the solution can be poured down the sink,
and only the destaining bag needs to be disposed of as hazardous chemical waste.
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Isolation of Campylobacter and Identification
by PCR

Mark D. Englen, Scott R. Ladely, and Paula J. Fedorka-Cray

1. Introduction
Campylobacter is now recognized worldwide as a leading cause of bacterial

gastroenteritis in humans (1). Campylobacter species are common commen-
sals in the intestinal tracts of poultry and livestock, and food products of ani-
mal origin are frequently associated with reported cases of illness (2). This
chapter provides methods for the identification of C. jejuni and C. coli, which
are the two species accounting for the majority of human infections. The proto-
cols are routinely used in our laboratory and are intended to provide workers
unfamiliar with Campylobacter culture and identification a useful set of meth-
ods to serve as a practical starting point.

Numerous procedures have been described for the isolation of Campy-
lobacter spp. from food, feces, and environmental samples (3–8). No univer-
sal method for isolating Campylobacter has yet been developed that is
appropriate for all sample types. The choice depends on the expected level of
Campylobacter in the sample material and any extraneous bacterial flora that
may be present. In our experience, the combination of direct plating and sample
enrichment often provides better recovery of Campylobacter than either tech-
nique alone.  A procedure for isolating Campylobacter from livestock or poul-
try feces using this approach is provided in the following sections.

Several formulations of dehydrated plating media and their supplements are
commercially available for the isolation of Campylobacter. Dehydrated basal
media are typically supplemented with blood or charcoal and are often com-
bined with ferrous sulfate, sodium metabisulfite, and sodium pyruvate (FBP)
to diminish the toxic effects of oxygen on Campylobacter. Antimicrobials, to
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which campylobacters are intrinsically resistant, are also added to inhibit com-
peting bacterial and fungal flora found in the sample material (9). The selective
plating medium we prefer, Campy-Cefex (10), is described below. Campy-
Cefex plates are relatively translucent, and Campylobacter colonies are easier
to identify and quantify compared to media formulations containing charcoal,
such as the widely used modified charcoal cefoperazone desoxycholate agar
(mCCDA). However, mCCDA (available from Oxoid, Ogdensburg, NY,
USA), or the recently developed Campy-Line agar (11), may be directly sub-
stituted for Campy-Cefex in the protocols outlined below.

Over the last decade, the polymerase chain reaction (PCR) has become a
basic tool for the identification of bacterial pathogens such as Campylobacter
(12,13). For those unfamiliar with the use of PCR for the amplification of spe-
cific DNA sequences, a number of reviews are available (e.g., 14–16). Beyond
the basic requirement of suitable DNA sample preparations to serve as tem-
plate in the PCR, a specific DNA amplification (target) sequence must be
determined. Although usually a well-characterized region of the genome, this
is not always a requirement for the development of a useful assay (17). The
range of genes reported for the identification of Campylobacter spp. by PCR
includes 16S rRNA (18,19), 23S rRNA (20), the cadF virulence gene (21), and
the flagellin genes, flaA and flaB (22,23). The PCR we describe here is based
on the hippuricase gene (hipO) for the identification of C. jejuni (24) and a
siderophore transport gene (ceuE) sequence to identify C. coli (25). A separate
PCR is run for each primer pair. This PCR has also been adapted to allow the
direct identification of C. jejuni from the sample material without prior enrich-
ment steps (26). For applications involving large numbers of samples, multi-
plexing (27) can be incorporated to reduce the total assay time and increase
sample throughput.

Finally, it is important to note that some strains of Campylobacter are resis-
tant to lysis by heating (28) and simply boiling cell suspensions for use in PCR
may result in a significant percentage of false negatives. The DNA isolation
procedure included here provides a simple method for consistently obtaining
usable template DNA from Campylobacter.

2. Materials
2.1. Isolation and Culture of Campylobacter

1. Exam gloves or gloves and fecal loops (Revival Animal Health, Orange City, IA, USA).
2. Sterile tongue depressors.
3. Sterile cotton-tipped swabs.
4. Sterile spreader sticks (Simport Plastics, Beloeil, Quebec, Canada).
5. Whirl Pak bags (Nasco, Fort Atkinson, WI, USA).
6. Gallon zip-lock bags (268 × 279 mm).
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7. Glass test tubes (18 × 150 mm).
8. Sterile 24-well tissue culture plates (Becton Dickinson, Franklin Lakes, NJ, USA).
9. Sterile 2-mL and 5-mL cryovials.

10. Phase-contrast microscope with100× oil immersion objective.
11. Medical gas mixture (5% O2, 10% CO2, and 85% N2).
12. Horse blood agar (HBA) plates (B-D Biosciences, Sparks, MD, USA).
13. Phosphate-buffered saline (PBS), pH 7.2: 2.28 g sodium phosphate, dibasic

(Na2HPO4), 0.46 g sodium phosphate, monobasic (NaH2PO4), 9.0 g sodium chlo-
ride, and distilled water (dH2O) to 1.0 L.

14. Bolton’s basal broth: 10 g meat peptone, 5 g lactalbumin hydrolyzate, 5 g yeast
extract, 5 g sodium chloride, 10 mg haemin, 0.5 g sodium pyruvate, 1 g α-ketoglu-
taric acid, 0.5 g sodium metabisulfite, 0.6 g sodium carbonate, and 950 mL dH2O.
Supplement: 20 mg sodium cefoperazone, 50 mg sodium cycloheximide, 20 mg
trimethoprim, 20 mg vancomycin, and 50 mL lysed horse blood.
Mix the basal broth ingredients in distilled water and heat with constant stirring
until all components are completely dissolved. Autoclave for 15 min at 121°C.
Cool to 50°C, then add horse blood and antibiotic supplement (reconstitute com-
ponents as directed by the manufacturer).
Commercial Bolton’s formulation: 27.6 g/L Campylobacter enrichment broth (Acume-
dia Manufacturing [Baltimore, MD, USA], cat. no. 7526 or Oxoid, cat. no. CM0983B).
Commercial Bolton’s supplement: 2 vials/L (cefoperazone, vancomycin,
trimethoprim, and cycloheximide) (Malthus Diagnostics, cat. no. X131, or Oxoid,
cat. no. SR183E).

15. Campy-Cefex basal agar: 43 g Brucella agar, 0.5 g ferrous sulfate, 0.2 g sodium
bisulfite, 0.5 g pyruvic acid, and 950 mL dH2O.
Supplement: 33 mg sodium cefoperazone, 0.2 g sodium cycloheximide, and 50 mL
lysed horse blood.
Mix the basal agar ingredients in distilled water and heat with constant stirring
until all components are completely dissolved. Autoclave the basal agar for
15 min at 121°C.  Cool to 50°C, then add the horse blood and antibiotic supple-
ment. Before adding to the cooled agar, dissolve the cefoperazone in water, and
the cycloheximide in 50% methanol, then filter-sterilize (0.2 µm) both.

16. Freezing medium: 2.8 g Brucella broth, 85 mL dH2O, and 15 mL glycerol.
Mix the Brucella broth in distilled water, and heat with constant stirring until
completely dissolved. Add glycerol and mix well to combine broth and glycerol.
Autoclave at 121°C for 15 min, then cool. Dispense 1-mL aliquots in 2-mL
cryovials as needed.

17. Wang’s transport medium: 28 g Brucella broth, 4 g agar, 950 mL dH2O, and 50 mL
lysed horse blood.
Combine the Brucella broth and agar in distilled water and heat with constant
stirring until components are completely dissolved. Autoclave at 121°C for
15 min, then cool to 50°C prior to adding the horse blood. Dispense 2 to 4 mL
aliquots in sterile screw-cap vials or 5-mL cryovials and allow agar to solidify
in an upright position.
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18. Dehydrated culture media for isolating Campylobacter spp. may be obtained from
the following companies: Acumedia Manufacturing, Med-ox Diagnostics
(Ogdensburg, NY), and Oxoid. Antimicrobials and chemicals used in media and
media supplements are available from Sigma (St. Louis, MO, USA).

2.2. DNA Extraction

1. Eppendorf® tubes, 1.7-mL, nuclease-free.
2. Sterile disposable 10-µL plastic loops (Simport Plastics).
3. Nuclease-free distilled water (dH2O).
4. DNAzol® reagent (Invitrogen, Carlsbad, CA, USA).
5. 100% Ethanol.
6. 70% Ethanol.
7. TE buffer: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0.

2.3. PCR

1. Adjustable vol pipetors (5.0–1000 µL vol range).
2. Aerosol barrier pipet tips (Molecular Bio-Products, San Diego, CA, USA).
3. Thermal cycler (Applied Biosystems; Foster City, CA, USA).
4. Thin-wall PCR tubes, 0.2-mL (Applied Biosystems).
5. Eppendorf tubes, 1.7- or 2-mL, nuclease-free.
6. Nuclease-free dH2O.
7. Taq DNA polymerase: 5 U/µL (Invitrogen).
8. PCR buffer (10×) without MgCl2: 200 mM Tris-HCl, pH 8.4, 500 mM KCl

(Invitrogen).
9. MgCl2: 50 mM (Invitrogen).

10. dNTP mixture: dATP, dCTP, dGTP, and dTTP, 10 mM each (Invitrogen).
11. PCR primer sets (Operon Technologies, Alameda, CA). The sequence of the

C. coli forward primer, Col1, is 5'-ATG AAA AAA TAT TTA GTT TTT
GCA-3', and that of the reverse primer, Col2, is 5'-ATT TTA TTA TTT GTA
GCA GCG-3'. The C. jejuni forward primer, HIP400F, has the sequence 5'-GAA
GAG GGT TTG GGT GGT-3', and the reverse primer, HIP1134R, 5'-AGC TAG
CTT CGC ATA ATA ACT TG-3'. The expected amplification products are:
Col1/2, 894 bp, and HIP400F/HIP1134R, 735 bp.

2.4. DNA Electrophoresis

1. 250–500 V electrophoresis power supply.
2. Horizontal gel apparatus.
3. UV transilluminator with Polaroid camera and hood (Fotodyne, Hartland, WI, USA)
4. Agarose: SeaKem® LE (FMC BioProducts, Rockland, ME, USA).
5. Molecular weight marker: 100-bp DNA ladder (Bio-Rad, Hercules, CA, USA).
6. TBE electrophoresis buffer: 89 mM Tris, 89 mM boric acid, 2 mM EDTA.

10× stock solution: 108 g Tris base, 55 g boric acid, 40 mL 0.5 M EDTA, pH 8.0,
and dH2O to 1.0 L.

7. Ethidium bromide: 10 mg/mL. Add 100 mg ethidium bromide to 10 mL dH2O.
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Mix thoroughly and cover container with foil to seal out light. Store at room
temperature. Caution: Ethidium bromide is a mutagen.

8. DNA loading buffer: 5% glycerol, 10 mM EDTA, pH 8.0, 0.1% sodium dodecyl
sulfate (SDS), 0.01% bromophenol blue.
10× stock solution: 5 mL glycerol, 2 mL 0.5 M EDTA, pH 8.0, 0.1 g SDS, 10 mg
bromophenol blue, and dH2O to 10 mL.

3. Methods
The sections below outline the steps for (i) isolating Campylobacter from

feces using direct plating and sample enrichment; (ii) extraction of
Campylobacter DNA for use as template in the PCR; and (iii) PCR assays
specific for C. jejuni and C. coli. A brief section on agarose gel electrophoresis
of the PCR amplification products using ethidium bromide staining for detec-
tion is also included.

3.1. Isolation of Campylobacter from Feces

3.1.1. Collection of Fecal Samples

1. Collect fecal samples from the cloaca or rectum using a gloved hand, a fecal
loop, or cotton-tipped swab. Freshly defecated feces can be collected from the
ground using a sterile tongue depressor (see Note 1).

2. Place fecal samples into Whirl Pak bags, press air from the bags, and seal.
3. Place samples on ice or cold packs for transport to laboratory or for shipment.

Samples should be processed as soon as possible (see Note 2).

3.1.2. Direct Plating on Selective Media

1. Mix fecal samples by kneading bags with gloved hands.
2. Using a sterile cotton-tipped swab, transfer approx 1 g of feces into a sterile glass

tube. Record sample weight, then add 3× the sample weight of PBS (see Notes 3
and 4) to the tube to obtain a 1:4 dilution of the sample. Vortex well to mix the
tube contents.

3. Transfer 1.0 mL of the 1:4 dilution to a second sterile glass tube containing 9.0 mL
of PBS and vortex mix well. This results in a final dilution of 1:40.

4. Dispense 0.1-mL aliquots of each dilution on duplicate Campy-Cefex plates. Spread
the liquid evenly using a sterile spreader stick or sterile cotton-tipped swab.

5. Invert the plates and stack them in gallon (268 × 279 mm) zip-lock bags (approx
20 plates/bag). Flush the bags with medical gas mixture (see Note 5), then press
to expel the gas mixture. Repeat 3×, then inflate and seal bags tightly to ensure
a microaerobic atmosphere inside. Incubate the sealed bags for 48 h at 42°C
(see Note 6).

6. Examine the plates for the presence of Campylobacter colonies (see Note 7). The
number of colony forming units (cfu) of Campylobacter per g of feces is equal to
40× the number of Campylobacter colonies on the 1:4 dilution plate or 400× the
number on the 1:40 dilution plate.
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3.1.3. Fecal Sample Enrichment
1. An inexpensive enrichment method to enhance recovery of Campylobacter uti-

lizes 24-well tissue culture plates (29). Begin by dispensing 1.0 mL of Bolton’s
broth into the plate wells.

2. Dip sterile cotton-tipped swabs into the 1:4 fecal dilutions and inoculate wells
with the swabs.

3. Put the plates into zip-lock bags, gas as described for direct plating (see Sub-
heading 3.1.2.), and incubate for 48 h at 42°C.

4. Noting the direct plates that were negative for Campylobacter, streak for isolation
only from those corresponding sample enrichment wells onto Campy-Cefex plates.
Bag and gas the plates as described in Subheading 3.1.2., and incubate for 48 h at
42°C. By limiting further isolation steps to only those samples that were negative
by direct plating, unnecessary duplication of the positive samples is avoided.

3.1.4. Presumptive Identification of Campylobacter
1. Prepare wet-mounts of Campylobacter as follows (see Note 8). Place a drop of

PBS or distilled water on a standard microscope slide.
2. Using a sterile loop, pick a portion of a colony to be examined. Suspend the cells

in the drop of PBS by mixing.
3. Place a cover slip on the cell suspension, using care to avoid trapping air under

the slip.
4. Add a drop of immersion oil on top of the cover slip, and observe the cells using

phase-contrast optics at 100×.
5. Campylobacter is easily identified by its characteristic narrow, curved, or spiral

rod shape and darting motility. Pairs of cells often resemble a gull’s wing or the
letter S. Campylobacters from cultures older than 24–48 h may become coccoid
in shape and are more difficult to identify.

3.1.5. Storage and Shipment of Campylobacter Isolates
1. For frozen preservation of Campylobacter cultures, begin by streaking isolates

onto HBA plates (see Note 9). Incubate the plates for 48 h at 42°C as previ-
ously described.

2. Using a sterile cotton-tipped swab, transfer a heavy inoculum from a plate to a
2-mL cryovial containing 1 mL of freezing medium.

3. Store vials at –70°C. Cultures stored in this way will remain viable for 6–12 mo.
However, repeated thawing and refreezing may reduce viability significantly (see
Note 2).

4. For transport or shipment of Campylobacter cultures, Wang’s transport medium is
recommended. Transport tubes are prepared by adding 2–4 mL of medium to sterile
screw-capped glass vials or plastic 5-mL cryovials. Allow the soft agar to solidify.

5. Inoculate the vials by stabbing a loop of Campylobacter culture into the semi-
solid media.  Place vials in a clean rack, loosen the caps and put the rack of vials
in a zip-lock bag. Gas and seal the bags, and incubate for 24 h at 42°C.

6. Tighten caps, and ship according to local guidelines.
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3.2. Isolation of  Campylobacter DNA

As previously mentioned, some strains of Campylobacter are resistant to
lysis by heating. In the method described in Subheading 3.2.1., the combina-
tion of boiling the cell suspensions followed by DNA extraction, using a com-
mercially available guanidine-based reagent, overcomes this difficulty. We
have not found it necessary to quantify the isolated sample DNA to achieve
reproducible PCR results.

3.2.1. DNA Extraction
1. Add 100 µL of nuclease-free dH2O to a boil-proof 1.7 mL Eppendorf tube.
2. Using a sterile disposable 10-µL loop, scrape enough cells from a plate to make a

turbid suspension in the water. Make sure cells are fully dispersed by gently vor-
tex mixing the tube; no clumps should be visible.

3. Put the tubes in a floating tube rack and place in boiling water bath. Boil for 10
min (see Note 10).

4. Cool the tubes on ice. The boiled cell suspensions can be frozen at –20°C until
needed, if necessary.

5. Add 1.0 mL DNAzol DNA extraction reagent to the boiled cell suspension.
Vortex mix gently, and let the tubes stand for 10–15 min at room temperature
(see Note 11).

6. Centrifuge the tubes for 10 min at 10,000g to pellet cell debris.
7. Carefully transfer supernatants to new 1.7-mL Eppendorf tubes.
8. Add 0.5 mL of 100% ethanol to the supernatant, and invert the tube several times

to thoroughly mix (do not vortex the tube).
9. Let the tubes stand for 15–30 min at 4°C to allow the DNA to precipitate.

10. Pellet the precipitated DNA by centrifuging the tubes for 10 min at 12,000g.
11. Remove and discard the supernatant using a pipet or vacuum suction device. The

DNA pellet often will not be visible, so use caution to prevent sample loss for
this and subsequent wash steps.

12. Wash the DNA by adding 1.0 mL of 70% ethanol to the tubes, and inverting
tubes several times to resuspend pellet. The DNA can be stored for long periods
in the ethanol wash at –20°C.

13. Pellet the DNA by centrifuging the tubes for 2 min at 12,000g.
14. Remove and discard the ethanol wash supernatant.
15. Repeat steps 12–14 to give a total of 2 washes. Allow the tubes to dry completely

after the final wash.
16. Dissolve the DNA in 40–60 µL of nuclease-free dH2O or TE buffer, pH 7.5.

Store DNA at –20°C. Use 2–5 µL of this DNA preparation in the 50 µL PCR
discussed in Subheading 3.3.2.

3.3. Identification of  Campylobacter by PCR

 The primer sets for the identification of C. coli (Col1/2) and C. jejuni
(HIP400F/HIP1134R) require different annealing temperatures (57° and 66°C,
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respectively), and a separate PCR must be run for each pair. The expected
amplification products are 894 bp (Col1/2) and 735 bp (HIP400F/HIP1134R).

 3.3.1. Preparation of PCR Master Mixture

To provide tube-to-tube consistency for each sample, it is best to prepare a
common PCR mixture (termed a master mixture), containing all of the reaction
components for each primer set. Aliquots of this mixture are added to the con-
trol and sample tubes, followed by addition of the template DNA. To calculate
a PCR master mixture for your experiment, first determine the total number of
PCRs (samples plus controls) needed for the experiment, allowing 10% extra
for slight vol errors in pipeting. Using the formula below, multiply each com-
ponent by the total number of reactions to calculate the vol required for each
component.

Prepare the PCR master mixtures in nuclease-free tubes, adding the compo-
nents in the order given for the 1X PCR mixture (see Notes 12 and 13). Vortex
well after the addition of each component.

1X PCR mixture, 50 µL vol: 30.75 µL nuclease-free dH2O, 5 µL 10X PCR
buffer without MgCl2, 3 µL 50 mM MgCl2, 1 µL 10 mM dNTP mixture,
2.5 µL 20 µM forward primer, 2.5 µL 20 µM reverse primer, 0.25 µL Taq
DNA polymerase (5 U/µL), and 45 µL plus 5 µL template DNA extract to
equal 50 µL total vol.

Final concentration of components: 20 mM Tris-HCl, pH 8.4, 50 mM KCl,
3 mM MgCl2, 0.2 mM dNTPs, 1 µM primers, and 1.25 U of Taq DNA polymerase.

3.3.2. Campylobacter-Specific PCR

1. Aliquot 45 µL of the master mixture into the labeled sample and control
0.2-mL reaction tubes, then add 5 µL of sample or control template DNA to tubes
(see Note 14). Close the tube caps tightly (a capping tool is available from
Applied Biosystems).

2. Place the tubes in the thermal cycler heat block and close the lid. Program the
thermal cycling as follows. Denature at 94°C for 30 s, followed by 25–30 ther-
mal cycles of denature at 94°C for 30 s, anneal at 57°C (Col1/2) or 66°C
(HIP400F/HIP1134R) for 30 s, extend at 72°C for 1 min, final extensions at
72°C for 4 min.

3. The completed PCRs are screened for the expected amplification product using
agarose gel electrophoresis (see Subheading 3.3.3.). The remainder of the reac-
tions should be stored at –20°C.

3.3.3. Agarose Gel Electrophoresis of PCR Products

1. Prepare a 1.5% agarose gel in 1X TBE buffer. Add the dry agarose to the appro-
priate quantity of buffer in a flask or heat-resistant bottle containing a Teflon-
coated stir bar.
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2. Stir briefly, then heat the mixture in a microwave oven to melt the agarose. To
prevent overheating or boiling over, check the progress at 1- to 2-min intervals,
stirring occasionally.

3. Carefully remove the container of molten agarose from the microwave and place
on a stir plate. While stirring the hot agarose, add ethidium bromide solution
from the 10 mg/mL stock solution to yield a concentration of 0.5 µg/mL in the
agarose solution (5 µL /100 mL). Allow the ethidium bromide to mix thoroughly
in the molten gel.

4. Place the container in a 55°C water bath, and cool the agarose to this temperature.
5. When the agarose is sufficiently cooled, cast a gel using a comb containing the

appropriate number of wells. Let stand for 45–60 min to allow the gel to solidify.
6. Assemble the horizontal gel apparatus, and fill with enough 1X TBE to cover the

surface of the gel.
7. Mix PCR controls and samples (approx 10% of each reaction) with 10X DNA

loading buffer. Load submerged gel wells, including one or more lanes of the
100-bp DNA ladder molecular weight marker.

8. Perform electrophoresis according to the gel apparatus manufacturer’s instruc-
tions for voltage settings. Photograph gel under UV light following completion
of electrophoresis. An example is shown in Fig. 1.

4. Notes

1. Recovery of Campylobacter from rectally collected fecal samples is significantly
higher than from fecal samples collected from the ground (30).

2. Campylobacter spp. are relatively fragile organisms. Cell viability is significantly
reduced by environmental stresses such as prolonged exposure to room tempera-
ture, atmospheric oxygen, freezing and thawing, and desiccation.

3. It is usually desirable to obtain cell counts for the numbers of viable organisms
per unit vol or weight of sample material. However, if a simple qualitative
assessment is all that is necessary, proceed as directed in Subheading 3.1.2.,
but omit weighing the samples. Also, duplicate plating is not necessary.

4. Feces are usually diluted in PBS. However, buffered peptone water (0.1%) may
be substituted.

5. The medical gas mixture (5% O2, 10% CO2, and 85% N2) is commercially avail-
able but may require special ordering. Gas can be conveniently dispensed into
zip-lock bags using a length of plastic tubing attached to a needle valve type gas
regulator.

6. Although many laboratories routinely incubate Campylobacter cultures at 37°C,
we prefer to use 42°C. In our experience, the higher temperature suppresses the
growth of Arcobacter spp. more effectively than incubation at 37°C.

7. Campylobacter colonies can be identified on Campy-Cefex agar by their translu-
cent or cream-colored appearance. Most contaminants are not translucent.

8. Although a number of biochemical tests have been developed for the presump-
tive identification of Campylobacter (31,32), we have found examining the cell
morphology of fresh cultures to be the simplest and most reliable method for
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initial confirmation. We stress the importance of using fresh, 24–48 h cultures.
In older cultures, Campylobacter becomes progressively more coccoid, making
accurate identification problematic. A known reference strain of Campylobacter
should also be used as an aid in identification.

9. When preparing frozen stocks or bringing cultures out of frozen storage, it is
preferable to use a nonselective medium that will not suppress the growth of
possible contaminating organisms. Cultures found to be contaminated should be
discarded or re-isolated.

Fig. 1. Identification of C. coli (A) and C. jejuni (B) by PCR. (A and B) Lanes 1 and
16, 100-bp DNA ladder; lane 2, C. jejuni positive control; lane 3, C. coli positive
control; lane 4, no DNA negative control; lanes 5, 7–9, 12, and 14, C. jejuni; lanes 6,
10, and 11, C. coli; lanes 13 and 15, blank. The reaction products were resolved on a
1.5% agarose gel containing ethidium bromide (0.5 µg/mL). Arrows indicate the posi-
tions of the expected PCR products for C. coli (894 bp) and C. jejuni (735 bp).
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10. Once cell suspensions are prepared, the tubes should go immediately into the
boiling water bath. If this is not practical, as when preparing large numbers of
samples, keep the tubes on ice until ready to be boiled.

11. The boiled cell suspension/DNAzol mixture can be held overnight at 4°C if nec-
essary. All steps in the DNA extraction procedure are carried out at room tem-
perature unless otherwise noted.

12. All components, except the water, should be stored frozen at –20°C. The dNTP
mixture and the working primer stocks should be aliquoted to avoid repeated
(�5X) freeze-thaw steps. Once the Taq DNA polymerase has been added, avoid
letting the master mixture sit for any length of time, as this may promote the
generation of nonspecific PCR products. Ideally, the PCRs should be assembled
in isolation, such as in a biocontainment hood, to minimize the possibility of
contaminating the reactions. A set of pipetors dedicated to PCR work should be
used in conjunction with aerosol-resistant pipet tips as a further means of reduc-
ing contamination.

13. Primer sets are usually shipped in lyophilized form from the manufacturer. Pre-
pare a 400 µM stock solution of each in TE buffer, pH 7.5. This calculation is
easily made using the yield in nanomoles or micromoles for each primer pro-
vided by the manufacturer.  Using the stock solutions, prepare 1:20 dilutions in
water of each primer for the 20 µM working solutions. Water is used as the diluent
to minimize the amount of EDTA (which chelates the divalent magnesium ions)
added to the PCR.

14. DNA template sample vol can range from 0.5–10 µL, depending on the concen-
tration of DNA. The vol of water to add in the 1X PCR formula must be adjusted
accordingly; 5 µL is a convenient volume to accurately pipet.
Control tubes should always include a negative control in which water is substi-
tuted for the sample DNA template. In this way, contamination of the PCR mix-
ture or nuclease-free water can be detected. A positive control using known
template material serves as a check on the PCR.
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Detection and Differentiation
of Chlamydiae by Nested PCR

Konrad Sachse and Helmut Hotzel

1. Introduction

1.1. Characteristic Features and Importance of the Agents

Chlamydiae are obligate intracellular prokaryotes with a hexalaminar cell
wall that, in contrast to other gram-negative bacteria, contains no peptidogly-
can. As a major antigenic constitutent, their outer membrane contains a
10-kDa lipopolysaccharide (LPS) with a trisaccharide epitope specific for
the family Chlamydiaceae (1). Another characteristic antigenic component
is the major outer membrane protein (MOMP), a cysteine-rich protein of
approx 40 kDa representing approx 60% of the weight of the outer mem-
brane. This molecule harbors several genus- and species-specific antigenic
determinants in the conserved regions and serovar-specific epitopes in vari-
able domains (2).

A unique feature of chlamydiae is the biphasic developmental cycle, in the
course of which two distinct morphological forms emerge. At the extracellular
stage, the smaller infectious and metabolically inactive elementary bodies are
prevailing, whereas the larger metabolically active and self-replicating reticu-
lar bodies reside in vacuole-like cytoplasmic inclusions of the host cell.

Traditionally, the genus Chlamydia (C.) comprised four species, i.e., C. tra-
chomatis, C. psittaci, C. pneumoniae, and C. pecorum. However, a large
amount of new DNA sequence data led Everett et al. (3) to reassess genetic
relatedness and propose taxonomic reclassification. According to this proposal,
the family Chlamydiaceae consists of two genera, Chlamydia and Chlamy-
dophila, with a total of nine largely host-related species. The two classification
schemes are summarized in Table 1.
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The group of chlamydial species includes agents of important animal and
human diseases. Chlamydiae are very wide spread in many host organisms, but
not nearly all carriers develop symptoms of disease.

Avian strains of C. psittaci (new classification: Chlamydophila psittaci)
can cause psittacosis, a systemic disease in psittacine birds of acute, pro-
tracted, chronic, or subclinical manifestation (4,5). The analogous infection
in domestic and wild fowl is known as ornithosis. Avian chlamydiosis is trans-
missible to humans, the symptoms being mainly nonspecific and influenza-
like, but severe pneumonia, endocarditis, and encephalitis are also known.

Enzootic abortion in sheep and goats is caused by the ovine subtype of
C. psittaci (new: Chlamydophila abortus). The disease has a major economic
impact as it represents the most important cause of loss in sheep and goats in
parts of Europe, North America, and Africa (6). This serious and potentially
life-threatening zoonosis also affects pregnant women after contact with
lambing ewes and leads to severe febrile illness in pregnancy (7,8).

In cattle, C. psittaci and C. pecorum were found in connection with infec-
tions of the respiratory and genital tracts, enteritis, arthritis, encephalomyelitis
(9), as well as endometritis and hypofertility (10).

Table 1
Comparison of Old and New Taxonomic Classification Schemes
for the Family Chlamydiaceae

Traditional species New species (3) Host specificitya

Chlamydia trachomatis human
Chlamydia trachomatis Chlamydia muridarum mouse, hamster

Chlamydia suis swine

Chlamydophila psittaci birds, ruminants, horse
Chlamydia psittaci Chlamydophila abortus sheep, other rumi

nants, swine, birds
Chlamydophila caviae guinea pig
Chlamydophila felis domestic cat

Chlamydia pecorum Chlamydophila pecorum cattle, sheep, goat,
swine, koala

Chlamydia pneumoniae Chlamydophila pneumoniae human, koala,
horse, amphibians

a Hosts are given according to present knowledge. As species-specific methods of identifica-
tion will be used to a greater extent in the future, further widening of the host range can be
expected in some cases.
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Chlamydioses in pigs are associated with three different species, i.e., C. tra-
chomatis (new: Chlamydia suis), C. pecorum and C. psittaci (11). A widely
held view is that chlamydiae may act in concert with other agents in multifac-
torial infectious diseases, such as abortions in sows, polyarthritis in piglets,
diarrhea in pigs, and genital disorders in boars (12).

Other relevant animal diseases include conjunctivitis in cats caused by the
feline serovar of C. psittaci (new: Chlamydophila felis), respiratory disorders
and abortion in horses caused by C. pneumoniae (new: Chlamydophila
pneumoniae) and C. psittaci, respectively. C. pneumoniae has also been iso-
lated from diseased koalas and frogs.

Apart from zoonotic diseases mentioned above, chlamydiae are responsible
for a number of diseases in humans, e.g., trachoma, respiratory infection, sexu-
ally transmitted infection of reproductive organs (C. trachomatis), as well as
pneumonia in adults and cardiovascular diseases (C. pneumoniae).

1.2. Conventional Diagnostic Methods
As chlamydiae need to pass through an intracellular stage during their life

cycle, they require tissue culture techniques to be isolated and propagated (13).
Indeed, recovery of the germs through culture in suitable cell lines, such as
Buffalo Green Monkey (BGM), McCoy, and HeLa, or via inoculation of
embryonated hens’ eggs is still regarded as the standard method in chlamydial
diagnosis. Naturally, culture is an indispensable prerequisite for demonstrating
the viability of a field strain, as well as for its detailed characterization by
molecular and biochemical methods. There is, however, no correlation between
in vitro growth and pathogenicity of an isolate. While many avian and ovine
strains of C. psittaci (new: Chlamydophila psittaci/abortus) or porcine isolates
of C. trachomatis (new: C. suis) can be propagated in tissue culture relatively
easily, others are more difficult to grow, e.g., strains from cattle and swine
belonging to C. psittaci. In any case, diagnosis by cell culture requires very
experienced laboratory workers and standardized protocols. Results are avail-
able within 48–72 h for well-growing isolates, but may be delayed for 2–6 wk
with more difficult samples.

Other methods of antigen detection include histochemical staining, e.g.,
Giménez stain (14), and immune fluorescence. While the methodology is rela-
tively simple, sensitivity is lower than for culture, and as a rule, positive find-
ings merely indicate the presence of chlamydiae in general.

Commercially available antigen enzyme linked immunosorbent assays
(ELISAs) targeting chlamydial LPS only allow the detection of the genus
Chlamydia (new: Chlamydia and Chlamydophila) without the possibility of spe-
cies identification (15). Likewise, tests based on MOMP as target antigen are
limited in their specificity. The attainable detection limit of 102–105 inclusion-
forming units (ifu) can be insufficient for certain categories of field samples.
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Table 2
Primers for Detection of Chlamydiae

Denomination Sequencea (5'-3')

191CHOMP GCI YTI TGG GAR TGY GGI TGY GCI AC
CHOMP371 TTA GAA ICK GAA TTG IGC RTT IAY GTG IGC IGC
201CHOMP GGI GCW GMI TTC CAA TAY GCI CAR TC
CHOMP336sb CCR CAA GMT TTT CTR GAY TTC AWY TTG TTR AT
218PSITT GTA ATT TCI AGC CCA GCA CAA TTY GTG
TRACH269 ACC ATT TAA CTC CAA TGT ARG GAG TG
PNEUM268 GTA CTC CAA TGT ATG GCA CTA AAG A
204PECOR CCA ATA YGC ACA ATC KAA ACC TCG C

a Degenerate nucleotides: K � G, T; M � A, C; R �A, G; W � A, T; Y � C , T; I � inosine.
b Modified from ref. (21).

Among serodiagnostic tests, the antibody ELISA is easy to handle, suitable
for high sample throughput and more sensitive and faster than the complement
fixation test (16). The latter is still widely used despite being rather laborious,
poorly reproducible between different laboratories, and having low specificity.
Generally, serological tests are based on the two main cross-reactive antigens
present in all chlamydial species, LPS and MOMP, and so are not species-
specific. New tests using highly specific capture antigens have been developed
(17), but still need to be validated.

1.3. PCR-Based Detection and Differentiation
The possibilities of diagnostic detection of chlamydiae have considerably

improved with the introduction of molecular methods, particularly the poly-
merase chain reaction (PCR), which permits direct identification from clinical
specimens and genetically based differentiation of species.

Among the large number of tests published in the literature, only a few were
designed to cover all chlamydial species. They utilize two different genomic
target regions for amplification, i.e., the ribosomal RNA gene region (18–20)
and the gene encoding the MOMP antigen designated omp1 or ompA (21,22).
The latter harbors four variable domains known as VD I–IV and five conserved
regions. Genus- and species-specific antigenic determinants are encoded by the
conserved regions, and serovar-specific segments are located in VD I and VD II.
This heterogeneous primary structure makes the omp1 gene an ideal target for
diagnostic PCR.

In the present chapter, a nested-PCR assay targeting the omp1 gene is de-
scribed. The methodology is based on the paper of Kaltenböck et al. (21),
only one primer was modified (see Table 2), but amplification profiles and



Chlamydia PCR 127

pre-PCR processing of samples were optimized in our laboratory. In the first
amplification, primer binding sites are located in conserved regions between VD
II/VD III and downstream VD IV, whereas in the second round, primers flanking
VD III (C. trachomatis, C. pneumoniae) and VD III or VD IV (C. psittaci,
C. pecorum), respectively, are used. The principle of the nested amplifications and
species differentiation is depicted in Fig. 1. Although the procedure identifies
chlamydial species according to the traditional classification, we found it very
robust for routine use and the most sensitive among several protocols (see Note 1).

2. Materials
2.1. DNA Extraction

1. Water. Deionized water must be used for all buffers and dilutions.
2. Lysis buffer: 100 mM Tris-HCl, pH 8.5, 0.05% (v/v) Tween® 20.
3. Proteinase K: 10 mg/mL in water
4. Phosphate-buffered saline (PBS): 10 mM Na2HPO4, 10 mM NaH2PO4, 145 mM

NaCl, pH 7.0. Adjust pH by adding NaH2PO4.
5. Tris-EDTA (TE) buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA (ethylene

diamine tetraacetic acid).
6. Sodium dodecyl sulfate (SDS) solution: 10 mg/mL in TE.

Fig. 1. Principle of detection and differentiation of chlamydial species using a
nested PCR system targeting the omp1 gene. The upper bar represents the omp1 gene
with the leader peptide (LP) and VD I–IV. In the first amplification (outer primer pair
191CHOMP/CHOMP371), a genus-specific product is generated. The second round
of PCR involves one genus-specific inner primer (201CHOMP or CHOMP336s) and
one species-specific primer (TRACH269/PNEUM268 or 218PSITT/204PECOR, re-
spectively). Boxed numbers denote amplicon sizes.



128 Sachse and Hotzel

7. Phenol: saturated solution in TE buffer. If two separate phases are visible, use the
lower phase only.

8. Chloroform-isoamyl alcohol: 24:1 (v/v).
9. Isopropanol, analytical, or molecular biology grade.

10. Commercially available DNA extraction kit for PCR template preparation (see
Note 2). In our hands, the following products worked well: High Pure PCR Tem-
plate Preparation Kit (Roche Diagnostics, Mannheim, Germany), QIAamp® DNA
Mini Kit (Qiagen, Hilden, Germany), E.Z.N.A. Tissue DNA Kit II (Peqlab,
Erlangen, Germany).

2.2. PCR

1. Taq DNA polymerase. We use MasterTaq (5 U/µL) from Eppendorf (Hamburg,
Germany).

2. 10X Reaction buffer for Taq DNA polymerase: provided by the manufacturer of
the enzyme.

3. dNTP mixture: dATP � dGTP � dCTP � dTTP, 2 mM each. Store in aliquots at
–20°C.

4. Primer oligonucleotides according to Table 2.

2.3. Electrophoresis and Visualization
1. Agarose, molecular biology-grade: 1% gels for PCR products of 300–1000 bp,

2% gels for products below 300 bp.
2. Tris-borate EDTA electrophoresis buffer (TBE): 0.09 M Tris-borate, 0.002 M

EDTA, pH 8.0. For 1 L of 10X TBE, mix 108 g Tris-base, 55 g boric acid, and
80 mL of 0.25 M EDTA, make up with water. Dilute 1:10 before use.

3. Gel loading buffer (GLB): 20% (v/v) glycerol, 0.2 M EDTA, 0.01% (w/v) bro-
mophenol blue, 0.2% (w/v) Ficoll® 400.

4. Ethidium bromide stock solution: 1% (10 mg/mL) solution in water.
CAUTION: The substance is presumed to be mutagenic. Avoid direct contact
with skin. Wear gloves when preparing solutions and handling gels.

5. DNA size marker. We mostly use the 100-bp DNA ladder (Gibco/Life Technolo-
gies, Eggenstein, Germany). For large fragments, HindIII-digested λ DNA
(Roche Diagnostics) may be used.

2.4. General Equipment and Consumables

1. Thermal cycler. We use the T3 Thermal cycler (Biometra, Goettingen, Germany)
and the Mastercycler (Eppendorf).

2. Vortex shaker, e.g., MS1 Minishaker (IKA Works, Wilmington, DE, USA).
3. Benchtop centrifuge with Eppendorf rotor, e.g., Model 5402 (Eppendorf) and/or

a mini centrifuge, e.g., Capsule HF-120 (Tomy Seiko, Tokyo, Japan).
4. Heating block, for incubation of Eppendorf tubes, adjustable temperature range

30–100°C.
5. Apparatus for horizontal gel electrophoresis.
6. UV transilluminator, 254 nm and/or 312 nm.
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7. Video documentation or photographic equipment.
8. Set of pipets covering the whole vol range from 0.1–1000 µL. We use the

Eppendorf Research series (Eppendorf).
9. Aerosol-resistant pipet tips (filter tips),

10. Plastic tubes 0.2 or 0.5 mL, sterile, thin-walled, DNase-, and RNase-free
(Eppendorf) for PCR.

11. Plastic tubes 1.5 and 2.0 mL for pre-PCR operations.

3. Methods

3.1. DNA Extraction from Different Sample Matrixes

3.1.1. Broth Culture

The simplest method to release DNA suitable for PCR from chlamydial cell
cultures is 5-min boiling. After removal of cellular debris by centrifugation at
12,000g for 1 min, the supernatant can be used as template. Failure to amplify a
specific target could be due to the presence of PCR inhibitors. In these instances,
a commercial DNA extraction kit should be tried (see Note 2).

3.1.2. Swabs (e.g., Nasal, Vaginal, Conjunctival)
and Mucus, Bronchoalveolar Lavage or Sputum

1. Pipet 500 µL of lysis buffer into a 2-mL Safe-Lock tube containing the cotton swab.
2. Vortex mix thoroughly for 1 min
3. Centrifuge at 12,000g for 30 s.
4. Put the swab into a 1-mL pipet tip whose lower half was cut off and place it all

into a fresh tube.
5. Centrifuge at 12,000g for 1 min to press the remaining liquid out of the cotton.
6. Add the liquid to that in the first tube from step 3. If you have samples of mucus,

bronchoalveolar lavage or sputum, start with step 7.
7. Centrifuge the liquid or mucus at 12,000g for 15 min.
8. Discard the supernatant and resuspend the pellet in 50 µL of lysis buffer.
9. Add 20 µL of proteinase K and incubate at 60°C for 2 h.

10. Inactivate the proteinase K by heating at 97°C for 15 min.
11. Centrifuge at 12,000g for 5 min to remove debris.
12. Use 5 µL of the supernatant for PCR.

3.1.3. Tissue from Lung, Tonsils, Lymphnodes, Spleen, Liver,
and Other Organs

1. Boil 100 mg of homogenized tissue in 200 µL of water in a plastic tube for 10 min.
Subsequently, allow the tube to cool to room temperature.

2. Optionally, proteinase digestion can be carried out to increase the final yield of
DNA: add 200 µL SDS solution and 20 µL of proteinase K to the tube and incu-
bate at 55°C for 1 h.

3. Add 200 µL of phenol.
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4. Vortex mix vigorously for 1 min.
5. Centrifuge at 12,000g for 5 min.
6. Transfer the (upper) aqueous phase into a fresh tube.
7. Add 200 µL of chloroform-isoamyl alcohol.
8. Vortex mix at highest intensity for 1 min.
9. Pipet the (upper) aqueous phase into a fresh tube.

10. Precipitate DNA by adding 120 µL of isopropanol. Thoroughly mix the reagents
and incubate at room temperature for 10 min.

11. Collect DNA by centrifugation at 12,000g for 10 min. Discard supernatant.
12. Allow DNA pellet to air-dry for 30 min.
13. Redissolve pellet in 20 µL of water. Use 1 µL for an amplification reaction.

The described procedure is the simplest method for DNA extraction from
tissue specimens. Alternatively, commercial DNA extraction kits can be used
(see Note 2).

3.1.4. Feces (see Notes 2 and 3)

1. Add 200 µL of water to 100 mg of feces and vortex mix vigorously for 1 min.
2. Boil the suspension for 10 min.
3. Add 300 µL of phenol to each tube for DNA extraction and vigorously vortex

mix the mixture for 1 min.
4. Centrifuge at 14,000g for 5 min.
5. Transfer the (upper) aqueous phase into fresh tubes.
6. Add 300 µL of chloroform-isoamyl alcohol to each tube.
7. Vortex mix at highest intensity for 1 min.
8. Centrifuge at 14,000g for 5 min.
9. Transfer the (upper) aqueous phase into a fresh tubes.

10. Add 200 µL of isopropanol for DNA precipitation.
11. Mix reagents and incubate at room temperature for 10 min.
12. Centrifuge at 14,000g for 10 min. Discard supernatant.
13. Allow pellet (with DNA) to air-dry for 30 min.
14. Dissolve pellet in 20 µL water. Use 1 µL in an amplification reaction.

3.1.5. Semen (see Note 2)

1. Dilute 50 µL of semen in a plastic tube with 150 µL of SDS and homogenize by
intensive vortex mixing.

2. Digest proteins by adding 20 µL of proteinase K solution and vortex mix for 1 min.
3. Incubate at 55°C for 1 h.
4. Continue extraction procedure as described for tissue (see Subheading 3.1.3.)

beginning with step 3.

3.1.6. Milk Samples

We use the QIAamp DNA Stool Kit (Qiagen) according to the instructions
of the manufacturer.
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3.2. DNA Amplification

3.2.1. Genus-Specific Detection of Chlamydiae

1. Prepare a master mixture of reagents for all amplification reactions of the series.
It should contain the following ingredients per 50-µL reaction: 1µL dNTP mix-
ture (2 mM each), 1 µL primer 191CHOMP (20 pmol/µL), 1 µL primer
CHOMP371 (20 pmol/µL), 5 µL reaction buffer (10X), 0.2 µL Taq DNA poly-
merase (5 U/µL), and 40.8 µL H2O (36.8 µL in case of swab specimens).

2. Add template to each reaction vessel: 1 µL of DNA extract from infected tissue
or 5 µL of extract from swab samples.

3. Include amplification controls: DNA of a chlamydial reference strain (positive
control) and water (negative control 1) instead of sample extract.

4. Run PCR according to the following temperature–time profile: Initial denatur-
ation at 95°C for 30 s, 35 cycles of denaturation (95°C for 30 s), primer annealing
(50°C for 30 s), and primer extension (72°C for 30 s).

5. Correct amplification leads to the formation of a 576–597-bp product specific
for the genus Chlamydia (according to the new taxonomy: Chlamydia and
Chlamydophila).

3.2.2. Species-Specific Detection of Chlamydiae

1. Choose primer pairs according to the scheme in Fig. 1 and Table 2. Prepare a
master mixture of reagents for all amplification reactions of the series. It should
contain the following ingredients per 50-µL reaction: 1 µL dNTP mixture (2 mM
each),  [1 µL forward primer 201CHOMP (20 pmol/µL) plus 1 µL reverse primer
TRACH269 or PNEUM268 (20 pmol/µL)] or [1 µL forward primer 204PECOR
or 218PSITT (20 pmol/µL) plus 1 µL reverse primer CHOMP336s (20 pmol/
µL)], 5 µL reaction buffer (10X), 0.2 µL Taq DNA polymerase (5U/µL), and
40.8 µL H2O.

2. Add 1 µL of the product from genus-specific PCR (see Subheading 3.2.1.) as
template to each reaction vessel.

3. Subject the products of positive control and negative control 1 (1 µL of each)
from the previous amplification to the second round of nested PCR. Additionally
include a fresh reagent control (negative control 2).

4. Run PCR according to the following temperature–time profile: initial denatur-
ation at 95°C for 30 s, 20 cycles of denaturation (95°C for 30 s), primer annealing
(60°C for 30 s) and primer extension (72°C for 30 s), (see Note 4).

5. The correct sizes of species-specific amplicons are 250 bp for C. trachomatis,
244 bp for C. pneumoniae, 389–404 bp for C. psittaci, and 426–441 bp for
C. pecorum (see Fig. 1).

The specificity of this procedure is illustrated in Fig. 2 and discussed (see
Note 5). The detection limit of the first-round PCR is in the order of 102 ifu,
and nested amplification allowed the detection of 10�1 ifu (see Fig. 3 and
Note 6).
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Fig. 2. Specificity of the nested amplification assay. Chromosomal DNA of field
isolates of C. psittaci, C. trachomatis, C. pneumoniae, and C. pecorum was amplified
according to the protocols given in Subheadings 3.2.1. and 3.2.2. In the second round,
the following primer pairs were used: 218PSITT/CHOMP336s (A), 201CHOMP/
TRACH269 (B), 201CHOMP/PNEUM268 (C), and 204PECOR/CHOMP336s (D).
Amplicon sizes are given at the left-hand margin.

3.3. Electrophoresis and Visualization

1. Prepare 1 or 2% (w/v) solution of agarose in TBE. Store gel in Erlenmeyer flasks
at room temperature.

2. Liquefy gel by microwave heating (approx 30 s at 600 W) prior to use.
3. Pour gel on a horizontal surface using an appropriately sized frame.
4. Fill electrophoresis tank with TBE buffer.
5. Run the gel at a voltage corresponding to 5 V/cm of electrode distance for approx

30 min.
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6. Load each well with 10 µL of PCR product mixed with 5 µL GLB.
7. Stain DNA bands by immersing the gel in ethidium bromide solution containing

5 µL of stock solution in 200 mL of water. (Alternatively, ethidium bromide-
containing agarose gels can be used. Add 5 µL of ethidium bromide solution to
100 mL of melted agarose in TBE buffer.)

8. Visualize bands under UV light using a transilluminator.

4. Notes
1. For differentiation of species according to the new taxonomic classification, the

method of Everett and Andersen (19) is recommended, which involves amplifi-
cation of a approx 600-bp fragment of the 16–23S intergenic spacer region of the
rRNA operon with subsequent restriction enzyme analysis. However, the method
is less sensitive than the present omp1-PCR by two orders of magnitude (23),
which makes it unsuitable for most field samples. In our hands, its main area of
application is the identification and differentiation of cultured strains.

2. The use of commercial DNA preparation kits can be recommended for samples of
organ tissue, broth culture, and, with some qualification, also for semen and feces.

Fig. 3. Sensitivity of detection of C. psittaci. Chromosomal DNA was prepared
from a culture of strain C5/98 of C. psittaci (new classification: Chlamydophila
psittaci) in BGM cells containing 108 ifu/mL. Aliquots from a dilution series were
amplified according to the protocols given in Subheadings 3.2.1. and 3.2.2.
(A) Genus-specific amplification using primer pair 191CHOMP/CHOMP371.
(B) Nested PCR using primers 218PSITT/CHOMP336s in the second round.
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In the latter instances, the kit should be tested with a series of spiked samples con-
taining defined numbers of chlamydia cells in order to examine its suitability.

Most commercial kits are easy to work with. They contain a special buffer
reagent for lysis of the bacterial and tissue cells, the effectiveness of which is
decisive for the kit’s performance. An optional RNase digestion is intended to
remove cellular RNA. The lysate is then centrifuged through a mini-column,
where the released DNA is selectively bound to a solid phase (modified silica,
hydroxyl apatite, or special filter membrane). After washing, the DNA can be
eluted with an elution buffer or water. DNA prepared in this manner is usually of
high purity and free of PCR inhibitors.

It should be noted, however, that the yield of extracted DNA is limited by the
binding capacity of the mini-column. If maximum recovery of chlamydial DNA
from high-titer samples is important, e.g., in quantitative assays or for preparation
of reference DNA, one of the multi-step extraction protocols should be followed.

3. Commercial DNA extraction kits for human stool specimens can be used in prin-
ciple. In our hands, the QIAamp DNA Stool Kit and the Invitek Spin Stool DNA
Kit (InVitek, Berlin, Germany) worked reasonably well. However, chlamydial
DNA recovery from specimens containing less than 103 ifu proved difficult. For
these cases, we recommend phenol-chloroform extraction as described in Sub-
heading 3.1.4.

4. Practical experience from routine use of the present methodology led us to set the
number of cycles to 20 in the second round of amplification. Running 30 cycles
or more would yield an increase in sensitivity, but the nested assay would be
more vulnerable to carryover contamination.

5. To assess the performance of the present PCR assay, a validation study was con-
ducted in our laboratory (23). In a series of 99 samples, PCR proved more sensi-
tive than cell culture, whereas both methods were nearly equivalent in terms of
specificity. The figures for cell culture were: sensitivity 74%, specificity 96%.

6. For correct interpretation of the sensitivity figures, it has to be noted that the
count of ifu is representative of the number of elementary bodies, but does not
comprise all chlamydial cells present in the culture or sample. Reticular bodies
residing in cellular inclusions also provide target DNA. Consequently, a content
of 10�1 ifu in infected cell culture or tissue does not necessarily mean that there
is less than one chlamydial cell.
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Detection of Toxigenic Clostridia

Michel R. Popoff

1. Introduction
Clostridia are anaerobic spore-forming bacteria that are widespread in the

environment. They produce many extracellular hydrolytic enzymes and are
especially involved in the decomposition of carcasses and plants in natural
conditions. Some species produce potent toxins and are pathogenic for man
and animals. Clostridia do not invade healthy cells nor multiply within them.
They are able to enter host organisms by two ways, the oral route and wounds,
but their proliferation in the intestinal content or in wounds requires the pres-
ence of risk factors. Thus, incomplete or nonfunctional digestive microflora in
newborns, perturbation of the digestive microflora by antibiotics, overfeeding,
intestinal stasis, or malignancy of the intestinal wall represent common factors
permitting clostridial growth. Deep wounds forming a small hole on the out-
side and harboring necrotic tissues enable their implantation in connective and
muscular tissues. Toxins as the main virulence factors are responsible for all
symptoms and lesions observed in clostridial diseases. Consequently, toxins
are the main target for diagnosis of clostridial diseases, as well as the basis for
efficient vaccines.

Two main classes of clostridial diseases can be distinguished according to
the mode of acquisition of the pathogen: (i) digestive and food-borne diseases
which are a consequence of the clostridia’s entry by the oral route; and (ii) the
affections due to the penetration of the agent through the teguments. The former
group of diseases includes enteritis, necrotic and/or hemorrhagic enteritis, and
enterotoxemia. Necrotic hepatitis, bacillary hemoglobinuria, blackleg and a
nervous affection characterized by flaccid paralysis (botulism) are also caused
by orally acquired clostridia. Entry of clostridia through the skin or mucosa
may result in gangrene, malignant edema and also tetanus, a nervous disease with
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spastic paralysis. The general paradigm of pathogenicity consists in overgrowth
of Clostridium spp. on the site of infection, mainly intestine or wound, production
and diffusion of toxin(s), which specifically interact with cells of the host organ-
ism. One exception is botulism, in which the toxin can be produced during growth
of Clostridium botulinum in food. Ingestion of food containing the mere botuli-
num toxin can be sufficient for the outbreak of the disease.

Diagnosis of clostridial infections is based on the toxins and/or phenotypic
characters. Clostridium spp. can be identified by classical methods of bacteri-
ology including colony isolation, characterization of the isolated clones, bio-
chemical properties, gas chromatography, and toxin production. The main
difficulty is that most of the pathogenic Clostridium spp. are strictly anaerobic
bacteria, which hampers their isolation from biological samples and identifica-
tion by culture. Most of the clostridial toxin genes are well characterized. This
permits the use of molecular methods for detection and identification of toxi-
genic Clostridium species from biological and food samples. The present chap-
ter is focused on the identification of toxigenic Clostridium spp. by polymerase
chain reaction (PCR) methods targeting toxin genes.

2. Materials
1. Culture (10 mL) of Clostridium strain in tryptone glucose yeast extract (TGY)

broth medium (trypticase 30 g/L, glucose 5 g/L, yeast extract 20 g/L, cysteine-
HCl 0.5 g/L, pH 7.4).

2. Culture of Clostridium strain in agar medium, TGY containing 15g/L bacto-agar
or other regular agar medium for anaerobic bacteria.

3. Instagen (Bio-Rad, Paris, France).
4. QIAamp® DNA Stool Mini Kit (Qiagen, Courtaboeuf, France).
5. Phenol-chloroform-isoamyl alcohol: 49.5:49.5:1 (v/v/v).
6. PCR equipment.
7. Oligonucleotide primers (see Tables 1–4): final working solution of 50 pmol/µL

in water.
8. dATP: 10 mM.
9. dCTP: 10 mM.

10. dGTP: 10 mM.
11. dTTP: 10 mM.
12. Taq DNA polymerase: 5 U/µL.
13. Taq reaction buffer (10X): 100 mM Tris-HCl, pH 8.3, 500 mM KCl, 15 mM

MgCl2, 1% gelatin (10X Taq reaction buffer provided by the supplier of Taq
DNA polymerase can be used instead).

14. Agarose and DNA electrophoresis equipment.
15. TAE buffer 50X: 2 M Tris-acetate, 50 mM EDTA, 242 g Tris-base, 57.1 mL

glacial acetic acid, 100 mL 0.5 M EDTA, pH 8.0, for 1 L.
16. Ethidium bromide: 10 mg/mL.
17. DNA ladder (size marker).
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Table 1
Primers for Toxin Gene Detection in Clostridium botulinum A, B, E, F and G

T°C Accession
Toxin  Primer Sequence (5' → 3')   Positionsa Size (bp) of annealing number

BoNT/A P478 CAGGTATTTTAAAAGACTTTTGGGG 3638-3662 M30196
BoNT/A P479 TATATACACGATCATTATTTCTAAC 3877-3901 R 263 50
BoNT/B P482 GCGAATATTTAAAAGATTTTTGGGG 3298-3322 M81186
BoNT/B P483 CTAGATATATATAATCTTCTTTTCTAA 3538-3564 R 266 50
BoNT/E P480 CAAATATTTTGAAGGATTTTTGGGG 3434-3458 X62089
BoNT/E P481 TATATACCTGATCATTCTTTCTAAC 3652-3676 R 242 50

a R indicates reverse primer.

Table 2
Primers for Toxin Gene Detection in C.  botulinum C and D

T°C Accession
Toxin Primer Sequence (5' → 3')   Positionsa Size (bp) of annealing  number

BoNT/C1-D P293 TWA TTC CMT ATA TAG GAC C 2097–2115  from bont/C1 340 X53751X54254
1917–1936  from bont/D

BoNT/C1-D P294 TTT AGC TTT GAT TGC ACC TGC CTG 2413–2437 R from bont/C1 50 X53751X54254
2258–2234 R from bont/D

BoNT/C1 P295 GAA GCA TTT GCA GTT A 2158–2174 199 X53781
BoNT/C1 P296T GG ATA ACC ACG TTC CCA T 2338–2357 R 50 X53781
BoNT/D P297 CAA GCA TTT GCA ACA G 1979–1995 199 X54254
BoNT/D P298 TTG ACA ACC AAT TTG ATA C 2159–2178 R X54254

a R indicates reverse primer.
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Table 3
Primers for Toxin Gene Detection in C. perfringens

Reference
T°C of or accession

Toxin Primer Sequence (5' —> 3')    Positionsa Size (bp) annealing    number

α PL3 AAG TTA CCT TTG CTG CAT AAT CCC 1676–1699 R 236 50 Infect. Immun.
1989, 57, 367

α PL7 ATA GAT ACT CCA TAT CAT CCT GCT 1418–1440
Enterotoxine P145 GAA AGA TCT GTA TCT ACA ACT GCT GGT CC 472–500 425 50 Ant. Leeuw.

1989 56, 181–190
Enterotoxine P146 GCT GGC TAA GAT TCT ATA TTT TTG TCC AGT 868–897 R
β1 P463 CTA ATA TGT CTG TAG TTC TAA CTG CTC CTA 1127–1156 102 50     L13198
β1 P464 TAT CTA CAT TTG GGG TAT CAA AAG CTA GCC 1287–1258 R
β2 P465 TTT TCT ATA TAT AAT CTT ATT TGT CTA GCA 978–948 R 277 50     L77965
β2 P466 AGT TTG TAC ATG GGA TGA TGA ACT AGC ACA 723–752
ε P497 GTC CCT TCA CAA GAT ATA CTA GTA CC 1051–1101 172 50     M80837
ε P498 CCT AGG AAA AGC TAA ATA ACT AGG 1183–1223 R
ι Ia P245 GCT TTT ATT GAA AGA CCA GAA 1588–1609 642 50     X73562
ι Ia P240 CAT CTT TAA AAT CAA GAC TG 2233–2214 R
ι Ib P181 GTG TGA GAA TAG CTT GTA GTT 3945–3925 R 480 50     X73562
ι Ib P187 TGA AAA TGA TCC GTT TAT ACC 3445–3465

a R indicates reverse primer.
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Table 4
Primers for Toxin Gene Detection in other Clostridium spp.

T°C Accession
Toxin Primer Sequence (5' —> 3') Positionsa of annealing Size(bp) number

ToxA C. difficile P533 CCT AAT ACA GCT ATG GGT GCG AAT GG 7919–7944    M30307
ToxA C. difficile P534 GGG GCT TTT ACT CCA TCA ACA CCA AAG 8251–8277 R 55 358
ToxB C. difficile P537 AAA AAT GGA GAG TCA TTC AAC 1137–1157    X53138
ToxB C. difficile P538 GCC CTT GAT TTA TAA TAC CC 1538–1557 R 55 420
CDTa C. difficile P368 GAA GCA GAA AGA ATA GAG C 312–331    L76081
CDTa C. difficile P589 GGT TTT TCA TCA CCT TTT CCA GG 675–697 R 55 385
CDTb C. difficile P304 TAA ACA AAG GAG AAT CTG C 2680–2699    L76081
CDTb C. difficile P590 TTT CTA ATT TAA TTT GCT TTC CAG C 2953–2977 R 55 297
Tox α novyi P531 GAA GGA GAT AAA AGT GCT ATA AAT TAT AAA GG 6146–6177    Z48636
Tox α novyi P532 CAC CTA ATA CTC GCC AAC CCG TTA CTG CAC 6555–6585 R 55 439
Tox α septicum P512 CTT ACA AAT CTT GAA GAG GGG GG 654–676    D17668
Tox α septicum P513 CAT TTG GAT TGT ATC TAG CAG 924–904 R 55 239
LT C. sordellii P535 CTA GAA AAA TTT GCT GAT GAG GAT TTG GTA AG 1202–1233    X82638
LT C. sordellii P536A GG CTT GAT TTA TAA CAG AGT TAT TGG C 1607–1634 R 55 432
Neuramnidase
C. sordellii P708 GACTTTGGCAGATGGTACTATGCTAGC 180–206    U77593
Neuramnidase
C. sordellii P709 CATCAGAATAAACCATTTGAACAGACC 458–481R 55 301
rRNA gene
C. chauvoei CC16S-L GTCGAGCGAGGAGAGTTC 54–71 58 960    M59091
rRNA gene
C. chauvoei CC16S-R TCATCCTGTCTCCGAAGA 996–1013R
Tetanus toxin
C. tetani P476 ATGCCAATAACCATAAATAATTTTAGATATAG 397–P292 55 1475    X04436
Tetanus toxin
C. tetani P477 TTCATCTTGAAATGGTTCTTCTG 1734–1756R

a R indicates reverse primer.



142 Popoff

18. Agarose gel loading dye: 100 mM EDTA, 30% glycerol, 0.25 % bromophenol blue.
19. Denaturing solution: 200 mM NaOH, 500 mM EDTA.
20. Hybridization buffer: 5X saline sodium citrate (22 g/L sodium citrate, 43.8 g/L

NaCl), 0.1% laurylsarcosine sodium, 0.02% sodium dodecyl sulfate, 1% block-
ing reagent (Roche Diagnostics, Penzberg, Germany).

21. Washing buffer: 100 mM Tri-HCl, pH 7.5, 150 mM NaCl, 0.5 g/L Tween 20®,
1% blocking reagent, 100 µg/mL fish sperm DNA.

22. Revelation buffer: 100 mM maleic acid, pH 7.5, 150 mM NaCl, 1% blocking
reagent, 1% peroxidase-labeled anti-digoxigenin antibody (Roche Diagnostics).

23. 3,3',5,5'-tetramethylbenzidine (Roche Diagnostics).
24. Stop solution: 1.5 M H 2SO4.

3. Methods
3.1. Cultures
3.1.1. Broth Medium

Inoculate one colony from an agar medium culture in 10 mL of broth medium.

3.1.2. Agar Medium

Use an isolated colony from TGY agar medium or other solid medium for
anaerobic bacteria for PCR detection.

3.1.3. Enrichment Culture from Food or Biological Samples

Food: Inoculate 25 g in 225 mL of TGY broth.
Biological samples: The content from small intestine is the preferred sample

for diagnosis of clostridial gastro intestinal diseases. Use muscle or exudation
from gangrenous lesions. Inoculate 1 mL or 1 g in 9 mL of TGY broth.

Culture in anaerobic conditions at 37°C for 18 h. Anaerobic jars containing
gaspack or H2-CO2 (95:5), or an anaerobic chamber can be used.

3.2. DNA Extraction
3.2.1. DNA Extraction from Broth Culture

1. Centrifuge 1 mL culture for 10 min at 13,000g.
2. Wash the pellet in 1 mL of distilled water.
3. Suspend the pellet in 200 µL of Instagen.
4. Incubate at 56°C for 30 min and vortex mix vigorously for 10 s.
5. Incubate for 10 min at 95°C and vortex mix vigorously for 10 s.
6. Centrifuge for 10 min at 13,000g. The supernatant is immediately used for PCR.

3.2.2. DNA Extraction from Colonies Grown on Agar Medium

Resuspend one colony in 200 µL of Instagen and proceed with the Instagen
protocol as above (see Subheading 3.2.1., steps 4–6).
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3.2.3. DNA Extraction from Biological Samples (see Note 1)
3.2.3.1. INSTAGEN METHOD

Use the same protocol as for DNA extraction from broth culture. Liquid
samples can be processed as broth culture, and solid samples are homogenized
in phosphate buffered saline (PBS) 1:10 (w/v).

3.2.3.2. QIAGEN METHOD

For those samples containing PCR inhibitors, a more reliable method of
DNA extraction is required. The QIAamp DNA Stool Mini Kit has proved
suitable for a variety of sample matrixes.

1. Pipet 200 mL of liquid sample or weigh 180–220 mg of solid sample in a 2-mL
microcentrifuge tube.

2. Add 1.2 mL of ASL buffer (provided in the kit), vortex mix for 1 min or until the
sample is thoroughly homogenized.

3. Incubate at 70°C for 5 min.
4. Vortex mix for 15 s and centrifuge (18000g) for 1 min.
5. Pipet 1.2 mL of the supernatant in another 2-mL microtube and discard the pellet.
6. Add 1 inhibiEx tablet (provided in the kit) and vortex mix until the tablet is com-

pletely suspended. Incubate 1 min at room temperature.
7. Centrifuge at high speed for 3 min.
8. Pipet the supernatant in a 1.5 mL microtube and discard the pellet. Centrifuge at

high speed for 3 min.
9. Pipet 15 µL of proteinase K solution (provided in the kit) into a fresh 1.5-mL

microtube.
10. Pipet 200 µL of supernatant from step 8 into the microtube containing proteinase K.
11. Add 200 µL of buffer AL and vortex mix for 15 s.
12. Incubate at 70°C for 10 min.
13. Add 100 µL of ethanol and vortex mix to homogenize.
14. Apply the complete lysate from step 13 in a QIAamp spin column sitting in a

2-mL microtube, and centrifuge for 1 min. Place the QIAamp spin column in a
new 2-mL microtube and discard the filtrate.

15. Add 500 µL of buffer AW1 into the column, centrifuge for 1 min. Place the
QIAamp spin column in a new 2-mL microtube and discard the filtrate.

16. Add 500 µL of buffer AW2, centrifuge for 2 min and discard the filtrate.
17. Transfer the QIAamp column into a new 1.5-mL microtube, and add 200 µL of

buffer AE onto the QIAamp membrane. Incubate for 1 min and centrifuge for
1 min. Use 5 µL for PCR. Add bovine serum albumin (BSA) to a final concentra-
tion of 0.1 µg/µL in the PCR mixture. The DNA extract can be stored at –20°C
for later use.

3.3. Amplification by PCR (General Protocol)
3.3.1. Preparation of the Master Mixture

Prepare a master mix for all amplification reaction of the series. It should
contain the following concentrations of reagents in each 50-µL reaction:
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Taq reaction buffer 1X, deoxynucleotide triphosphates 200 µM each, prim-
ers forward and reverse 0.5 µM each, Taq polymerase 2.5 U, and template as
described previously (3 µL).

For instance, a 1-mL master mixture will contain: 100 µL Taq reaction buffer
(10X), 20 µL dATP (10 mM), 20 µL dCTP (10 mM), 20 µL dGTP (10 mM),
20 µL dTTP (10 mM), 10 µL Forward primer (50 pmol/µL), 10 µL Reverse
primer (50 pmol/µL), 800 µL Distilled water.

The master mixture can be aliquoted and stored at –20°C until use.
For PCR, add 46 mL of master mixture, 1 mL of Taq polymerase, and 3 µL

of template (DNA extract) to each tube.

3.3.2. Amplification Cycles

Run the PCR according to the following temperature–time profile: Initial
denaturation 95°C for 5 min, 30 cycles of denaturation (95°C for 20 s), primer
annealing (for annealing temperature see Tables 1–4, for a duration of 20 s),
elongation (72°C for 20 s), and final extension at 72°C for 5 min.

3.4. Strategy for Identification of Clostridium botulinum Toxin
Gene Types A, B, E, F, and G

The identification of C. botulinum A, B, E, F, and G using specific primers
for each toxin gene has been described by several authors (1–9). For certain
applications, mainly food control, it is more useful to detect neurotoxigenic
C. botulinum, C. butyricum, and C. baratii in a multiplex PCR. For this pur-
pose, a degenerate set of primers flanking a specific neurotoxin gene frag-
ment from C. botulinum A, B, E, F, G, C. butyricum E, and C. baratii F has
been designed (10–14). We have also proposed a method consisting of a PCR
amplification using one degenerate primer pair and identification of the
amplicons by hybridization with 5 individual probes specific to each toxin
gene A, B, E, F, and G, respectively (14).

We now prefer to use a mixture of primers specific for neurotoxin genes A,
B, and E instead of the degenerate primer pair (first amplification). When posi-
tive results are obtained, identification of the toxin gene type is achieved with
a second PCR, using specific primers for each toxin gene, preferentially A, B,
and E, which are the most common types. The recommended protocol is given
in the following paragraphs.

3.4.1. Preparation of Primers BotU and BotR (see Table 2)

For BotU, mix: 50 pmol/µL P478, 50 pmol/µL P480, and 100 pmol/µL P482,
(final concentrations).

For BotR, mix: P479 50 pmol/mL, P481 50 pmol/µL, and P483 100 pmol/
µL (final concentrations).
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3.4.2. First Amplification
Proceed as described in Subheading 3.3.

3.4.3. Second Amplification
In case of a positive result, three more PCRs are performed with the follow-

ing primers:
P478/P479 (type A), P482/P483 (type B), and P480/P481 (type E).

3.5. Identification of Clostridium botulinum
Toxin Gene Types C and D

C. botulinum C and D are responsible for animal botulism. A nested PCR
procedure is recommended for the detection and identification of each toxin
type (15).

In the first round of PCR, primers P293 and P294 (Table 2) are used to
amplify a 340-bp fragment that is common to both C. botulinum C and D neu-
rotoxin genes.

In the second round, 3 µL of the first PCR are diluted 1:10 in distilled water
and used for two parallel amplifications with: P295/P296 specific for C. botu-
linum C and P297/P298 specific for C. botulinum D.

3.6. Strategy for Identification of Clostridium perfringens

Strains of C. perfringens produce numerous toxins, and various toxin types
have been described (16). While the accepted standard method for C. perfringens
toxin typing includes a mouse bioassay, molecular biological methods based on
amplification by PCR are more reliable, accurate, and rapid. In particular, detec-
tion of the C. perfringens enterotoxin by biological or immunological methods
requires sporulating cultures, since this toxin is only produced during the sporu-
lation phase. However, C. perfringens isolates very often do not sporulate in
regular or even sporulation culture medium. In contrast, detection of the
C. perfringens enterotoxin gene by PCR can be performed on both sporulating or
nonsporulating cultures. Specific C. perfringens toxin gene probes are listed in
Table 3. Note that iota toxin, and also C. difficile CDT and C. spiroforme toxin,
represent binary toxins consisting in two independent proteins encoded by two
separate genes. Probes for enzymatic component genes (Ia, CDTa, and Sa) and
for binding component genes (Ib, CDTb, and Sb) are included.

Numerous methods for C. perfringens toxin gene detection by PCR have
been described (17–28). The classical method consists of a single reaction for
each toxin gene. Combinations of two or three primer pairs were successfully
performed for simultaneous detection of two or three toxin genes. For example,
the identification of α toxin and enterotoxin genes by duplex amplification
was shown to be useful in food microbiology. Since the α toxin is present in
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almost all C. perfringens strains, it represents a marker of C. perfringens spe-
cies, and the enterotoxin gene, which is present only in some strains respon-
sible for food intoxication, is a suitable target for the identification of
enterotoxigenic strains (20). In some circumstances, a quantitative result is
required (see Note 2).

The standard protocol of C. perfringens typing includes: DNA extraction
from broth culture (see Subheading 3.2.1.) or colonies (see Subheading
3.2.2.). PCR amplification (see Subheading 3.3.) using primers specific for
each toxin gene (Table 3).

3.7. Differentiation of C. chauvoei and C. septicum

C. chauvoei and C. septicum are two closely related pathogenic bacteria.
The gene of the α-toxin, which is the main toxin produced by C. septicum, has
been characterized and can be used as target for PCR detection (see Table 4).
However, no toxin gene of C. chauvoei has been cloned or sequenced yet.

The method proposed here targets the ribosomal RNA gene region (29,30).
Primers CC16S-L/CC16S-R (Table 4) give rise to an amplification product
of 960 bp for C. chauvoei and, to a lesser extent, for C. septicum. The distinc-
tion between C. chauvoei and C. septicum can be made by analysis of the
restriction digestion pattern of PCR products using HincII/SspI enzymes and
2%-agarose gel electrophoresis. Digestion by HincII/SspI will produce 118,
182, 186, and 474-bp fragments for C. chauvoei, and 182, 304, and 474-bp
fragments for C. septicum.

3.8. Identification of C. tetani

 Samples (suppuration, necrotic tissue) from the inoculation wound are pro-
cessed for enrichment culture as described in Subheading 3.1.3., and subse-
quent PCR is conducted with specific primers (P476–P477) for the tetanus
toxin gene (Table 4).

3.9. Strategy for Identification
of Other Toxigenic Clostridium Species

Detection of other toxigenic Clostridium species from intestinal content or
organ samples is based on probes specific for toxin genes using the general
protocols of enrichment culture (see Subheading 3.1.), PCR (see Subheading
3.3.), and hybridization (see Subheading 3.10.2.). The probes for Clostridium
toxin genes are listed in Table 4.

Some Clostridium strains can easily lose their toxin gene after subculture.
This is the case with C. sordellii, which often becomes nontoxic after subcul-
ture. Specific probes derived from the sialidase gene, a stable gene in all C.
sordellii strains, are used for detection of this bacterium, and toxin gene probes
permit the identification of toxigenic strains. For the detection of C. sordellii
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from a sample, we recommend a PCR with primers P708–P709 (sialidase gene)
to identify the species C. sordellii, and another amplification using primers
P535–P536 (lethal toxin gene) (Table 4) to identify the toxigenic strains.

C. difficile is responsible for pseudomembranous colitis and postanti-
biotherapy diarrhea, which are the most prominent nosocomial affections in hos-
pitalized patients. This pathogen is also involved in some digestive diseases in
animals. C. difficile produces two main toxins called ToxA and ToxB, but some
strains only synthesize ToxA or ToxB, and others produce another toxin
(C. difficile transferase or CDT) which probably represents an additional viru-
lence factor. Specific ToxA, ToxB, and CDT gene probes are listed in Table 4.

3.10. Detection of PCR Products
3.10.1. Agarose Gel Electrophoresis

Agarose gel electrophoresis is the method of choice for checking the size
and purity of a PCR product.

1. To prepare a 2% agarose minigel, place 1 g of DNA-grade agarose in a 100-mL
flask or bottle.

2. Add 50 mL of 1X TAE buffer (49 mL distilled water and 1 mL of 50X TAE buffer).
3. Heat the mixture in boiling water or in a microwave for 2– 5 min for the agarose

to dissolve completely.
4. Cool the solution on the bench top for few min.
5. Add 10 mL of 10 mg/mL ethidium bromide stock solution.
6. Pour onto a gel casting stand with well comb(s) in place, and allow about 20 min

for the gel to set. Remove the comb(s) and transfer the solid gel to a gel tank and
add enough 1X TAE buffer (usually 500 mL) to cover the gel by at least several
millimeters.

7. Mix 10 µL of PCR product and 2 µL of gel-loading dye, and load the samples
into the wells. A sample DNA ladder is loaded in each agarose gel.

8. Run the gel at constant voltage of 100–120 V for approx 1 h until the dye front is
one-half to two-thirds of the way down the gel.

9. View the DNA by placing the stained gel on a UV lightbox.
10. (Optional) Photograph the gel on a UV illuminator using a Polaroid camera.

3.10.2. Hybridization
When many samples have to be routinely analyzed, agarose gel electro-

phoresis is not an appropriate method. This is the case for C. botulinum A, B,
and E examination of food samples. We have proposed a method that includes
transfer of PCR products onto nitrocellulose membrane and hybridization with
internal probes specific of each toxin type A, B, and E, respectively (31). A
preferred method is sandwich hybridization which can be automated (32).

The following protocol is from Fach et al. (manuscript submitted):

1. PCR amplification with BotU and BotR (see Subheading 3.3.).
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2. Add to each PCR tube 100 µL of denaturing solution and incubate at room tem-
perature for 10 min.

3. Transfer 50 µL of each reaction into a well of a 96-well microtiter plate coated
with streptavidin (Roche Diagnostics).

4. Add 200 µL of hybridization buffer and 12 pmol/mL of the capture probe (with
the 5' end labeled with biotin) and 12 pmol/mL of the detection probe (with the 3'
end-labeled with digoxygenin). Capture and detection probes are internal prim-
ers to the DNA fragment flanked by BotU and BotR.

5. Wash 6× with washing buffer.
6. Add 100 µL of revelation buffer.
7. Incubate at 37°C for 30 min.
8. Washings (see step 5).
9. Add 200 µL of 3,3',5,5'-tetramethylbenzidine.

10. Incubate at 37°C for 30 min.
11. Add 100 µL of stop solution.
12. Read the absorbance at 450 nm in a microplate reader. Twice the highest signal

obtained from negative samples or PCR water blanks is taken as background.

3.11. Interpretation of the Results

Evidence of a PCR product migrating at the expected size indicates the pres-
ence of the corresponding toxin gene in the examined bacterial strain. Further
confirmation can be achieved by hybridization with an internal probe of those
used for PCR. However, the presence of a toxin gene does not necessarily mean
that the toxin is effectively produced by this strain. Some toxin genes can be
silent (see Note 3).

4. Notes

1. The quality of DNA extraction is essential to avoid false negative results and
insure reproducibility. A positive PCR standard should be included for each DNA
extract. For this purpose, a known DNA (recombinant or bacterial wild-type
DNA) and a suitable primer pair are diluted in the DNA extract sample as for
PCR with the diagnostic primers. An internal standard is typically constituted of
a recombinant DNA, the ends of which are complementary to the primers used
for the diagnostic PCR (P1 and P2, for example). The size of the recombinant
DNA standard has to be different from that of the expected PCR product of a
positive sample. The standard DNA is added to the DNA extract sample, and
PCR is performed with primers P1 and P2. In the absence of PCR inhibitors, posi-
tive samples show two DNA bands on agarose gel electrophoresis one correspond-
ing to the internal standard and the other to the target DNA, and negative samples
only show one band corresponding to the internal standard. No PCR amplification
product with standard DNA and primers indicate that PCR inhibitors are probably
present in the sample. In that case, a more efficient method of DNA extraction
(e.g., QIAamp DNA Stool Mini Kit) has to be used with this sample.
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2. Quantification of toxigenic Clostridium spp. is required for certain biological
or food samples. For example, monitoring levels of C. perfringens is important
in the food industry, since low titers (50–200 colony forming units (cfu/g) of
this bacterium are tolerable in some food products. The standard detection by
PCR as described in the present chapter is not quantitative. The present quanti-
tative PCR technology is based on the detection of amplicons using hybridiza-
tion probes labeled with different fluorescent dyes (e.g., TaqMan® and
LightCycler® technology). A quantitative procedure based on the most prob-
able number method, consisting of inoculating serial dilutions of food samples
into enrichment medium and performing PCR with each dilution culture, which
has been proposed for evaluation of C. botulinum contents (7), could also be
used for other toxigenic Clostridium species. Another method developed for
quantitative detection of C. botulinum E (33) allows evaluation of C. botulinum
in the range from 102 to 108cfu/g within 1 or 2 h.

3. Evidence of a toxin gene does not mean that the toxin is actually produced by
the strain. A toxin gene can be silent. This is the case for the C. botulinum
neurotoxin B gene in some C. botulinum type A strains (34), as well as for the
enterotoxin gene in C. perfringens type E strains (35). Actual expression of
toxin genes can be shown by reverse transcription PCR (RT-PCR) targeting
clostridial mRNA. This methodology has been used to monitor neurotoxin E
production of C. botulinum (36).
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PCR-Based Detection of Coxiella burnetii
from Clinical Samples

Mustapha Berri, Nathalie Arricau-Bouvery, and Annie Rodolakis

 1. Introduction
Q fever is caused by Coxiella burnetii, an organism widely found in nature

and responsible for infections in arthropods, pets, domestic and wild ani-
mals, as well as humans (1,2). Conventional diagnosis of Q fever is mainly
based on serological tests, such as immunofluorescence, enzyme-linked
immunosorbent assay, and complement fixation (3). Isolation of C. burnetii
is performed in cell culture, animals or embryonated chicken eggs, however,
the procedure is time-consuming and hazardous and therefore restricted to
specialized laboratories. The highly sensitive polymerase chain reaction
(PCR) was shown to be a useful tool for the detection of C. burnetii-specific
genomic DNA sequences in biological samples (4–9). A PCR assay desig-
nated Trans-PCR, which targets a repetitive, transposon-like element (5–8)
proved to be specific and sensitive. However, the numerous DNA extraction
steps required are time-consuming and carry a high risk of carryover con-
tamination, thus reducing the assay’s sensitivity.

In the present chapter, we describe a simple DNA preparation method com-
bined with a Trans-PCR assay for sensitive and specific detection of
C. burnetii from ovine genital swabs, placenta, milk and fecal samples (9).
Examinations performed on samples taken from infected animals demon-
strated that this method could be suitable for routine diagnosis, particularly
for the collection of data about intermittent shedding of C. burnetii by ani-
mals and the elucidation of transmission routes (9, 10).
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2. Materials
1. C. burnetii Nine Mile phase I and II (Cote Ouest, Arcachon, France).
2. QIAamp® Tissue Kit 250 (Qiagen S.A., Courtaboeuf, France).
3. Perfect gDNA Blood Mini Kit (Eppendorf, Sartroville, France).
4. Proteinase K (Qiagen): working solution 20 mg/mL.
5. Oligonucletide primers (Eurogentec, Seraing, Belgium): stock solution 100 µM,

working solution 20 µM.
6. dNTP mixture: stock solution 10 mM, working solution 2 mM.
7. Magnesium chloride: 25 mM.
8. PCR 10X reaction buffer: 10 mM Tris-HCl, 50 mM KCl, 0.1% Triton® X-100.
9. Taq DNA polymerase (Promega, Charbonnières, France).

10. Agarose, molecular biology grade: for 1.5% (w/v) gels.
11. Ethidium bromide: 10 mg/mL.
12. DNA size marker: 100-bp ladder (Promega).
13. UV transilluminator.
14. Thermal cycler: UNO Thermobloc (Biometra, Göttingen, Germany).
15. TaqI and Alu restriction endonucleases (Appligen Ancor, France): 10 U/µL.
16. DNA sequencing equipment.
17. TA cloning kit (Invitrogen, Groningen, Netherlands).
18. Physiological saline solution: 145.4 mM NaCl, 7.4 mM KH2PO4, 11.5 mM

K2HPO4, pH 6.85.
19. Phosphate-buffered saline (PBS): 136.8 mM NaCl, 2.7 mM KCl, 1.5 mM

KH2PO4, 8.09 mM Na2HPO4/2H2O, pH 7.2–7.4.
20. Confined level L3 laboratory.

3. Methods
3.1. Coxiella Cultures

C. burnetii Nine Mile phase I and II isolate as standard was prepared. The
concentration of the bacterial suspension was determined by the manufacturer
and estimated to be 1010 Coxiella cells/mL. Serial dilutions were prepared from
the same bacterial suspension with determined concentration. C. burnetii sus-
pensions were stored at –20°C until use.

3.2. Collection of Samples

To make a valid diagnosis, samples must be collected correctly at the right
time. They must be clearly labeled and transported to the laboratory as quickly
as possible, having been cooled and packaged in a waterproof container hold-
ing sufficient absorbent material to avoid any loss of liquid. It must be kept in
mind that these biological samples are potentially hazardous to humans and,
therefore, any possible leakage must be prevented during transportation (11).
If the samples are not examined immediately on arrival to the laboratory, they
must be stored at �20°C (see Note 1).
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3.2.1. Vaginal Swabs

Vaginal secretions, sampled immediately after abortion by swabbing pro-
vide a suitable material for isolation and PCR analysis of abortive organisms.
They are not usually as heavily infected as the cotyledons, but they reflect
moderate infection of the placenta and are less hazardous to the handler.
Samples should be collected as soon as possible after abortion. Vaginal excre-
tion, often abundant during the first few days, can decrease rapidly or become
intermittent making testing inaccurate. Vaginal swabs are taken by the inser-
tion of a dry, sterile cotton wool swab (10 cm) into the vagina of each animal
and should be sent to the laboratory as they are without any transport medium.

3.2.2. Milk

Colostrum and milk from the quarters should be collected aseptically in a
sterile container. Before sampling, the teats have to be cleaned, and the first
two jets of milk should be discarded. The milk sample may stored at �20°C
before use.

3.2.3. Feces

As for milk samples, fecal material should also be taken directly from the
animal and collected in a sterile container. If the samples are not examined
immediately, they must be stored at �20°C.

3.2.4. Placental Tissue

The placenta, when available and not soiled, is the best sample for detection
of the abortive agents (see Note 1). Since the entire placenta is difficult and
hazardous to handle, it is better to sample the cotyledons. Thus, 5 or 6 cotyle-
dons and their intercotyledonary membranes should be collected and placed in
a sterile watertight container. Rinse them with physiological saline and dry
with filter paper. The samples may be stored at 4°C for several days or at
�20°C for several months.

3.3. DNA Extraction from Different Types of Samples

The sample preparation steps are performed in a confined level L3 labora-
tory. The DNA extraction steps can be conducted outside the safety laboratory
after proteinase K treatment.

3.3.1. DNA Extraction from C. burnetii Nine-Mile Reference Strain
1. Boil 100 µL of the bacterial suspension for 10 min.
2. Centrifuge the solution at 13,000g for 5 min.
3. After centrifugation, the supernatant can be used either as a positive amplifica-

tion control or for the evaluation of the sensitivity of the PCR assay.



156 Berri et al.

3.3.2. Vaginal Swabs

1. Wash the genital swab in 1 mL of PBS.
2. Digest a total of 200 µL of vaginal swab extract by proteinase K (final concentra-

tion 200 µg/mL) at 56°C during 3 h.
3. Heat the reaction mixture at 100°C for 10 min.
4. Instead of steps 1–3, 200 µL of the vaginal extract may be boiled for 10 min

(simple alternative).
5. Centrifuge the solution at 13,000g for 5 min.
6. Use 2.5 µL of the supernatant directly in the PCR assay or keep the DNA extract

at –20°C until use.

3.3.3. Milk Samples

1. Centrifuge 1 mL of milk sample at 13,000g for 60 min.
2. Remove cream and milk layers and wash the pellet 2× with sterile water.
3. Extract the DNA from the pellet with the QIAamp Tissue Kit 250 according to the

instructions of the manufacturer (for slight modifications, see Note 2 and Ref. 9).
4. Use 2.5 µL of DNA extract in the PCR assay.

3.3.4. Fecal Samples

1. Treat 20 mg of fecal sample directly with proteinase K (final concentration 200
µg/mL) in 1 vol of ATL lysis buffer (provided with the QIAamp Tissue Kit)
overnight at 56°C.

2. Add AL lysis buffer (QIAamp Tissue Kit) and heat the solution at 100°C for 10 min.
3. Centrifuge the reaction mixture at 13,000g for 5 min.
4. Collect the supernatant and mix it with 0.525 vol of ethanol.
5. Follow the QIAamp Tissue Kit protocol and use 2.5 µL of extracted DNA solu-

tion in Trans-PCR assay.
6. Dilute the eluted DNA before use in the PCR assay as described in Subheading

3.4.4.

3.3.5. Placental Tissue Samples

1. Grind 1 to 2 g of sampled cotyledon with 10 vol of a sterile physiological saline
solution.

2. Centrifuge the mixture for 30 min at 3000g at 4°C.
3. Treat 50 µL of the supernatant with proteinase K (20 mg/mL) at 70°C for 30 min.
4. Follow the instructions of the Perfect gDNA Blood Mini Kit (Eppendorf) starting

from the proteinase K treatment step (see Note 3).
5. Elute the DNA as recommended and use 2.5 µL in PCR assay.

3.4. PCR Amplification

In order to amplify DNA of C. burnetii from the samples, a pair of 21-mer
oligonucleotide primers were designed based on the published DNA sequence
of the gene encoding a transposon-like repetitive region of the C. burnetii
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genome (12): Trans-1 (5'-TAT GTA TCC ACC GTA GCC AGT C-3') and
Trans-2 (5'-CCC AAC AAC ACC TCC TTA TTC-3'). The expected product
of amplification of the target sequence will be 687 bp in length.

3.4.1. PCR Procedure

1. Perform the assay in 25-µL reactions, each of which should contain: 2 µΜ of
each primer, 200 µM of each deoxynucleoside triphosphate, 3 mM MgCl2, 0.5 U
of Taq DNA polymerase, 2.5 µL of DNA extract prepared as described under
Subheading 3.3.

2. Perform the Trans-PCRs according to a modified touchdown protocol (9):
5 cycles consisting of denaturation at 94°C for 30 s, annealing at 66–61°C (the
temperature was decreased 1°C between consecutive cycles) for 1 min and
extension at 72°C for 1 min, and then 40 cycles of denaturation at 94°C for
30 s, annealing at 61°C for 30 s, and extension at 72 °C for 1 min.

3. Load 10 µL of PCR product onto 1.5% agarose gel and run electrophoresis.
4. Stain the gel with ethidium bromide and visualize under UV transilluminator.

3.4.2. Evaluation of the Sensitivity of the PCR Assay (see Note 4)

In order to evaluate the sensitivity of PCR detection, three different types of
samples are used. Each sample should be tested in triplicate.

3.4.2.1. CELL SUSPENSION OF C. BURNETII

1. Prepare serial dilutions in PBS of one set of C. burnetii suspension containing
between 108 and 101 Coxiella cells/mL.

2. Boil each dilution for 10 min or treat with proteinase K as described in Subhead-
ing 3.3.2. step 2.

3. Use 2.5 µL in the PCR assay (an example is shown in Fig. 1).

3.4.2.2. SPIKED MILK SAMPLES

1. Add 50 µL of C. burnetii Nine Mile strain (serial dilutions containing between
108 and 101 Coxiella cells/mL) to 1 mL of Coxiella-free milk (9). Commercial
pasteurized milk, bovine, caprine, and ovine raw milk may be used.

2. Treat 1 mL of each dilution as described in Subheading 3.3.3.

3.4.2.3. SPIKED FECAL SAMPLES

1. Mix 50 µL of serially diluted Coxiella suspension (108 to 101 C. burnetii cells/
mL) with 20 mg of Coxiella-free feces.

2. Extract the DNA as described in Subheading 3.3.4.

3.4.3. Evaluation of Specificity

Specificity can be examined by subjecting genomic DNA (106 template cop-
ies) of the following bacteria to Trans-PCR : Chlamydophila psittaci,
Chlamydophila pecorum, Brucella melitensis, Brucella abortus, Escherichia
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Fig. 1. Trans-PCR. Determination of the detection limit using a dilution series of
C. burnetti cells (107, 106, 105, 104, 103, 102, and 101 cells per reaction, lanes 2–8;
lane 1, 100-bp DNA ladder; lane 9, negative control (reagents without DNA).

coli, Klebsiella pneumoniae, Listeria monocytogenes, Salmonella abortus ovis,
Salmonella typhimurium, Staphylococcus aureus, Staphylococcus chromo-
genese, Staphylococcus hominis, Streptococcus dysgalactiae, and Streptococ-
cus agalactiae.

To verify the identity of the PCR amplicon obtained from milk and fecal
material of naturally infected animals, PCR products from these samples and the
reference strain can subsequently be subjected to TaqI and Alu restriction endo-
nuclease digestion. TaqI digestion will result in the generation of 446-, 201-, and
10-bp fragments, whereas cleavage with AluI will yield bands at 316-, 191-, and
179-bp (9). The assay’s specificity can be further evaluated by sequence analysis
of the Trans-PCR product. In our laboratory, PCR products were cloned and
sequenced using pCR2.1 primers, and in all cases, the sequence of the amplicon
was identical to the sequence in the European Molecular Biology Laboratory
(EMBL)/GenBank® database (Accession no. M80806) (9).

3.4.4. Inhibitory Effect of Fecal Material
 No C. burnetii DNA was amplified from the undiluted DNA solution puri-

fied from artificially contaminated fecal samples. Extraction using the QIAamp
Tissue Kit procedure did not eliminate PCR inhibitors completely, suggesting



Coxiella PCR 159

Fig. 2. Inhibitory effect of fecal matrix on the sensitivity of the Trans-PCR assay.
The DNA extract from a fecal sample spiked with 106 C. burnetti cells/mL was diluted
1:2, 1:5, 1:20, 1:50, and 1:100, respectively (lanes 3–8). and 2.5 µL were used as a
template for PCR. Lane 1, 100-bp ladder; lane 2, positive control; lane 9, negative
control (reagents without DNA).

they were co-isolated with DNA. To improve the sensitivity of PCR detection,
DNA solution purified from fecal sample spiked with 106 Coxiella cells was
diluted to 1:2, 1:5, 1:10, 1:20, 1:50, 1:100, and 2.5 µL were used as template
for PCR (see Fig. 2). The C. burnetii-specific amplicon of 687-bp was
detected at 1:10 dilution, and the sensitivity increased remarkably when the
DNA solution was diluted 100-fold (see Fig. 2). This indicates that the fecal
material completely inhibited PCR amplification, but the original sensitivity
was restored simply by diluting the DNA extract. Thus, when DNA extracts
of all spiked samples were diluted 10- or 100-fold and subjected to PCR, the
687-bp PCR product was obtained (see Fig. 3).

4. Notes
1. To prevent the risk of human infection, samples taken from abortions or sus-

pected infected animals must be handled with all the precautions necessary to
protect laboratory staff and to avoid contamination of the environment. Thus, as
recommended, tissue manipulations and sample preparation must be performed
in a confined level L3 laboratory.

2. Several DNA preparation procedures were compared to examine their detection
levels of C. burnetii from ovine milk sample. The Trans-PCR sensitivity was
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determined by diluting a stock of C. burnetii reference strain of known titer with
1 mL of uncontaminated, i.e., Coxiella-free milk sample as described in Sub-
heading 3.4.2.2., and the DNA was prepared following three procedures (9). The
procedure used affected the detection limit of PCR, and amplified C. burnetii
DNA was only detected from samples containing at least 106 organisms/mL
using the DNA preparation procedure, which included dilution and proteinase
K treatment of milk. A 100-fold increase of sensitivity was observed when an
experimentally infected milk samples were centrifuged at 13,000g for 60 min.
This DNA preparation procedure combined with a further DNA extraction
using the QIAamp Tissue Kit (see Subheading 3.3.3.) increased the sensitivity
and proved the most effective for the detection of C. burnetii by PCR (9).

3. The QIAamp Tissue DNA Kit has been used very effectively in preparing and
purifying C. burnetii DNA from vaginal swabs, milk, and fecal samples. How-
ever, other DNA extraction kits, such perfect gDNA Blood Mini Kit, also proved
to be more effective regarding DNA preparation from bloody tissues, such pla-
centa and spleen.

4. Although, the primers derived from superoxide dismutase enzyme gene (CB1-
CB2 primers) are used routinely in many laboratories (13), the Trans-PCR assay
was demonstrated to be clearly more sensitive and specific (9). The actual
detection limit of the Trans-PCR assay is 10 particles/mL of bacterial suspen-
sion, 1 bacteria/mL of milk sample, or 1 Coxiella/mg of feces. The sensitivity
was tested also on DNA templates extracted from genital swabs, milk, and fecal

Fig. 3. Sensitivity of Trans-PCR with fecal samples. Serial decimal dilutions (108–
102 C. burnetti particles/mL) were used to spike 20 mg of fecal samples (A to G), and
DNA was extracted according to Subheading 3.3.4. The final DNA extract was then
diluted 10-fold (lane 1) and 100-fold (lane 2) before being subjected to PCR.
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samples taken from naturally infected animals (9). The temperature-time profile
of Trans-PCR can be modified using 60°C as annealing temperature and reduc-
ing the cycle number to 35. These modifications lead to a reduction of the time
required and slight enhancement of the assay’s sensitivity.
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Detection and Subtyping of Shiga Toxin-Producing
Escherichia coli (STEC)

Peter Gallien

1. Introduction
When the Japanese microbiologist Shiga discovered a bacterium causing dys-

entery in humans in 1898, the organism was designated Shigella dysenteriae
type 1. The toxin produced by the germ was found to have enterotoxic and neu-
rotoxic properties. Later on, it became clear that, in most countries,
Shigella dysenteriae type 1 does not play an important role in human infectious
diseases. Nevertheless, this microorganism has spread a genetic message among
other bacterial species, namely Escherichia coli and Citrobacter freundii.

Meanwhile, cases of diarrhea have been associated to an increasing extent
with E. coli, a generally harmless occupant of the gut in humans and animals.
Although these optionally anaerobic, Gram-negative, motile, rod-shaped bacilli
only make up less than one percent of the total bacterial population in the gut,
they play an important part in the symbiosis between host and intestinal flora as
a consequence of their oxygen-consuming metabolism (1). Alongside these non-
pathogenic E. coli, there may be toxigenic representatives of the same species
present in the host organism. Pathogenic E. coli can possess specific adhesins,
which are genes encoding toxins and other factors of virulence. This group of
pathogens is associated with intestinal and extra-intestinal diseases (2).

Among the representatives residing in the intestinal tract are shiga toxin-pro-
ducing E. coli (STEC), which can cause hemorrhagic colitis (HC), toxic extra-
intestinal complications, such as the hemolytic-uremic syndrome (HUS) (3–7),
and thrombotic thrombocytopenic purpura (TTP) (8) in humans. In addition, the
central nervous system can be affected (9,10).
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The first description of STEC as a source of HC was published in 1983 (11).
Meanwhile, STEC have been isolated from food, feces, stool, sewage, drink-
ing water, and various other habitats connected with human infectious diseases.
The toxins produced by STEC were shown to be cytotoxic for a number of
tissue culture cell lines, e.g. kidney cells from the green African monkey known
as Vero cells (12). This led to the term verotoxin for shiga toxin and, conse-
quently, verocytotoxin-producing E. coli (VTEC) as a synonym for STEC, with
both terms being equally used at present.

Enterohemorrhagic E. coli (EHEC) form a subgroup of STEC (VTEC). How-
ever, it is still unclear which factors and/or mechanisms actually make an EHEC
out of an STEC. Obviously, all EHEC strains possess shiga toxin genes (stx).
The shiga toxins themselves exhibit RNA-glycosidase activity and inhibit the
synthesis of proteins in eukaryotic cells (13). The activity of the toxins is associ-
ated with subunit A, which consists of two parts (structural data of stx genes are
given below). The A1 fragment harbors the specific N-glycosidase activity,
whereas fragment A2 links A1 to five B subunits. In a eukaryotic host cell, the
enzyme cleaves at the adenine at position 4324 in a loop structure of the 28S
rRNA of the 60S ribosomal subunit (13).

A schematic presentation of transmission routes to man is given in Fig. 1.
Direct transmission of EHEC from ruminants as the main reservoir for STEC
or from raw foods, such as milk, raw or undercooked meat, sausage containing
beef, cheese produced from raw milk, to humans, as well as transmission from
man to man are observed frequently (14).

The classification of E. coli into serogroups O, K, and H is well established.
Serogroup O157 occurs very often in human EHEC infections, but other
serogroups such as O22, O26, O103, O111, and O145 also figure prominently
(15–18). As stx genes are located on temperent phages, many E. coli serotypes
are subject to infection by these phages (19). A World Health Organization
(WHO) list contains more than 50 E. coli serotypes connected with EHEC
infections in man (20,21). Moreover, other bacteria, e.g., Citrobacter freundii
are also known to harbor stx genes (22).

Virulence genes of STEC/EHEC can be located on the DNA of temparent
phages, on plasmids, or on the chromosome. The Shiga-toxin genes are located
on the DNA of phages. At present, the following subtypes are known: stx 1; stx 2;
stx 2c; stx 2d; stx 2e; and stx 2f (23–30).

Pathogenicity islands like the locus of enterocyte effacement (LEE) or a
high- pathogenicity-island (HPI) (31) and the ast A gene (32) are located on the
chromosomal DNA of the cells. LEE contains a gene cluster coding for a type
III secretion system. Some proteins expressed by genes of LEE form a channel
to connect a bacterial cell and a host cell. Subsequently, other proteins encoded
by genes of LEE can pass this channel.
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The eae gene (with subtypes α,β,γ,δ, and ε) coding for a protein called intimin
completes a key function as it effects a closer connection between pathogen and
host cell. A pedestrial cup formed beneath the bacterial cell is built by the effac-
ing of microvilli so that the bacterial cell is able penetrate into the host.

The HPI also comprises a gene cluster. Some proteins derived from this
locus are involved in iron uptake from the nutrient media or the host.

The ast A gene was found in enteroaggregative E. coli. The gene product is
a heat-stable toxin, which may contribute to the disturbance of the electrolyte
balance of host cells.

Virulence factors located on plasmids include the EHEC-hemolysin (EHEC-
hly) (33–36), the kat P gene, which encodes an enzyme with catalase-peroxi-
dase-activity (37), the esp P gene encoding a serin protease cleaving coagulation
factor V of human blood (38), the etp gene cluster encoding proteins of a type II
secretion system (39), the col D 157 gene involved in colicin production (40),
and the ile X gene, a tRNA gene related to stx 2 and subtypes only (41).

In the present chapter, a cascade of methods for specific detection, isolation,
and characterization of STEC from different habitats and sample matrixes is
described. The general course of the procedure and individual steps involved
are summarized in Fig. 2 (42,43).

Fig. 1.  Routes of transmission of STEC to humans
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Fig. 2. Flow chart illustrating the general course of operation and the sequence of steps involved in the cascade of methods
for specific detection, isolation, and characterization of STEC.
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2. Materials
2.1. Bacterial Enrichment

1. Food samples: 25 g of food, e.g., raw minced beef, raw sausage containing beef,
soft cheese produced from unpasteurized milk or 25 mL of raw milk.

2. Sewage samples: 50 mL are used.
3. Stool samples and feces: use swab samples.
4. Nutrient medium for enrichment (for preparation procedure, see Subheading 3.1.4.):

a. Modified tryptose soy broth (mTSB) containing novobiocin pH 7.3: 33.0 g
mTSB containing Bile salts No. 3 and dipotassium hydrogen phosphate
(K2HPO4) (Mast Diagnostics, Merseyside, UK), 20 mg Novobiocin (Sigma,
Deisenhofen, Germany), make up to 1 L with distilled water.

b. MacConkey agar (Merck, Darmstadt, Germany): 17.0 g tryptone / peptone from
casein, 3.0 g Bacto-Peptone from meat, 10.0 g lactose · H2O, 1.5 g bile salts
No. 3, 5.0 g sodium chloride, 0.03 g neutral red, 0.001 g crystal violet, 10 to 15 g of
agar (depending on gelling properties), make up to 1000 mL with distilled water.

2.2. PCR, Electrophoresis, and Visualization

1. Water: autoclaved, free of DNase.
2. Primers: MK 1/MK 2, KS 7/KS 8, LP 43/LP 44, working solution 50 pmol/µL

(see Table 1).
3. Primers HB10/HB11 (see Note 1):

HB10 : 5' - att cca cac aac ata cga gcc g - 3', 50 pmol/µL,
HB 11: 5' - gtt tcg cca cct ctg act tga g - 3', 50 pmol/µL.

4. Deoxynucleoside triphosphate mixture (dNTP Mixture) stock solutions consist-
ing of: 10 mM 2'-Deoxy-adenosine-5'-triphosphate (dATP), 10 mM 2'-Deoxy-
cytidine-5'-triphosphate  (dCTP), 10 mM 2'-Deoxy-guanosine-5'-triphosphate
(dGTP), 10 mM 2'-Deoxy-thymidine-5'-triphosphate (dTTP).
Dilute 1:10 in water before use. The working solution contains 10 µL of each
dNTP stock solution plus 360 µL of autoclaved distilled water.

5. Heat-stable DNA Polymerase: e.g., Gold Star, 5 U/µL (Eurogentech, Seraing,
Belgium), AmpliTaq® LD, 5 U/µL (Perkin Elmer, Weiterstadt, Germany), or
Dynazyme, 5 U/µL (Biometra, Göttingen, Germany).

6. PCR buffer: supplied 10-fold concentrated with or without MgCl2. Those buffers
containing MgCl2 were optimized by the supplier for their particular polymerase.

7. MgCl2: 25 mM.
8. TAE buffer: stock solution (50X) containing 242.0 g of Tris-[hydroxymethyl]-

aminomethane (TRIS), 57.1 mL of glacial acetic acid, and 100.0 mL of 0.5 M
ethylene diamine tetraacetic acid, disodium salt (EDTA-Na2). Make up to
1000 mL with distilled water.

9. Agarose: type A 6013 (Sigma). For analytical separation of polymerase chain
reaction (PCR) products prepare a 2% (w/v) suspension in TAE buffer and boil
for a few min. The solution must become clear and transparent. Cool down to
50°C and pour the solution on a gel frame.
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Table 1
PCR Conditions for Subtyping of STEC Based on stx Genes

PCR Amplicon

Primers Primer Sequences (5'-3') Target Gene Denaturation Annealing Extension (bp) References

Mk1 ttt acg ata gac ttc tcg ac stx A general 94°C for 60s 44°C for 60s 72°C for 90s 230 23
Mk2 cac ata taa att att tcg ctc 30 cycles

LP 30 cag tta atg tgg tgg cga agg stx 1A 94°C for 90s 64°C for 90s 72°C for 90s 348 24
LP 31 cac cag aca atg taa ccg ctg 30 cycles

LP 43 atc cta ttc ccg gga gtt tac g stx 2A+ all subtypes 94°C for 90s 64°C for 90s 72°C for 90s 584 24
LP 44 gcg tca tcg tat aca cag gag c 30 cycles

KS 7 ccc gga tcc atg aaa aaa aca tta tta ata gc stx 1 B 94°C for 30s 52°C for 60s 72°C for 40s 285 25
KS 8 ccc gaa ttc agc tat tct gag tca acg 30 cycles

GK 3 atg aag aag atg ttt atg stx 2 B ; stx 2c (B) a 94°C for 30s 52°C for 60s 72°C for 60s 260 26,27
GK 4 tca gtc att att aaa ctg Hae III-restriction a 30 cycles 128a+142a

slt2v start atg aag aag atg ttt atg gcg stx 2e B 94°C for 30s 53°C for 60s 72°C for 60s 267 28
slt2v stop tca gtt aaa ctt cac ctg ggc 30 cycles

slt2v u cca cca gga agt tat att tcc stx 2e A 94°C for 60s 55°C for 60s 72°C for 120s 759 28
sltsv d ttc acc agt tgt ata taa aga 30 cycles

VT2-cm aag aag ata ttt gta gcg g stx 2d A 94°C for 30s 55°C for 60s 72°C for 40s 256 29
VT2-f taa act gca ctt cag caa at 30 cycles

VTAM-I agg gcc cac tct tta aat aca tcc stx 2d B 94°C for 30s 62°C for 30s 72°C for 30s 248 Bülte et al.
VTAM-II cgt cat tcc tgt taa ctg tgc g 30 cycles personal

communication

128-1 aga ttg ggc gtc att cac tgg ttg stx 2f A 94°C for 30s 57°C for 60s 72°C for 60s 428 30
128-2 tac ttt aat ggc cgc cct gtc tcc 30 cycles

a For screening PCR.
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10. Ethidium bromide: 1% (w/v) stock solution (Roth, Karlsruhe, Germany). Dilute
1:1000 with distilled water to a final concentration of 10 mg/L. Alternatively,
Gelstar staining solution (Biozym) can be used. Dilute the stock solution 1:100 in
distilled water.

11. DNA molecular weight markers II, V, and IX (Roche Diagnostics, Mannheim,
Germany) containing the following fragments (in bp): Marker II : 125; 564; 2027;
2322; 4361; 6557; 9416; 23130; and Marker V: 8; 11; 18; 21; 51; 57; 64; 80; 89;
104; 123; 124; 184; 192; 213; 234; 267; 434; 458; 504; 540; 587; and Marker IX:
72; 118; 194; 234; 271; 281; 310; 603; 872; 1078; 1353.

12. Gel loading buffer: 62.5 mg bromophenol blue, 62.5 mg xylene cyanol, 6.25 g
Ficoll® (Type 400; Sigma), make up to 25 mL with distilled water.

2.3. DNA Hybridization and Digoxigenin Labeling of Probes

2.3.1. Preparation of Agar Plates and Nylon Membranes

1. Solution for denaturation: 0.5 M sodium hydroxide, 1.5 M sodium chloride.
2. Solution for neutralization, pH 7.4: 1 M Tris-HCl, 1.5 M sodium chloride.
3. Solution for equilibration (20X SSC): 3 M sodium chloride, 0.3 M sodium cit-

rate, pH 7.0.
4. Proteinase K: 1 mg/mL, solution in 2X SSC.

2.3.2. Digoxigenin Labeling of Probes

1. Water: autoclaved, free of DNase.
2. Primers: MK1/MK2, KS7/KS8, LP43/LP44; SK1/ SK2, working solution 50

pmol/µL (see Table 1).
3. dNTP mixture: see Subheading 2.2., step 4
4. Digoxigenin-11-2'-deoxy-uridine-5'-triphosphate (DIG-11-dUTP): 1 mM.
5. DNA polymerase, PCR buffer, MgCl2: see Subheading 2.2.
6. Agarose: low-melting grade (Serva, Heidelberg, Germany).
7. TAE buffer (50X): see Subheading 2.2., item 8.

2.3.3. Prehybridization and Hybridization
1. DIG Easy Hyb® solution (Roche Diagnostics) (see Note 2).
2. DIG-labeled probes for stx 1, stx 2, and eae (at least 25 ng/mL for 100 mm2 of

membrane disc).
3. Reference strains: E. coli C 600 (stx and eae negative), E. coli C 600 J1 (stx 1

positive), E. coli C 600 W 34 (stx 2 positive), E. coli 161 - 84 (stx 1 , stx 2, and
eae positive).

2.3.4. Washings and Detection
1. Washing solution 1: sodium dodecyl sulfate (SDS) 1 g/L, 2X SSC (see Subhead-

ing 2.3.1., item 3).
2. Washing solution 2: SDS 1g/L, 0.5X SSC.
3. DIG Nucleic Acid Detection Kit (Roche Diagnostics).
4. Buffer 1 (maleic acid buffer): 0.1 M maleic acid (11.6 g/L), 0.15 M NaCl (8.77 g/L).
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5. Washing buffer: buffer 1 with 0.3% Tween®20 (Sigma).
6. Blocking stock solution (10X): 10% solution of blocking reagent (Roche Diag-

nostics) in buffer 1.
7. Buffer 2 blocking solution: 1:10 dilution of blocking stock solution in buffer 1

(final concentration 1%).
8. Buffer 3 (detection buffer): 0.1 M Tris (15.76 g/L), 0.1 M NaCl (5.85 g/L).
9. TE buffer: 100 mM Tris (12.1 g/L), 1 mM EDTA-Na2 (0.377 g/L).

10. Anti-digoxigenin-AP-conjugate: dilute reagent (Roche Diagnostics) 1:5,000 in
buffer 2. (Centrifuge vessel containing the stock solution at 13,000g for 15 min
to sediment agglomerates. These could react later and give false positive
results on the membrane disc. The diluted AP-conjugate is only stable for 12 h
at 4°C.)

11. Color substrate solution: pipet 45 µL of 4-nitroblue tetrazolium chloride (NBT)
solution as supplied ready to use from Roche Diagnostics (75 mg/mL in 70%
dimethyl formamide), and 35 µL of 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP or X-phosphate) from the same source (50 mg/mL in dimethylformamide)
into a plastic tube. Make up to 10 mL with buffer 3.

12. Phosphate-buffered saline (PBS) pH 7.5: 8.5 g NaCl, 1.14 g disodium hydrogen
phosphate (Na2HPO4 × 12 H20), 0.5 g potassium dihydrogen phosphate (KH2
PO4), make up to 1000 mL with distilled water. (Dissolve all salts in approx 900
mL of distilled water and adjust to pH 7.5 with 2 N NaOH. Store at 4°C and use
the solution for no longer than 4 wk.

2.4. Characterization of Isolates

Reagents for characterization of STEC/EHEC isolates (stx subtyping, detec-
tion of virulence factors, eae subtyping ) are given in Tables 1–4.

3. Methods

The general course of operation is given in Fig. 2.

3.1. Bacterial Enrichment for Examination
of Different Sample Matrixes for STEC / EHEC

3.1.1. Foods

1. Mix 25 mL (e.g., raw milk) or 25 g (e.g., ground beef, soft cheese, raw sausage
containing beef) and 225 mL of mTSB containing Novobiocin in a stomacher
and cultivate with agitation (frequency: 100/min) at 37°C for 5 to 6 h.

2. Mix 1 mL of the pre-enriched culture and 4 mL of mTSB and cultivate with
agitation frequency: 180/min) at 37°C for 18 h.

3.1.2. Sewage

1. Mix 50 mL sewage and 75 mL mTSB and cultivate at 37°C with agitation (fre-
quency: 100/min) for 18 h.
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Table 2
Components (in µL) of 25-µL Reaction Mixtures for PCR of STEC and Subtyping Based on stx Genes

PCR Buffer MgCl2 dNTP   Primer 1    Primer 2 DNA Polymerase
Target Gene Primers Water (10 X) (25 mmol/L) Mixture (50pmol/µL) (50pmol/µL) (5U/µL) Template

stx A general
(except stx 2f A) MK 1/Mk2 15.25/12.75a 2.5 2 2 0.5 0.5 0.25 Goldstar 2.5 / 5a

stx 1 A LP 30/LP 31 14.75 2.5 2 2 0.5 0.5 0.25  Goldstar   2.5

stx 2A general
(except stx 2f) LP 43/LP 44 14.75/12.25a 2.5 2 2 0.5 0.5 0.25 Goldstar 2.5 /5a

stx 1 B KS 7/KS 8 16.85/14.35 2.5 — 2 0.5 0.5 0.15 Amplitaq LD 2.5 / 5a

stx 2 B ; stx 2c GK 3/GK 4 14.75 2.5 2 0.5 0.5 0.25 Goldstar   2.5

stx 2e B slt 2v start/stop 16.50b 2.5 — 2 0.5 0.5 0.5  Dynazyme   2.5

stx 2e A slt 2v u/slt 2v d 16.50b 2.5 — 2 0.5  0.5 0.5  Dynazyme    2.5

stx 2d A VT 2-cm/VT 2-f 16.85b 2.5 — 2 0.5 0.5 0.15 Amplitaq LD   2.5

stx 2d B VTAMI/VTAMll 15.25 2.5 1.5 2 0.5 0.5 0.25 Goldstar   2.5

stx 2f A 128 - 1/128 - 2 15.25 2.5 1.5 2 0.5 0.5 0.25 Goldstar   2.5

a For screening PCR.
b Optimized buffer containing 1.5 mmol/l MgCl2; (concentrations given refer to stock solutions).
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Table 3
Conditions of PCR Assays for the Detection of Different Target Genes of STEC

PCR Amplicon

Primers Primer Sequences (5'-3') Target Gene Denaturation Annealing Extension (bp) References

hly A1 ggt gca gca gaa aaa gtt gta g EHEC-hlyA 94°C for 30s 57°C for 60s 72°C for 90s 1551 34
hlyA4 tct cgc ctg ata gtg ttt ggt a    30 cycles

SK1 ccc gaa ttc ggc aca agc ata agc eae 94°C for 30s 52°C for 60s 72°C for 60s 863 44
SK2 ccc gga tcc gtc tcg cca gta ttc g    30 cycles

AstA1 gcc atc aac aca gta tat ccg ast A 94°C for 30s 53°C for 60s 72°C for 50s 140 32
AstA2 gcg agt gac ggc ttt gta gt    30 cycles

wkat-B ctt cct gtt ctg att ctt ctg g kat P 94°C for 30s 56°C for 60s 72°C for 40s 2125 37
wkat-F aac tta ttt ctc gca tca tcc c    30 cycles

Esp A aaa cag cag gca ctt gaa cg esp P 94°C for 30s 56°C for 60s 72°C for 150s 1830 38
Esp B gga gtc gtc agt cag tag at    30 cycles

D1 cgt cag gag gat gtt cag etp D 94°C for 30s 52°C for 60 72°C for 70s 1062 39
D13R cga ctg cac ctg ttc ctg att a    30 cycles

356 gca gga tga ccc tgt aac gaa g ile X 94°C for 30s 52°C for 60s 72°C for 60s 640 41
595 ccg aag aaa aac cca gta aca g    30 cycles

col D1 gta aat ctg cct gtt cgt gga c col D 157 94°C for 30s 57°C for 60s 72°C for 60s 587 40
col D2 cct ttt tct ctt cgg tat gtt c    30 cycles

irp 2FP aag gat tcg ctg tta ccg gac irp 2 94°C for 60s 60°C for 60s 72°C for 60s 280 31
irp 2RP tcg tcg ggc agc gtt tct tct    30 cycles

fyu A FP gcg acg gga agc gat tta fyu A 94°C for 60s 57°C for 60s 72°C for 60s 780 31
fyu A RP cgc agt agg cac gat gtt gta    30 cycles

ANK 49 atg tta tcc tca tat aaa ata aac pas 94°C for 20s 50°C for 60s 72°C for 120s 1221 44
ANK 50 tta ata cga cag tgg aat atg    30 cycles



174
G

allien

Table 4
Components (in µL) of 25-µL Reaction Mixtures for PCR to Detect Different Target Genes of STEC

PCR buffer     MgCl2  dNTP      Primer 1   Primer 2
Target GenePrimers Water  (10X) (25 mmol/L) Mixture (50 pmol/µL) (50 pmol/µL) DNA-Polymerase Template

EHEC hly A hly A1/hlyA4 14.6 2.5   2 2 0.5 0.5 0.4 Hifia 2.5

eae general SK1/SK2 14.6 2.5   2 2 0.5 0.5 0.4 Hifia 2.5

pas ANK49/ANK 50 14.6 2.5   2 2 0.5 0.5  0.4 Hifia 2.5

ast A Ast A1/Ast A2 16.5 2.5b — 2 0.5 0.5  0.5 Dynazymec 2.5

kat P wkat-B/wkat-F 17.0 2.5b — 2 0.5  0.5  0.4 Hifia 2.5

 esp P Esp A/Esp B 16.6 2.5b — 2 0.5 0.5  0.4 Hifia 2.5

etp D D1/D13R 16.6 2.5b — 2 0.5  0.5  0.4 Hifia 2.5

ile X 356/595 14.6 2.5  2 2 0.5 0.5 0.4 Hifia 2.5

col D O157 col D1/col D2 16.6 2.5b — 2 0.5 0.5  0.4 Hifia 2.5

irp 2 irp 2 FP/irp 2 RP 15.25 2.5  2 2 0.5 0.5  0.25 Goldstard 2.5

fyu A fyu A FP/fyu A RP 14.6 2.5  2 2 0.5  0.5  0.4 Hifia 2.5

a3.5 U/µL.
b Optimized buffer containing 1.5 mmol/L MgCl2.
c5 U/µL.
d 5 U/µl (concentrations given refer to stock solutions).
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3.1.3. Stool Samples and Feces

1. Dip a small swab into the sample and stir it in 2 mL PBS.
2. Mix 0.5 mL of the suspension with 4.5 mL of mTSB and cultivate with agitation

(frequency: 160/min) at 37°C for 5 h.
3. Plate 100 µL on a nutrient agar plate and cultivate overnight at 37°C.
4. Rinse the plate with 2 mL of physiological saline and prepare appropriate dilu-

tions (e.g. 1:4; 1:8; 1:10) in water.

3.1.4. Preparation of Nutrient Medium (see Subheading 2.1.)

1. For modified tryptose soy broth (mTSB) containing Novobiocin, dissolve 33.0 g
of mTSB containing Bile salts No. 3 and K2HPO4 in 1l distilled water. Autoclave
the solution at 121°C for 15 min. The pH value should be 7.3 � 0.2. Add Novo-
biocin as aqueous solution to a final concentration of 20 mg/L.

2. MacConkey agar: dissolve all components in 1l of distilled water and autoclave
the solution at 121°C for 15 min. Cool down to 45°C and prepare agar plates.

3.2. Screening PCR

3.2.1. Pre-PCR Treatment of Samples

1. Sediment cells from 1 mL of enriched culture or from an appropriate dilution
(stool samples and feces) by centrifugation at 13,000g for 10 min.

2. Discard the supernatant and resuspend the sediment in 1 mL of physiological
saline. Repeat the washing step.

3. Resuspend the sediment in 200 µL of water.
4. Heat the suspension at 100°C for 15 min.
5. Chill on ice to 0°C.
6. Centrifuge the sample for 10 s at 13,000g.
7. Use 5 µL for a 25-µL PCR mixture.

3.2.2. Amplification by PCR

Prepare reaction mixes for amplification according to Table 2. Tempera-
ture-time profiles are given in Table 1 (see Notes 1 and 3).

3.2.3. Agarose Gel Electrophoresis and Visualization

1. Mix 25 µL of PCR product with 2.5 µL of gel loading buffer. If Gelstar staining
solution is used instead of ethidium bromide, add 1µL of a 1:100 dilution.

2. Pipet 15–20 µL of this mixture into the wells of a 2% agarose gel.
3. Run electrophoresis in 1X TAE buffer.
4. Stop the run when the bromophenol blue front has reached the lower quarter of

the gel.
5. Identify specific bands of PCR amplicons under UV light and estimate their size

in bp in relation to marker bands.
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3.3. Specific Isolation of STEC / EHEC using DNA Hybridization
and Digoxigenin-Labeled Probes for Detection of stx 1, stx 2, or eae

3.3.1. Preparation of Plates and Membrane Discs

1. Use a suitable dilution of the pre-enriched or enriched culture in physiological saline.
2. Plate approx 100 µL of the diluted culture onto a MacConkey agar plate.
3. Cultivate overnight at 37°C. Only single colonies should be grown on the plate.

Do not use plates with more than 1000 colonies for replica blots.
4. Pre-cool colonies on agar plates for approx 30 min at 4°C.
5. Use tweezers to place a membrane disc for colony and plaque hybridization onto

the MacConkey plate congruently. Avoid air bubbles.
6. Mark the membrane disc and the plate at least on two spots. This is necessary for

the identification of STEC/EHEC by comparing the hybridized and developed
membrane disc with the master plate (see Subheading 3.3.5.).

7. Use a spatula to press the membrane gently on the agar plate.
8. Remove the membrane disc carefully with filter tweezers and blot briefly (colo-

nies upside) on Whatman 3 MM paper. Cultivate the plate for another 2 to 3 h at
37°C to create a master plate for subsequent specific isolation.

9. Place membrane disc (colonies upside) for 15 min on a prepared filter paper
soaked with denaturation solution.

10. Place membrane disc for 15 min onto a prepared filter soaked with neutraliza
tion solution.

11. Place membrane disc for 5 min onto prepared filters soaked with 2X SSC for
equilibration.

12. Bake the air-dried membrane disc at 80° C for 1 h.
13. Treat colony lifts with proteinase K to remove cell debris. Place membrane disc

on a foil, pipet 1 mL on it, and distribute the solution.
14. Incubate at 37°C for 1 h.
15. Blot membrane disc under pressure (use a tube) between filter paper, soaked in

distilled water and remove debris. The cell debris will stick to the filter paper.
The membrane is now ready for hybridization.

3.3.2. Preparation of DIG-Labeled Probes

1. Mix the following substances for PCR to prepare DIG-labeled probes. Do not
mix all dNTPs before use in the master mixture, use a reduced amount of dTTP
(0.65 µL) and, as an additional dNTP, add 0.35 µL of DIG-11-dUTP.

2. Each 50-µL amplification mixture should contain: 27.35 µL of water, 5.0 µL of
10X PCR buffer (without MgCl2), 3.0 µL of 25 mM MgCl2, 1.0 µL of 1 mM
dATP, 1.0 µL of 1 mM dCTP, 1.0 µL of 1 mM dGTP, 0.65 µL of 1 mM dTTP,
3.5 µL of DIG-11-dUTP (1 nmol/µL), 1.0 µ of primer 1 (MK1 or KS7 or SK1)
(50 pmol/µL), 1.0 µL of primer 2 (MK2 or KS8 or SK2) (50 pmol/µL), 0.5 µL
Goldstar DNA Polymerase (5U/µL), and 5.0 µL of template DNA.

3. Pick 2 or 3 colonies from an agar plate and suspend them in 100 µL of water. Use
5 µL of this suspension as template in a 50-µL amplification reaction.
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4. Choose a suitable combination of primers and reference strains according to
Table 5.

5. Run the specific temperature-time profile given in Tables 1 and 3.
6. Prepare 1.8% low-melting agarose gel in TAE buffer.
7. After finishing PCR, follow the steps given in Subheading 3.2.3.
8. Excise the specific bands under UV light using a scalpel.
9. Dissolve one plug (vol approx 80 µL) by boiling in 200 µL of water.

10. Chill on ice to 0°C. The amount is enough for hybridization of one membrane
disc. The solution can be stored at �20°C for several mo.

3.3.3. Prehybridization and Hybridization

1. Place at most 3 membrane discs into a roller bottle and fill in 60 mL of DIG Easy Hyb.
Prehybridize for 1 h at 42°C in a hybridization oven for roller bottles. Make certain that
the membranes do not stick to each other and are sufficiently covered with the solution.

2. Denature the labeled probe by boiling for 5 min at 95 to 100°C and chill on ice.
3. Mix a suitable amount of denatured labeled probe and 6 mL of prewarmed DIG

Easy Hyb.
4. Remove the prehybridization solution and add approx 6.6 mL of the probe/DIG

Easy Hyb mixture.
5. Hybridize overnight at 42°C. The hybridization solution with the DIG-labeled

probe is stable at �20°C for more than 12 mo and can be reused several times
when freshly denaturated.

3.3.4. Washings and Detection

1. For stringent washes, wash membrane discs twice in ample washing solution 1
for 5 min each at room temperature.

2. Transfer to washing solution 2 and wash twice for 15 min at 68°C with gentle
agitation.

3. Before starting with the detection procedure, prepare all the buffers and solutions
for STEC detection using the DIG Nucleic Acid Detection Kit as given in Sub-
heading 2.3.4.

Table 5
Combinations of Reference Strains and Primer Pairs
for the Preparation of DIG-Labeled Probes

   Virulence Factor Reference Strain PCR  Primers

stx 1 C 600 J 1 MK 1 / MK 2
stx 1 C 600 J 1 KS 7 / KS 8
stx 2 C 600 W 34 MK 1 / MK 2
stx 2 C 600 W 34 LP 43 / LP 44
eae 16–84 SK1  / SK 2
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Table 6
PCR Conditions for Subtyping Based on eae Genes

PCR Amplicon

Primers Primer Sequences (5'-3') Target Gene Denaturation Annealing Extension (bp) References

SK1 ccc gaa ttc ggc aca agc ata agc eae cons. 94°C for 30s 52°C for 60s 72°C for 60s 863   44
SK2 ccc gga tcc gtc tcg cca gta ttc g    30 cycles

SK1 ccc gaa ttc ggc aca agc ata agc   eae-a 94°C for  30s 55°C for 60s 72°C for 120s 2807 45,46
LP2 ccc gaa ttc tta ttt tac aca agt ggc   30 cycles

SK1 ccc gaa ttc ggc aca agc ata agc   eae-b 94°C for 30s 55°C for 60s 72°C for 120s 2287 45,46
LP4 ccc gtg ata cca gta cca att acg gtc   30 cycles

94°C for  30s 45°C for  60s 72°C for 120s
SK1 ccc gaa ttc ggc aca agc ata agc   eae-g    3 cycles 2792 45,46
LP3 ccc gaa ttc tta ttc tac aca aac cgc 94°C for 30s 52°C for  60s 72°C for 120s

   28 cycles

Int -d tac gga ttt tgg ggc at   eae-d 95°C for  20s 45°C for 60s 74°C for 60s 544   34
Int - Ru ttt att tgc agc ccc cca t    30 cycles

SK1 ccc gaa ttc ggc aca agc ata agc   eae-e 94°C for 30s 55°C for  60s 72°C for  120s 2608 45,46
LP5 agc tca ctc gta gat gac ggc aag cg    30 cycles

Note:  All reaction mixtures should contain the following ingredients: 14.6 µL of water, 2.5 µL of 10X PCR buffer, 2 µL of MgCl2, 2 µL of dNTP
mix, 0.5µL of each primer, 0.4µL of DNA polymerase, 2.5 µLof template.
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4. Wash membrane discs briefly (5 min) in washing buffer at room temperature.
5. Block for 30 min in 40 mL of buffer 2 at room temperature.
6. Dilute the appropriate Anti-DIG-AP conjugate in buffer 2.
7. Incubate the membrane for 30 min in 15 mL of antibody conjugate solution.
8. Wash 2  for 15 min in 40 mL of washing buffer 3.
9. Equilibrate for approx 5 min in 20 mL of buffer 3.

10. Add 4 mL of color substrate solution to each membrane disc and incubate in the
dark. (Membranes should be processed separately. Do not shake or move during
incubation.)

11. The color reaction is usually completed after 1 to 2 h.
12. When the expected signals appear, stop the reaction by rinsing in approx 50 mL

of TE buffer.

3.3.5. Specific Isolation of STEC/EHEC
1. Use a needle to get through the brown violet spots on the membrane disc.
2. Put the membrane disc on a light box. Place the master plate (see Subheading

3.3.1., step 8) onto the membrane disc congruently. Note the marks on the mem-
brane disc and the MacConkey plate made before creating the replica. The devel-
oped membrane disc is a mirror image of the master plate.

3. Compare spots on the membrane disc and colonies on the master plate. Isolate
single colonies by using a sterile glass stick and cross out on a new agar plate.
(In case of a mixture of STEC and other microorganisms, or when the number
of colonies on the master plate is very high, repeat the hybridization, and use
this newly prepared agar plate for replica. Figure 3 illustrates the relationship
between master plate and developed membrane disc.

3.4. Characterization of Isolates
1. For detection of specific virulence factors by PCR, prepare reaction mixtures

given in Tables 2 and 4. Then run the specific temperature-time profile (see
Tables 1, 3 and 6).

2. Detect specific amplicons by gel electrophoresis as described in Subheading
3.2.3. and estimate their size (in bp) in relation to marker bands (see Note 4).

4. Notes
1. It is necessary to check the sample DNA preparation by an alternative PCR sys-

tem to verify the PCR result. For this purpose, a system based on a pUC19 target
sequence is recommended as external amplification control.
Prepare a 25-µL PCR mixture containing components given in Table 7. Run the
following temperature-time profile: initial denaturation at 95°C for 5 min, 30 cycles
of denaturation at 95°C for 0.5 min, annealing at 65°C for 0.5 min, extension at
72°C for 1 min, and final extension at 72°C for 7 min. The size of the correct
amplicon is 429 bp.
In case of failure of amplification controls, plate a suitable dilution of the enriched
culture on a nutrient agar plate. Cultivate the plate overnight at 37°C. Then rinse
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the plate with 2 mL of physiological saline and prepare appropriate dilutions in
water. Use these suspensions as template in a screening PCR again.

2. It is possible to use another solution (called solution B) for prehybridization and
hybridization. It contains the following components: 5 X SSC solution (see Sub-
heading 2.3.1.), 0.1 % (w/v) N-lauroylsarcosine, 0.1% (w/v) SDS, Blocking
reagent® (Roche Diagnostics). To prepare the solution, dissolve N-lauroylsarcosine
and SDS in 5X SSC. Calculate and add the amount of blocking reagent. Heat to
70°C and stir the solution for 1 h. The solution remains opaque. When applying
solution (‘B’), only use the following solution for all washing steps: 0.1% (w/v)
SDS in 0.04X SSC. It is possible to use the solution containing labeled probes 2 or
3 irrespectively of the kind of hybridization solution (DIG Easy Hyb or B). For
reuse, heat the solution to 70°C and chill on ice.

Fig. 3.  Photographic image showing a master plate in the upper part and a replica
nylon membrane after hybridization in the lower part (see Subheadings 3.3.1. and
3.3.5.).
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3. Always include a positive, a negative, and a water control. Use the strains given
in Table 6 as positive controls and strain C 600 or another stx-negative strain as
negative control.

4. The most important virulence factors of STEC/EHEC are stx 1, stx 2, and eae.
Positive PCR results should be verified by restriction enzymes cleaving within
the amplified fragment. More data are given in Table 8. In a standard procedure,
the following mix should be used: 16 µL of PCR product (after running the spe-
cific temperature-time profile), 2 µL of 10X restriction buffer depending on the
endonuclease (e.g., SuRE/cut buffer, Roche Diagnostics), and 2 µL (at least 20
U) of restriction enzyme.
Incubate for 2 h at 37°C. After finishing, add 2 µL of gel loading buffer and start
electrophoretic separation in a 2% agarose gel. Detect specific bands as described
in Subheading 3.2.3.
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Detection of Listeria monocytogenes
Using a PCR/DNA Probe Assay

Louise O’Connor

1. Introduction
It is only in recent years that Listeria monocytogenes has become regarded

as a significant food-borne pathogen. Interest in the organism arose due to sev-
eral food-borne outbreaks in the early 1980s of listeriosis. The high mortality
rate associated with the illness prompted widespread public concern about the
pathogen and resulted in health authorities and the food industry initiating pro-
grams to control the organism and the disease. Listeriosis is not characterized
by a unique set of symptoms, since its course depends on the state of the host.
Approximately one-third of human L. monocytogenes infections are associated
with pregnant women and their unborn infants, and the other two thirds occur
in non-pregnant immunocompromised individuals of all ages. Symptoms
caused by the infection during pregnancy are generally only a mild fever in the
mother, with or without gastroenteritis or flu-like symptoms, but the conse-
quences for the fetus or newborn are often major or fatal.

Many food products pose a risk of causing an outbreak of listeriosis because
the organism can be present in many raw materials such as raw milk. In most
instances the outbreaks have resulted due to a lack of adequate control and
monitoring systems. The availability of methods to detect the organism is,
therefore, of extreme importance in determining the status of a particular food
product prior to release for sale and consumption. In addition, reliable detec-
tion methods are of vital importance in determining the source of outbreaks. In
recent years the advent of nucleic acid-based technologies has allowed the
development of tests enabling pathogens to be rapidly identified without the
need to isolate pure cultures.
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This chapter will describe a polymerase chain reaction (PCR)/DNA probe
membrane-based method developed in our laboratory for the rapid detection of
L. monocytogenes in food samples. DNA probes are now commonly used to
detect and identify microorganisms, particularly pathogenic microorganisms
in a variety of areas including medicine, the food industry, and the environ-
ment. The ribosomal operon represents a good target for development of diag-
nostic assays for microbial pathogens, since it is present in multiple copies in
most organisms. This region contains conserved sequence interspersed with
variable sequence regions allowing the scope to design broad ranging or spe-
cific detection assays as appropriate (1). These DNA probes can be employed
directly in hybridization assays or they may be combined with an in vitro
amplification step such as PCR for pathogen detection.  PCR is currently one
of the most widely employed techniques to complement classical microbio-
logical methods for the detection of pathogenic microorganisms. Detection of
PCR amplification products can be carried out by gel electrophoresis com-
bined with ethidium bromide staining and visual examination of the gel using
UV light. Southern blotting and hybridization with a specific labeled probe can
follow electrophoresis, thus allowing confirmation of the identity of the PCR
product and increasing the sensitivity of the assay. Colorimetric or fluorometric
hybridization of amplification products can also be carried out using specific
DNA probes bound to solid phases, such as microtiter plates, allowing rapid
and simplified detection. The detection format adapted in our laboratory is a
colorimetric reverse hybridization assay (2–5). This membrane-based detec-
tion of PCR products was first developed by Saiki et al. (6), later modified by
Zhang et al. (7), and adopted by Chehab and Wall (8) for screening cystic
fibrosis mutations. The method incorporates biotin into the PCR product by
including a biotinylated primer in the PCR. This biotinylated PCR product can
hybridize to a capture probe, which is immobilized on a chemically modified
nylon membrane. The PCR/DNA probe hybrid can be detected colorimetri-
cally using a conjugate such as streptavidin alkaline phosphatase and a chro-
mogenic substrate (see Fig. 1A and 1B). A panel of capture probes to different
pathogenic microorganisms can be immobilized on a single membrane, allow-
ing multipathogen detection.

2. Materials
2.1. Enrichment of Food Samples

1. Listeria-enrichment broth (Merck, Darmstadt, Germany; Cat. no. 1.11951).
2. Listeria-enrichment broth supplement (Merck; Cat. no. 1.11883).
3. Stomacher (Seward; Cat. no. 400).
4. Sterile stomacher bags.
5. 37°C incubator.
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Fig. 1. (A) Reverse hybridization detection of a biotinylated PCR product. The
probe on the membrane specifically captures the biotinylated PCR product. The probe
product hybrid is then detected via a streptavidin alkaline phosphate conjugate and
conversion of the substrate to an insoluble product, yielding a purple color on the
membrane. (B) Actual Biodyne C membrane strip following colorimetric detection
using an L. monoctogenes-specific probe in the membrane. Also on the strip is the
positive detection control PosDet and the unrelated negative control.



188 O'Connor

2.2. PCR of Enriched Food Samples

1. Oligonucleotide primers: LGS2 5'-ccgtgcgccctttctaactt-3', LMONOREV
5'-tttgttcagttttgagaggt-3' (Genosys Biotechnologies, Ltd., London Road,
Pampisford, Cambridgeshire).

2. Nuaire 425 Class II Biological Safety Cabinet.
3. Thermal cycler.
4. PCR tubes, 0.5 mL.
5. PCR-grade H2O (Sigma UK).
6. Proteinase K (10 mg/mL) (Sigma).
7. Taq DNA polymerase, MgCl2, and reaction buffer (Promega, Madison, WI, USA).
8. DU:dNTPs (Promega): Prepare from 100 mM stocks by combining 12.5 µL

dATP, dGTP, dCTP, 4.45 µL dTTP, and 8 µL dUTP.
9. Uracil-N-DNA glycosylase (UNG) (Roche Molecular Biochemicals, UK)

2.3. Reverse Hybridization Assay

1. Biodyne C membrane (Pall Biosupport; Pall Europe, Ltd. Portsmouth UK).
2. EDAC-HCl (Sigma) 16% (w/v) in distilled water (dH2O).
3. Oligonucleotide probes (LMONO20 5'-gatgcttcaaggcatagtgcc-3'), including

PosDet a positive detection control probe (Genosys Biotechnologies Ltd.).
PosDet consists of a random stretch of oligonucleotide bases modified with a
biotin group at the 3'-end and an amine group at the 5'-end.

4. NaHCO3: 0.5 M, pH 8.4.
5. Biodot liquid dispensing machine (xyz 3000) (Biodot, Irvine, CA, USA).
6. NaOH: 0.1 M.
7. Biodot cutter 3000.
8. Heating block.
9. Hybridization buffer: 5X SSPE (20X SSPE: 175.3 g NaCl, 27.6 g NaH2PO4·H2O,

7.4 g EDTA/L H2O), 0.1% (w/v) sodium dodecyl sulfate (SDS).
10. TBS: 50 mM Tris-HCl, pH 7.5, 0.15 M NaCl.
11. Shaking platform.
12. Strepatvidin alkaline phosphatase conjugate (Calbiochem-Novabiochem UK,

Ltd., Nottingham, UK).
13. TBS/Tween® 20: 50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1% Tween.
14. Color development solution: 0.1 M Tris-HCl, pH 9.5, 50 mM MgCl2, 0.1 M NaCl.
15. Chromogenic substrates: nitroblue tetrazolium chloride (NBT) and 5-bromo-

4-chloro-3-indolyl-phosphate, 4-toluidine salt (BCIP) (Roche Molecular
Biochemicals). To 10 mL of color development solution, 50 µL of  NBT and
37.5 µL BCIP are added.

3. Methods
3.1. Enrichment of Food Samples (see Notes 1 and 2)

1. Weigh out 25 mL/25 g of sample.
2. Place sample on sterile stomacher bag and add 225 mL of enrichment broth.
3. Homogenize the sample, seal the top of the bag, and incubate at 37°C overnight.
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3.2. PCR Amplification of Enriched Food Samples (see Notes 3 and 4)

1. Remove 5 µL of the enriched sample from the stomacher bag and place in 0.5 mL
PCR reaction tube containing 1 µL proteinase K and add sterile PCR-grade H2O
to 50 µL.

2. Heat the reaction to 55°C for 10 min to lyse the bacterial cells. The proteinase K
is inactivated by following this step with a 95°C step for 10 min.

3. Prepare the PCR master mixture in a class II safety cabinet. For one reaction, add
10 µL reaction buffer, 16 µL MgCl2 (25 mM), 12.5 µL dU:dNTPs, 1 µL of each
primer, 0.3 µL Taq DNA polymerase and 9.1 µL H2O, 0.1 µL UNG, and vortex
mix well (see Note 5).

4. Add 50 µL of this mixture to the 50 µL of lysed cell reaction.
5. Cycle through 1 cycle of 37°C for 10 min, 35 cycles of denaturing at 94°C,

annealing at 55°C and extension at 72°C for 1 min.
6. Include a no-template negative control in all experiments.

3.3. Reverse Hybridization Assay (see Notes 6–8)

1. Cut the Biodyne C membrane into a strip 35 mm × 4 cm and activate by soaking
in 16% EDAC HCl for 20 min.

2. Wash the membrane several times in distilled water and allow to dry at room
temperature.

3. Prepare 40 pmol/ µL solution of the probes in 0.5 M NaCO3 pH 8.4.
4. Apply the probes using the Biodot dispensing machine. Alternatively, if a liquid

dispensing machine is not available the probes can be applied using a hand-held
pipet, and 1 µL dots are adequate (see Note 9).

5. Quench all active carboxyl groups on the membrane by soaking it in a solution of
0.1 M NaOH for 5 min followed by several rinses with dH2O.

6. Remove a 50 µL aliquot of the PCR product from the reaction mixture and dena-
ture at 95°C for 10 min in a heating block. Quench immediately on ice.

7. To this denatured PCR product add 1 mL of hybridization buffer.
8. Immerse the membrane strip containing the probes in this buffer/PCR product

mixture in a trough and incubate on a shaking platform for 1 h at 37°C.
9. Following hybridization, wash the membrane 2× for 10 min in hybridization

buffer and once in TBS.
10. Prepare a 1/2000 dilution of the streptavidin alkaline phosphatase conjugate in

TBS/Tween solution (see Note 10).
11. Incubate the washed membrane in the conjugate for 20 min at room temperature

on a shaking platform.
12. Wash the membrane 2× for 10 min in TBS and once in color development

solution.
13. Add 50 µL of NBT and 37.5 µL of BCIP to 10 mL of color development solution.
14. Immerse the membrane in this chromogenic substrate until the Posdet purple line

on the membrane becomes visible (1 to 2 min).
15. Terminate color development by soaking the membrane in dH20.



190 O'Connor

4. Notes
1. In enriching food samples, which are particulate in nature, such as meat, it is a

good idea to use stomacher bags containing an inner gauze insert. This retains the
gritty material, allowing the enrichment broth to remain free from particulate
material. The samples are usually incubated without shaking because of the nature
of the stomacher bags, which will leak if not sealed properly. Liquid samples such
as milk can be enriched in sealed culture flasks in a shaking incubator.

2. One of the limitations of using PCR assays for the detection of microbial patho-
gens is that PCR will detect both viable and nonviable organisms if the target
sequence is present in the sample. The inclusion of a pre-enrichment step prior
to PCR increases the number of target cells in the media, dilutes the inhibitory
effects of the matrix, and confines detection to viable culturable cells (9). It is,
therefore, important to consider carefully the type of enrichment medium cho-
sen, which may in itself contain inhibitors. The length of the enrichment step
should also be taken into consideration. This should be optimized to allow
maximum growth of the target organism, while at the same time fitting the
time-frame for the assay. This allows detection of the organism in the shortest
time frame possible.

3. One of the main problems associated with the use of PCR assays for food samples
is the presence of inhibitors in the food. False negative results can occur for many
reasons, including nuclease degradation of the target nucleic acid sequences or
primers, the presence of substances that chelate divalent magnesium ions (10)
essential for the PCR reaction, and lastly, inhibition of the DNA polymerase (11).
Inhibition of the PCR varies with the type of food under analysis. High levels of oil,
salt, carbohydrate, and amino acids have been shown to have no inhibitory effect,
while casein hydrolysate, calcium ions, and certain components of some enrich-
ment broths are inhibitory for PCR. The removal of inhibitory substances from the
target to be amplified can be an important step prior to PCR amplification.

A method that we have used to reduce the amount of PCR inhibitors is
immunomagnetic separation (IMS). This involves the use of magnetic particles
coated with antibodies to Listeria to capture the organism from the enrichment
culture. These magnetic particles can then be included directly in the PCR. The
antibody must have a high affinity for the target organism to achieve effective
capture. Also, if the specificity of the antibody for the target organism is high,
use of IMS introduces an extra degree of specificity into the assay. The problem
associated with antibody-based separation is that certain food components, such
as fats, can interfere with the antibody–organism interaction, as can food debris.

4. It is recommended that, if possible, the methods outlined here should be per-
formed in biological cabinets, which allow product protection by providing an
additional safeguard against PCR contamination.

5. The inclusion of UNG in the reaction is important for the control of contamina-
tion from PCR products. UNG catalyses the destruction of dUTP containing
DNA, but not dTTP containing DNA. When dUTP is used together with dTTP,
the generation of a PCR product that is susceptible to destruction by UNG is
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facilitated. Deoxyuridine is not present in the target DNA, but is always present
in the PCR product. Incubation of the reaction mixture and the target DNA at
37°C, allows the destruction of any dUTP-containing product. Increasing the tem-
perature to 94°C in the first round of amplification inactivates the UNG ensuring
that real product is not destroyed.

6. The reverse hybridization assay offers a number of advantages in comparison to
conventional methods. It is rapid and convenient to use and is therefore ideal for
routine laboratory use. Following PCR amplification, detection of the PCR prod-
ucts takes in the region of 2 h to perform, which represents a significant reduction
in time when compared to classical methods of pathogen detection. The detection
limit of this technology is comparable to that attainable using Southern blot analy-
sis and therefore, represents a sensitive assay format.

7. When designing primer pairs and probes for use in this reverse hybridization
format, it is advisable to design more than one set, since the dynamics of the
reaction are different to Southern blot analysis in which the PCR product is
denatured and immobilized on the membrane. In the reverse hybridization for-
mat, the PCR product is free in solution where secondary structures can form
more easily. Secondary structures can have a pronounced effect in the reverse
hybridization format, particularly where a large PCR product is being hybrid-
ized to a membrane-bound probe. It is also important to ensure that secondary
structures are not present in the sequence from which probes are designed. A
DNA folding program, such as the Zuker folding program can be used for de-
termining secondary structure and is available on the Internet at (http://
bioinfo.math.rpi.edu/).

8. One point to note with this reverse hybridization method is that the pH of the
NaHCO3 is critical. This is the buffer used to dilute the probe that is to be
attached to the membrane. The 5'-amine on the probe will not bind to the car-
boxyl group on the membrane if this pH is not at 8.4.

9. It is not necessary to apply the probes using a Biodot liquid dispensing machine.
They can be applied using a pipet. However, for uniformity and production of
large batches of membrane strips, a liquid dispensing machine is useful.

10. For each individual assay, it may be necessary to titer the conjugate and use a
dilution that will give optimal color with low background.
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Detection of Leptospira interrogans

John W. Lester and Rance B. LeFebvre

1. Introduction
 Leptospirosis, which is caused by pathogenic spirochetes of the genus Lep-

tospira, is an important zooanthroponosis, both from a clinical and economic
standpoint. The wide variety of potential disease reservoirs, coupled with the
ability of Leptospira to survive for long periods in soils and surface water com-
bine to make leptospirosis the most common zoonosis in the world (1). Most
leptospiral infections are either subclinical or self-limiting and are character-
ized by flu-like symptoms. If left untreated, though, more serious forms of the
illness can result in spontaneous abortion, uveitis, jaundice, damage and fail-
ure of the heart, liver, and kidneys, and even a severe hemorrhagic condition
resembling viral hemorrhagic fevers (1).

The taxonomy of the genus Leptospira is complex. The genus was histori-
cally divided into two main species designations depending on the pathogenic-
ity of the organism. The pathogenic leptospires, designated L. interrogans,
were originally subclassified into taxa called serovars on the basis of a com-
parison of cross-absorption of rabbit sera against each serovar. Related serovars
were assigned serogroups (2). Recently however, genetic taxonomic analyses
of the genus have led to the establishment of several new species within L.
interrogans sensu lato, but these new species designations do not correlate
with the earlier serologic classification (3).

 Detection of this diverse group of bacteria in clinical and environmental
samples can be accomplished by serology (microscopic agglutination test), cul-
ture, direct examination by darkfield microscopy, or polymerase chain reaction
(PCR). Serological methods may fail to detect infections in which leptospires do
not elicit an immune response that reacts to known standards, and many animals
that act as reservoir hosts of L. interrogans can have very low serum antibody
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titers (4). Furthermore, since a serological titer can persist for as long as 7 yr
following an infection, a positive serological reaction does not necessarily indi-
cate a current infection (5). Culture methods are slow, susceptible to contamina-
tion, and will fail to detect leptospires that grow poorly or are uncultivable. Direct
demonstration of the leptospires will only be positive during certain stages of
infection. PCR, on the other hand, is capable of detection of minute amounts of
leptospiral DNA in most environmental, culture, or clinical samples and is thus a
much more reliable tool than the previous methods.

Frequently, it is desired to specifically identify L. interrogans in a sample
that may also contain saprophytic leptospires. While there are a number of
targets for PCR capable of this level of discrimination, the genes for riboso-
mal RNA are particularly well suited as PCR targets for the identification
and speciation of bacteria, because they are present in all organisms. Further-
more, they possess a variety of regions with differing amounts of homology
within and between species, which allows their phylogenetic classification
(6). The primers used in this protocol were designed by making a comparison
of 16S ribosomal gene sequences from known pathogenic leptospires (see
Note 1) (7). The resulting set of 4 nested primers is specific for pathogenic
Leptospira spp.

The most important aspect of this protocol is the sample preparation.
Samples that are very dilute, such as large vol of urine, will require concen-
tration, while other samples, such as semen, will require extensive removal
of cell debris and polysaccharide from the DNA prior to amplification. Three
basic methods are described here, a simple boiling method, a concentration
method, and a hexadecyltrimethylammonium bromide (CTAB)/organic
extraction method, which will yield the purest DNA, but which is also the
most time-consuming.

2. Materials
2.1. Sample Preparation
2.1.1. Sample Concentration Method (see Note 2)

1. EDTA: 0.5 mM, pH 8.0.

2.1.2. CTAB/Organic Extraction Method (see Note 3 and ref. 8)

1. Water bath 65°C.
2. TE Buffer: 10 mM Tris-HCl, pH 8.3, 1 mM EDTA containing 2% Triton® X-100.
3. Phenol/chloroform/isoamyl alcohol: 25:24:1 (v/v/v).
4. NaCl: 5% (w/v) in water.
5. CTAB: 10 % (w/v) in water.
6. Chloroform/isoamyl alcohol: 24:1 (v/v).
7. Isopropanol.
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2.2. PCR Amplification

1. Sterile double distilled H2O.
2. Taq DNA Polymerase (see Note 4).
3. PCR buffer (10X): 200 mM Tris-HCl, pH 8.4, 500 mM KCl, 15 mM MgCl2 , or as

supplied by manufacturer with Taq DNA polymerase (see Note 5).
4. dNTP mixture (dATP, dTTP, dCTP, and dGTP): 1.3 mM each.
5. Oligonucleotide primers (see Table 1), concentration adjusted to 50 pmol/µL.
6. Sterile mineral water.
7. Thermal cycler.
8. Agarose (molecular biology-grade).
9. Tris-Borate-EDTA buffer (TBE): To make a stock solution of 5X TBE, dissolve

54 g of Tris-base and 27.5 g of boric acid in about 750 mL of purified water, add
20 mL of 0.5 M EDTA, pH 8.0, and adjust the vol of the solution to 1 L with
purified water. Dilution of the buffer 1 in 10 with purified water will give a final
0.5X running buffer.

10. Ethidium bromide solution: 0.5 µg/mL in 0.5X TBE buffer.
11. Loading buffer: 20% Ficoll® 400, 0.1 M Na2 EDTA pH 8.0, 1.0% sodium dodecyl

sulfate (SDS), 0.25% bromophenol blue.

3. Methods
3.1. Sample Preparation

3.1.1. Simple Boiling Method (see Note 6)

1. Boil the sample for 10 min in a microcentrifuge tube.
2. Centrifuge at 14,000g for 5 min.
3. Transfer supernatant to a fresh tube and store at �20°C.

Table 1
Oligonucleotide Primers for PCR of Pathogenic Leptospira

Name and Positiona Nucleotide sequence, 5' to 3'

Outer primer set
428–450   5'-AGGGAAAAATAAGCAGCGATGTG-3'
981–999cb   5'-ATTCCACTCCATGTCAAGCC-3'
Product size: 571 bp

Nested primer Set

552–570   5'-GAAAACTGCGGGCTCAAAC-3'
925–940cb   5'-GCTCCACCGCTTGTGC-3'
Product size: 370 bp

a Corresponds to the L. interrogans sensu stricto 16S gene sequence (Accession no. X17547)
b Primers labeled “c” are complementary to those in the sequence.
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3.1.2. Sample Concentration Method (see Note 2)

1. Transfer the sample from collection vessel to 50-mL centrifuge tubes and centri-
fuge at 14,000g for 30 min.

2. Decant supernatant and resuspend pellet in 1.5 mL 0.5 mM EDTA, pH 8.0.
3. Transfer sample to a microcentrifuge tube and centrifuge at 14,000g for 10 min.
4. Resuspend pellet in 60 µL double distilled sterile water (see Note 7).
5. Boil the sample for 10 min.
6. Centrifuge at 14,000g for 5 min and transfer supernatant to a fresh tube. Store

sample at –20°C.

3.1.3. CTAB/Organic Extraction Method (see Note 3 and refs. 4 and 8)

1. Add an equal volume of TE buffer with 2% Triton X-100 to 600 µL sample in a
microcentrifuge tube and vortex mix.

2.  Heat the sample at 94°C for 10 min.
3. Centrifuge at 14,000g for 5 min and transfer supernatant to a fresh tube.
4. Extract with 25:24:1 phenol/chloroform/isoamyl alcohol, and transfer aqueous

phase to a fresh tube.
5. Add 75 µL of 5% NaCl and 75 µL of 10% CTAB and mix thoroughly.
6. Incubate at 65°C for 10 min.
7. Extract with 750 µL of 24:1 chloroform/isoamyl alcohol.
8. Centrifuge at 14,000g for 5 min and transfer the supernatant to a fresh tube (see

Note 8).
9. Extract with 750 µL of 25:24:1 phenol/chloroform/isoamyl alcohol and transfer

supernatant to a fresh tube.
10. Precipitate the DNA with 750 µL of isopropanol.
11. Centrifuge for 2 min at 14,000g and wash with 70% ethanol.
12. Resuspend DNA pellet in 5–10 µL of TE buffer.

3.2. PCR Amplification (see Note 9)

1. Prepare the PCR master mixture for 10 reactions by adding the following solu-
tions to a microcentrifuge tube (see Note 10): 110 µL 10X PCR buffer, 110 µL
dNTP mixture, 11 µL primer 428–450 (total of 500 pmol), 11 µL primer 981–
999c (total of 500 pmol), 523 µL sterile double distilled water, and 5.5 µL (5–
25 U) Taq DNA Polymerase.

2. Add 70 µL of the master mixture to each of ten 0.5-mL thin-walled microcentri-
fuge tubes (see Note 11).

3. To each tube add 30 µL of a prepared sample from Subheading 3.1., and overlay
with 1 or 2 drops (30–50 µL) of sterile mineral oil (see Note 12).

4. Place the PCR tubes into the thermal cycler and amplify with the following
parameters (see Note 13): 94°C for 4 min (initial denaturation), then 35 cycles
of 94°C for 1 min (denaturation), 55°C for 1 min (annealing), 72°C for 1 min
(extension), followed by 72°C for 7 min (final extension), and then hold at 4°C
until collection.
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5. Remove the aqueous phase from each reaction and store in fresh tube. Aliquot
10 µL of each PCR product into a fresh tube for the nested reaction.

6. Prepare the PCR master mixture below for the nested amplification reactions,
and add 90 µL of it to each of the 10 µL of templates produced in the previous
PCR. The PCR master mixture contains: 110 µL 10X PCR buffer, 110 µL dNTP
mixture, 11 µL primer 552–570 (total of 500 pmol), 11 µL primer 925–940c
(total of 500 pmol), 743 µL sterile double distilled water, and 5.5 µL (5–25 U)
Taq DNA Polymerase.

7. Overlay each with a drop of mineral oil and amplify again as in step 4.
8. Remove the aqueous phase from each reaction on completion, and store at 4°C.
9. Add 1 µL of loading buffer to 10 µL of each nested PCR product.

10. Perform electrophoresis using 1% agarose and 0.1 µg/mL ethidium bromide in
TBE and visualize the PCR products using UV light. An example illustrating the
sensitivity of the present method is shown in Fig. 1.

4. Notes

1. The species used were L. interrogans sensu stricto (GenBank® Accession no.
X17547), L. borgpetersenii serovars hardjobovis and sponselee (Accession no.
U12670), L. borgpeterseni 1627 serovar burgas (Accession no. U12669),
L. pomona serovar kennewicki (Accession no. 71241), and L. interrogans
serovars canicola, moulton (Accession no. 17547), fainei (Accession no.
U60594), and inadai (accession no. Z21634) (7).

2. Samples with large vol such as bovine urine samples or water samples may
require concentration prior to sample preparation for PCR. This method of
sample concentration can also be combined with the method described in Sub-
heading 3.1.3. if purification of DNA is desired prior to PCR amplification.
Filtration cannot be used as a method of concentration for Leptospira because
they are thin enough to pass through 0.22-µM filters (1). Previous studies have
found that following filtration with either cellulose or polycarbonate filters,
Leptospira can be found both on the filter and in the filtrate (8).

3. Substances such as blood or semen that contain polysaccharides, cell lysis prod-
ucts, or other substances interfering with the amplification reaction usually require
at least a phenol/chloroform extraction of the DNA. This method also uses CTAB,
which removes carbohydrates from the aqueous phase.

4. Taq DNA polymerase (along with other thermostable polymerases) is available
from many manufacturers. We used Promega (Madison, WI, USA) products with
this protocol, but generally speaking, most products will perform similarly well.
The Taq DNA polymerase and proprietary buffer that comes with it should
always be used together, though, and never mixed.

5. The buffer that comes with the Taq DNA polymerase is often sufficient. Occa-
sionally, however, you may need to adjust the MgCl2 concentration. Many Taq
DNA polymerase kits also come with a buffer lacking MgCl2, and a separate tube
of MgCl2 that can be used if this is the case.
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Fig. 1. Sensitivity of the PCR assay. Nucleic acids separated by agarose gel electrophoresis (1% w/v agarose)
and stained with ethidium bromide.  MW, molecular weight marker ladder (Promega).  Ten milliliters of a 3-wk
Leptospira icterohemorrhagiae culture (5 × 108 cells/mL) was processed by the simple boiling method (see Sub-
heading 3.1.1.).  Serial 10-fold dilution of the prepared DNA was made to 10–8, and processed by PCR.
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6. This method can be used for small vol of relatively “clean” samples, which do
not require concentration and do not contain large amounts of substances, such
as polysaccharides that may interfere with the amplification reaction. This may
include small water or urine samples, cerebrospinal fluid (CSF) samples, and
aqueous humor samples.

7. At this point the Sample Concentration Method (see Subheading 3.1.2.) is com-
pleted as for the Simple Boiling Method (see Subheading 3.1.1.), but the CTAB
method (see Subheading 3.1.3.) may be used to prepare the sample if required
(see Note 4).

8. At this point, if a layer of CTAB-carbohydrate is still visible at the interface,
additional CTAB can be added to the supernatant, and the extraction can be
repeated until no carbohydrate layer is visible.

9. Getting accurate results from PCR requires a high degree of cleanliness. We use
a clean UV hood for preparing the PCR in an area of the laboratory separate from
that used for sample preparation. The area used for preparation of the PCR should
be thoroughly cleaned with bleach before use, and filter-tipped pipets should be
used in order to prevent cross-contamination of samples. Adequate use of both
negative and positive controls will also insure the accuracy of the results.

10. The master mixture should be made fresh as required and not prepared in advance.
While this amount of master mixture is sufficient for 11 samples, it is advisable to
make more master mixture than needed as this will allow for small pipeting mis-
takes. Additionally, by preparing fresh master mixture for every run, the risk of
contamination is lessened.

11. Thin-walled microcentrifuge tubes designed for PCR allow faster heat transfer,
which allows shorter PCR cycles to be used.

12. This prevents evaporation of the solution during heating. Fresh molecular biol-
ogy-grade mineral oil should be used, as old mineral oil that has been damaged
by UV radiation can inhibit PCR (9). Other substances such as wax beads can
also be used.

13. We use an MJ thermal cycler (MJ Research, Waltham, MA, USA), but any ther-
mal cycler can be used. Other thermal cyclers can allow different (and in some
cases faster) amplification conditions.
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Detection of Pathogenic Mycobacteria
of Veterinary Importance

Robin A. Skuce, M. Siobhan Hughes,
Malcolm J. Taylor, and Sydney D. Neill

1. Introduction
1.1. Importance of the Agents

There are a large variety of bacteria that are pathogenic for animals, includ-
ing many opportunistic pathogens normally residing in the environment.
Among these diverse veterinary pathogens, mycobacteria are highly signifi-
cant, particularly for farmed animal species, as many are zoonotic, and their
impact can have significant economic consequences. The genus Mycobacte-
rium comprises more than 70 species (1). Many of these are innocuous free-
living saprophytes, but some are inherently pathogenic for animals (Table 1).
Mycobacterium bovis, the causative agent of bovine tuberculosis, has an
exceptionally broad host range that includes farmed and feral animals, wild-
life, and also humans (2). Bovine tuberculosis can be a serious barrier to the
cattle trade within and between countries with significant agricultural econo-
mies. It is also an occupational zoonosis. Several countries in the developed
world have been unable to eradicate bovine tuberculosis, despite implement-
ing comprehensive and costly eradication schemes. The disease is epidemio-
logically complex, with interbovine transmission and wildlife reservoirs of
infection suggested as the major obstacles to eradication (3).

Johne’s disease or paratuberculosis, a chronic hypertrophic enteritis observed
in cattle and other ruminants, is caused by M. avium subspecies paratuberculosis
and results in significant economic losses to agricultural industries worldwide.
M. avium subspecies paratuberculosis has been implicated in Crohn’s disease in
humans and now is considered a potential zoonotic pathogen (4). Significant



202 Skuce et al.

financial losses in agriculture can also be a consequence of other mycobacterial
infections, such as avian tuberculosis in poultry, swine, cattle, and farmed deer.
The aetiological agent, M. avium subspecies avium is again zoonotic and often
found as a disseminated infection in AIDS patients (5). There are other myco-
bacteria that have veterinary significance, but possibly less so than those men-
tioned previously. These include: M. lepraemurium, the causative agent of a
localized, leprosy-like skin infection in rats and cats (6) M. marinum in fish (7)
and a Mycobacterium species (insertia sedis), which produces a pyogranu-
lomatous disease in dogs (8).

1.2. Diagnostic Issues

Veterinary mycobacteriology laboratories have a key role to play in both
diagnosis and surveillance of animal infections. Such laboratories often pro-
vide culture confirmation for field diagnosis of some significant mycobacterial
pathogens, e.g., isolates from tuberculin reacting cattle identified during tuber-
culosis eradication programs. These specialist laboratories also identify those
other mycobacteria of significance in animal diseases. Traditionally, culture
on solid media and biochemical procedures have been used routinely for isola-
tion and speciation of mycobacteria from clinical samples. There are disadvan-
tages in using such procedures, as most of these mycobacteria are difficult and
slow to culture and some at present are nonculturable. Primary isolation of
members of the M. tuberculosis complex requires, on average, between 4–6
wk to recover on traditional solid culture media and even between 13–15 d in
radiometric and automated culture systems (9). Similar difficulties can arise

Table 1
Significant Mycobacterial Pathogens of Animals

Diseases in animals Mycobacteria

Mammalian tuberculosis M. bovis (M. tuberculosis, M. microti, Micaprae)
Avian tuberculosis M. avium subsp. avium (M. a. sylvaticum in wood pigeons)
Lymphadenitis in pigs M. avium subsp. avium
Lymphadenitis in deer M. avium subsp. avium, M. bovis
Johne’s disease, M. avium subsp. paratuberculosis
     or paratuberculosis
Rat and cat leprosy M. lepraemurium
Fish skin ulceration M. marinum
Canine leproid Mycobacterial species (insertia sedis)
     granuloma syndrome

Farcy M. farcinogenes, M. senegalense

a Species in parentheses cause disease rarely in animals.
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with identification, as some species are difficult to differentiate from closely
related mycobacterial species or from species in genera such as Corynebacte-
rium, Nocardia, and Rhodococcus .

Consequently in recent years, there has been considerable and justifiable
interest in applying the modern technologies of molecular biology to detection,
speciation, and even to the epidemiology of diseases caused by mycobacteria.
Such technologies have potential to provide improvements in these areas, not
least possibly obviating the process of time-consuming culture. However, there
has been a tendency to underestimate the difficulties inherent in introducing
and applying these technologies to such recalcitrant pathogens as mycobacte-
ria. Their intracellular nature, the intractability of the mycobacterial cell wall
and the potential presence of polymerase chain reaction (PCR) inhibitors in
clinical specimens are limitations on PCR effectiveness. The paucibacillary
nature of specimens in some scenarios can be particularly problematic. Addi-
tionally, the standard configuration of PCR does not currently distinguish
between live and dead mycobacteria, a factor of importance, e.g., when consid-
ering its use for detecting the survival of M. avium subsp paratuberculosis
post-pasteurization (10). However, if molecular diagnostic methods are to be
considered as acceptable replacements for traditional procedures, there must
be sustained improvement in sensitivity, specificity, reproducibility, and con-
venience, together with possibly a capability for increased throughput capac-
ity. Reduced costs and availability of appropriate resources and trained staff
are also important factors for their successful adoption by routine laboratories.
The more conventional technologies may be more appropriate in some coun-
tries and particularly so for some pathogens. For mycobacteria, in both devel-
oped and developing countries, culture is still considered to be the gold standard
(11), despite lacking specificity and being time-consuming.

There are several published protocols for PCR detection of clinically impor-
tant mycobacteria. Many have focused on mycobacterial pathogens of humans
(12). However, among these, there appears to be no consensus regarding
extraction or amplification methodologies. There are also difficulties in tech-
nology transfer and reproducibility between reputable laboratories in
multicenter studies (13). Potential problems with false negative reactions, pos-
sibly as a result of inhibitors, and also with false positive reactions, possibly
due to contamination have been recorded. Stringent design and use of PCR
facilities and inclusion of relevant controls should reduce and allow monitor-
ing of such occurrences.

In veterinary use, the primary focus has been mainly on in-house amplifi-
cation-based detection of M. bovis (14–17). Other applications of nucleic acid-
based diagnostics in veterinary mycobacteriology laboratories have tended
to be the evaluation of more robust and sometimes prohibitively expensive
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commercial kits. Examples of these are the GenProbe® amplification-based
M. tuberculosis Direct test and the AccuProbe® M. avium complex test kits.
These are attractive because there are multiple 16S rRNA targets available, the
amplification is isothermal, and the products degrade over time, thus reducing
the potential for subsequent contamination (18). Quality control, an important
issue with in-house PCRs, is also likely to be more easily facilitated with a
commercial kit. However, cost has been cited as a problem, reducing routine
application of this test (19). DNA amplification and detection technology is
developing very rapidly. If early problems with sensitivity and specificity are
overcome, there will be an increased demand for high-throughput molecular
diagnostics in veterinary as well as human mycobacteriology. There is now a
move towards real-time fluorescence detection of PCR products, which should
facilitate development of the desired high-throughput molecular diagnostic
assay (20) and provide a more practical approach to confirmation of the signifi-
cant mycobacterial infections in animals.

1.3. PCR-Based Molecular Diagnostic Approach

The approach taken in this chapter to PCR detection is drawn from experi-
ences of the mycobacterial reference and research laboratories of the Veteri-
nary Sciences Division, Stormont, Belfast, which operate in support of
Government strategies for controlling and ultimately eradicating tuberculosis
from cattle in Northern Ireland. The laboratories have been successful in
developing and applying PCR-based molecular diagnostics in several ways:
for confirmation of M. tuberculosis complex (M. tuberculosis, M. bovis,
M. bovis BCG, M. microti, M. africanum) using IS6110 (21); for spoligotyping
(22); for identifying M. avium complex (M. avium subsp avium, M. avium subsp
paratuberculosis and M. avium subsp sylvaticum) using IS1245 (23), IS900
(24), and IS901/902 (24) PCRs; and for identifying mycobacteria other than
the M. tuberculosis complex (MOTTs) using a 16S rRNA PCR and sequence
analysis (25). Initially, these PCR analyses were performed on isolates grown
on solid media and from radiometric culture from selected bovine lymph nodes.
For M. bovis detection, specimens usually comprised fresh or frozen lymph
tissue, lesions were sometimes calcified, and on occasions, archived formalin-
fixed paraffin-embedded lymph node tissue was used. Specimens comprising a
range of tissues taken from a variety of animals other than cattle have also been
used with PCR methods (Table 2). These have been mostly from badgers and
deer, but also from companion animals, such as cats, dogs, ferrets, and fish.

PCR-based detection of M. bovis in bovine tissues has been impeded by the
small numbers of bacilli commonly associated with tuberculous tissues of cattle
(16) and by difficulties in extracting mycobacterial DNA from a bacterial spe-
cies with a resilient lipid-rich cell wall (9) embedded possibly within fibrous
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tissues. Several mycobacterial DNA extraction methodologies for PCR analy-
ses of veterinary specimens have been used previously, both by this laboratory
(26) and by others (14–16, 27), but PCR assays have been shown not to be as
sensitive as culture methods. Sequence capture PCR was subsequently reported
to be successful in the detection of M. tuberculosis in paucibacillary specimens
from patients with tuberculous pleurisy (28,29). This procedure involved
enrichment of target DNA by hybridization to biotinylated oligonucleotides
and subsequent capture of hybridized DNA onto streptavidin-coated magnetic
beads (see Fig. 1). Magnetic bead attractors enabled potential inhibitors to be
removed easily by washing the beads. The method was advantageous from a
health and safety perspective in not requiring solvent extraction.

We have now adapted this approach for detection of M. bovis in animal
specimens. For PCR-based confirmation from culture, DNA was released sim-
ply by heat treatment and a modified sequence capture protocol (see Fig. 1)
was used to concentrate the target DNA. Pretreatment involving mechanical
and enzymatic disruption (28) has been modified for different specimen types
(see Fig. 2). This approach has flexibility with regard to specimen type and
mycobacterial pathogen. In addition, the method was robust in allowing suc-
cessful adoption and adaptation by our laboratory without recourse to the
developers of the methodology.

The basic sequence capture and PCR protocols, introducing different cap-
ture oligonucleotides and PCR primer sets, have been modified to facilitate
a range of different PCR amplifications. We have used this procedure in a
number of ways: for definitive diagnosis and simultaneous strain typing of
M. tuberculosis complex from radiometric cultures at early growth stages (30);
and directly in decontaminated tissue homogenates and in lesioned tissue from

Table 2
Detection of Mycobacteria in Different Hosts and Tissues
by DNA Sequence-Capture PCR

Species Specimen site  Specimen type

Badger Kidney      Decontaminated homogenate
Boar Lung      Formalin-fixed paraffin-embedded
Bovine Lymph node      Fresh
Companion animals Muscle      Frozen
Deer Nasal Mucus      Lypholized
Ferret

Sequence capture procedure has enabled detection of mycobacteria in a wide range of host
species and specimen types in this laboratory (as above). We intend to adapt specimen pretreatment
further to apply sequence capture to other specimen types including milk. feces, blood, and urine.
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tuberculous cattle (17). The sensitivity of sequence capture-spoligotyping PCR
has been comparable to that of culture and has enabled detection of
M. bovis from culture negative specimens. This protocol has been used also for
mycobacterial species identification, including nonculturable mycobacteria

Fig. 1. Schematic representation of sequence capture. Denatured DNA from lysed
specimens is enriched for target DNA by hybridization to biotinylated oligonucle-
otides. Hybridized DNA is subsequently captured onto streptavidin-coated magnetic
beads (see Subheading 3.2.).
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from paraffin-embedded and lyophylized tissue from cat (31), ferret (32), and
dog specimens (8).

In this chapter, we describe the basic specimen pretreatment, sequence cap-
ture, and PCR protocol, as applied to fresh or frozen bovine tissue specimens,
but indicate the potential variations in methodology and application based on
different specimens and PCR amplifications.

2. Materials
2.1. Pre-Treatment

1. Class I safety cabinet.
2. DNA Away™ (Molecular BioProducts, San Diego, CA, USA).
3. Disposable gloves.
4. Paper plates.

Fig. 2. Schematic representation of the pretreatment of specimens prior to sequence
capture. Tissue specimens, either fresh, frozen, decontaminated tissue homogenates, or
formalin-fixed paraffin-embedded material are subjected to both enzymatic and mechani-
cal disruption prior to lysis and denaturation by heat treatment (see Subheading 3.1.).
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5. Disposable sterile scalpel.
6. TES buffer: 100 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 50 mM EDTA.
7. Disposable specimen container: 20 mL (Polycon, Medical Wire and Equip-

ment,Wiltshire, UK).
8. Proteinase K: 100 mg/mL (Sigma, Dorset, UK).
9. Sterile plugged Pasteur pipets.

10. Stomacher bag and Stomacher Lab-Blender 80 (Seward Medical, London, UK).
11. Zirconia beads: 0.1-mm diameter (BioSpec Products, Bartlesville, OK).
12. Screw-cap microcentrifuge tubes: 1.5 mL, sterile (Sarstedt, Leicester, UK).
13. FastPrep® FP120 Cell Disrupter (Qbiogene, Carlsbad, CA, USA).
14. Water bath set at 50°C.
15. P20, P100, P200, and P1000 pipets and appropriate sterile RNase-free, DNase-

free aerosol-resistant pipet tips.
16. Heating block set at 100°C.
17. Micro Centaur Microcentrifuge (MSE, UK).

2.2. DNA Target Selection

Sequence capture probe solution containing 2.5 pmol of each capture probe in
200 µL 3.75 M NaCl, stored at �20°C (Gibco BRL, Life Technologies, Ltd., UK).

1. Cap DRa/b primers specific for DR region of M. tuberculosis complex (22).
Cap DRb 5'-Biotin AAAAACCGAGAGGGGACGGAAAC-3'
Cap DRa 5'-Biotin AAAAAGGTTTTGGGTCTGACGAC-3'

2. Cap pA and Cap pH primers specific for mycobacterial 16S gene (31),
polyadenylated modifications of primers pA and pH (33).
Cap pA  5'-Biotin AAAAAAGAGTTTGATCCTGGCTCAG-3'
Cap pH   5'-Biotin AAAAAAAGGAGGTGATCCAGCCGCA-3'

2.3. DNA Sequence Capture

1. Heating block set at 100°C.
2. Disposable container filled with ice.
3. Sequence capture probe: 2.5 pmol of each in 200 µL 3.75 M NaCl.
4. Thermomixer; Eppendorf Comfort mixer (Eppendorf-Netheler-Hinz, Cam-

bridge, UK).
5. Prewashed streptavidin coated magnetic beads at 5 µg/µL, Dynabeads® M-280

Streptavidin (Dynal, Oslo, Norway).
6. Magnetic bead attractor (MBA): 6 × 1.5 mL (Stratagene, La Jolla, CA).
7. Wash buffer: 10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA.
8. PCR quality water (Sigma).

2.4. PCR Amplification

1. P10 positive displacement pipet and disposable tips.
2. PCR buffer (10X): 500 mM KCl, 100 mM Tris-HCl, pH 9.0, 1% Triton® X-100,

15 mM MgCl2 (Qiagen, Ltd., West Sussex, UK).
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3. dNTP solution: 10 mM each of dATP, dCTP, dGTP, and dTTP, made from
100 mM stock solutions (Roche Diagnostics, Ltd., East Sussex, UK).

4. HotStar Taq DNA Polymerase (5U/µL) (Qiagen Ltd.).
5. Q-solution (Qiagen Ltd.).
6. 8-methoxypsoralen (Sigma).
7. PCR-quality water (Sigma).
8. Dimethyl sulfoxide (Sigma).
9. Primers 100 ng/µL stock solutions (Table 3)

(For a typical 18-mer oligonucleotide, 100 ng/µL equates to 16.8 µM)

2.5. Analysis

2.5.1. Gel-Based Analysis
1. 1.2, 2.0 and 4.0% E-Gel (InVitrogen, Paisley,UK).
2. Molecular weight markers, 50-bp ladder (Sigma).
3. Digital camera, DC260 Zoom camera (Eastman Kodak Company, Rochester,

NY, USA).
4. CorelDRAW Photo Paint (Corel Corporation, Ontario, Canada).

Table 3
Primers Used for Sequence Capture-PCR Amplifications

DNA target Primer sequence

IS6110  (21) IS2 F 5'-CTC GTC CAG CGC CGC TTC GGA-3'
IS1 R 5'-TCC TGC GAG CGT AGG CGT CGG-3'

Nested IS6110 (34) IS3  F 5'-TTC GGA CCA CCA GCA CCT AA-3'
IS4  R 5'-TCG GTG ACA AAG GCC ACG TA-3'

16S Full Length (33) pA F 5'-AGA GTT TGA TCC TGG CTC AG-3'
pH R 5'-AAG GAG GTG ATC CAG CCG CA-3'

16S  V2/V3 regiona (35) 17  F 5'-CAT GCA AGT CGA ACG GAA AG-3'
525  R 5'-TTT CAC GAA CAA CGCGAC AA-3' b

Nested 16S V2/V3 regiona 53  F 5'-GAG TGG CGA ACG GGT GAG TAA-3'
485  R 5'-TTA CGC CCA GTA ATT CCG GAC AA-3'

IS900 (24) P90  F 5'-GTT CGG GGC CGT CGC TTA GG-3'
P91  R 5'-GAG GTC GAT CGC CCA CGT GA-3'

IS902 (24) P102  F 5'-CTG ATT GAG ATC TGA CGC-3'
P103  R 5'-TTA GCA ATC CGG CCG  CCC T-3'

IS1245 (23) P1  F 5'-GCC GCC GAA ACG ATC TAC-3'
P2  R 5'-AGG TGG CGT CGA GGA AGA C-3'

DRa/b (Spoligotyping) (22) DRb 5'-CCG AGA GGG GAC GGA AAC-3'
DRa 5'-GGT TTT GGG TCT GAC GAC-3' c

a 16S V2/V3 region of nucleotide variation as previously described (36).
b Mycobacterium genus-specific.
c Primer biotinylated at 5' end.



210 Skuce et al.

2.5.2. Sequence Analysis

1. PicoGreen® double stranded DNA quantitation kit (Molecular Probes, Eugene,
OR, USA).

2. Commercial sequence analysis (MWG Biotech, Milton Keynes, UK).
3. DNASIS for Windows v2.1 (Hitachi Software Engineering, Ltd, Yokohama, Japan).

2.5.3. Membrane-Based Analysis

1. Spoligotyping Kit (Isogen Bioscience BV, Maarssen, Netherlands).
2. SSPE buffer (2X): 1X SSPE is 0.18 M HCl, 10 mM NaH2PO4, 1 mM EDTA. To

be supplemented with 0.1 % sodium dodecyl sulfate (SDS).

3. Methods
The sequence-capture PCR methodology detailed here involves 3 stages;

pretreatment, sequence capture, and PCR. Experimental controls for each stage
are recommended strongly (see Note 1).

3.1. Pre-Treatment

3.1.1. Fresh–Frozen

1. Prior to commencing work, treat a Class 1 safety cabinet, in a Hazard Group 3
facility (see Note 2a) with DNA Away (see Note 3a). Spray and wipe surfaces
prior to use, according to manufacturer’s instructions (i.e. spray work area, wait
2 to 3 min then wipe dry with tissue.)

2. If specimen is frozen, thaw at room temperature in Class 1 safety cabinet or at
37ºC in an incubator.

3. Use new gloves, scalpel, and plate for each specimen dissection (see Note 3b).
Chop approx 500 mL of tissue (see Note 4) into small pieces (1-mm cubes) on
the paper plate using only sterile disposable scalpels to cut and manipulate speci-
men (see Note 3c).

4. Transfer chopped material into 20-mL sterile specimen container.
5. Add 1 mL of TES buffer to specimen in container.
6. Add 20 µL of Proteinase K to specimen in container.
7. Mix well and incubate overnight in a 50°C waterbath. If possible, mix occasion-

ally prior to overnight incubation or use a shaking water bath to provide con-
tinual gentle agitation.

8. Transfer specimen, if liquified, to a sterile 1.5-mL screw-cap microcentrifuge
tube containing 500 mL of 0.1-mm diameter zirconia beads. The tube containing
zirconia beads may be filled to capacity with specimen if large tissue
homogenates are being used (see Note 4). Use a sterile Pasteur pipet to transfer
the liquefied specimen (see Note 2b). If the specimen has not been fully lique-
fied, transfer digested material to stomacher bag, placed inside another stomacher
bag (as a precautionary containment of specimen if first stomacher bag ruptures),
homogenize for 2 min and transfer to screw-cap microcentrifuge tube as before.
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Occasionally the specimen may not be fully liquefied still. If transfer necessitates
pouring, care should be taken to avoid spillage of infectious material and for
cross-contamination of specimens.

9. Place tube in the FastPrep FP120 Cell Disrupter, secure and shake vigorously at
a speed setting 6.5 m/s for 45 s (see Note 2c).

3.1.2. Decontaminated Homogenates

Tissue homogenates, having been decontaminated in 5% (w/v) oxalic acid
as described (37), were pretreated as described below.

1. DNA Away treat a Class 1 safety cabinet, as described in Subheading 3.1.1.,
step 1.

2. Thaw specimen if frozen as described in Subheading 3.1.1., step 2.
3. Change gloves after processing each specimen (see Note 3b).
4. Using a Pasteur pipet, transfer tissue homogenate to fill a sterile screw-cap

microcentrifuge tube containing 500 µL of 0.1-mm diameter zirconia beads.
5. If the homogenate is very compact add some TES buffer to liquefy and assist

homogenate transfer.
6. Centrifuge homogenate in a microcentrifuge at full speed for 10 min inside the

safety cabinet (see Note 2a). Discard the supernatant into an empty specimen
container for autoclaving and disposal.

7. Add 530 µL of TES pH 7.4 to the remaining pelleted material in the screw-cap
microcentrifuge tube.

8. Place tube in the FastPrep FP120 Cell Disrupter, secure and shake vigorously as
in Subheading 3.1.1., step 9.

9. Remove tube from FastPrep FP120 Cell Disrupter and add 20 µL of proteinase K
to the tube and invert to mix.

10. Incubate overnight at 50°C in a heating block (see Note 5).
11. Shake vigorously as in Subheading 3.1.1., step 9.

3.1.3. Formalin-Fixed, Paraffin-Embedded Sections

Sequence capture has been effective in extracting DNA from formalin-fixed
paraffin-embedded tissues. However, the potential adverse effect of fixation is
not circumvented by sequence capture.

1. Either excise a small portion of tissue from a paraffin-embedded tissue block,
using a disposable scalpel, ensuring that minimal wax is included or extract from
2 or 3 (5–10 µM) sections cut from a paraffin block using disposable microtome
blade (single block use). If using excised tissue, each dissection or manipulation
should be carried out using a new disposable scalpel and paper plate. Gloves
should be changed after processing each specimen. Formalin-fixed material is
considered noninfectious, and as the airflow in Class 1 safety cabinet may well
disturb such light specimens, it is preferential that these procedures are carried
out in another area of the laboratory (see Note 6).
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2. Carefully transfer specimen to screw-cap microcentrifuge tube containing 500
µL 0.1-mm diameter zirconia beads.

3. Add 530 µL of TES pH 7.4 to the tube.
4. Heat-treat specimens in heating block at 100°C for 5 min.
5. Shake vigorously as in Subheading 3.1.1., step 9
6. Treat as in Subheading 3.1.1., steps 6–9

3.2. DNA Sequence Capture
3.2.1. DNA Target Selection

Biotinylated capture oligonucleotide probes are used for target selection; more
than one set of probes can be used in the same sequence capture extraction.

1. Target DNA from M. tuberculosis complex strains may be selected using the DR
region biotinylated capture oligonucleotides, Cap DRa and b.

2. Target DNA from all mycobacterial strains may be selected using the universal
16S rDNA biotinylated capture oligonucleotides, Cap pA and Cap pH (see Note 7).

3.2.2. DNA Sequence Capture

1. Using a P1000 pipet set at 550 µL, withdraw approx 200–300 µL of supernatant
present in the screw-cap microcentrifuge tube after the vigorous shaking de-
scribed in Subheading 3.1.1., step 9.

2. Carefully expel the fluid back into the same tube so as to create an indentation in
the beads. We have found this trough facilitates the subsequent maximum trans-
fer of supernatant out of the tube.

3. Transfer approx 550 µL of supernatant into a new sterile screw-cap
microcentrifuge tube.

4. After transfer, if necessary, make vol of supernatant up to 550 µL with TES
pH 7.4. Familiarization with this vol in the screw-cap tube aids this procedure.

5. Denature samples by incubation for 7 min at 100°C in heating block (see Note 2d).
6. Immediately immerse samples in an ice bath and incubate for 5 min (see Note 3b),
7. Add 200 µL of sequence capture probe solution to each sample, while still incu-

bating on ice, and invert several times to mix.
8. Incubate samples in a thermomixer at 42°C for 3 h at 500 rpm (see Note 5).
9. Remove samples from thermomixer and reset to 21°C

10. Add 10 µL of prewashed streptavidin-coated magnetic beads to each tube, invert
several times to ensure complete mixing and incubate at 21°C for 2 h in a
thermomixer at 500 rpm. We have noted that capture works effectively at 36°C
The latter temperature was chosen when a non-refrigerated thermomixer was used
since the instrument was very slow to reach a temperature of 21°C

11. Periodically invert tubes to maintain suspension of beads during incubation.
12. Insert tubes into the MBA ensuring that the tubes are in close contact with the

magnet and leave for 2 min.
13. Invert MBA and leave for a further 2 min to ensure that beads attached to tube

lids are recovered.
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14. With one hand, carefully loosen the caps on all tubes while using the other hand
to secure the tubes tightly against the magnetic core so that the tubes do not rotate
thus disturbing the magnetic attraction of beads.

15. Using a Pasteur pipet with the tip located at the bottom of the microcentrifuge
tube, withdraw the fluid in one continuous action taking care not to disturb the
pellet of magnetic beads. Carefully remove the supernatant including any residual
zirconia beads or tissue debris from each tube, ensuring that the beads remain in
contact with the MBA.

16. Discard the supernatant waste into a specimen container for autoclaving and dis-
posal.

17. Wash beads twice with 750 µL of wash buffer, thoroughly resuspending the beads
on each occasion by repeat pipeting and inverting the tubes several times.

18. Repeat wash procedure (steps 12–15).
19. After the final wash, remove the residual buffer with a micropipet tip, ensuring

that no globules of fluid are remaining along the inside of the tubes.
20. Resuspend the magnetic bead pellet in 25 µL PCR quality water and store at

–20°C if not proceeding with PCR on the same day.

3.3. PCR Amplification

3.3.1. PCR Master Mixture

1. Make up 45 µL of a PCR master mix, as follows: 5 µL 10X PCR buffer (containing
15 mM MgCl2), 1 µL 10 mM dNTP (200 nM final concentration), 0.25 µL Hotstar
Taq DNA Polymerase, 2 µL of each forward primer (673 nM final concentration
for a typical 18-mer), 2 µL of each reverse primer (673 nM final concentration for
a typical 18-mer), and PCR-quality water to make volume up to 45 µL.
Variations from standard master mix are provided in Table 4.

2. Add 5 µL of resuspended bead solution (Subheading 3.2.2., step 21) to master
mixture using a positive displacement pipet (see Note 3d).

3. For re-amplifications, 2 µL of primary PCR product is removed using positive dis-
placement pipet and added to nested secondary PCR master mixture (see Note 3d).

3.4. Analysis

3.4.1. Gel-Based Analysis

1. Agarose gels may be prepared by standard procedure (38) or commercial gels
may be used.

2. Pre-run appropriate E-Gel as instructioned by manufacturer at 20 mA for 60 s.
3. Remove disposable comb.
4. Add appropriate commercial standard molecular weight size marker in the first

well (1 of 12).
5. Load 5 µL of each PCR product with 15 µL H2O in an E-Gel well and resolve at

20 mA for 30 min.
6. View under UV light on a transilluminator at a wavelength of 366 nm.
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Table 4
Recommended PCR Amplification and Gel Analysis Conditions

PCR target Primers Variations from Subheading 3.3.1. Cycling conditions Size of product Analysis

IS6110 IS2 94°C for 15 min 123 bp 4% gel
IS1 [94°C for 1 in, 68°C for 1 min, 72°C for 1 min] × 40

72°C for 7 min
Nested IS3 use 2 µL of 1st amp products 94°C for 15 min 92 bp 4% gel
IS6110 (reamplification)

IS4 [94°C for 40 s, 58°C for 1 min, 72°C for 1 min] × 40
72°C for 7 min

16S PA 0.5 µL of 8-methoxypsoralen 94°C for 15 min Size 1.2% gel
(full length) (see Note 3D) dependent

pH 10 µL Q solution [94°C for 1 min, 68°C for 1 min, 72 °C for 1 min] × 40 on species
72°C for 7 min

16S 17F 0.5 µL of 8-methoxypsoralen 94°C for 15 min 508 bp 2% gel
(v2/v3 region) 525R (see Note 3D) [94°C for 1 min, 60°C for 1 min, 72°C for 1 min] × 40

20 µL Q soluion 72°C for 7 min
Nested 16S 53F 0.5 µL of 8-methoxypsoralen 94°C for 15 min 432 bp 2% gel
(v2.v3 region) (see Note 3D)

485R 10 µL Q solution [94°C for 1 min, 60°C for 1 min, 72°C for 1 min] × 40
use 2 µL of 1st amp products 72°C for 7 min
(reamplifiation)

IS900 P90 94°C for 15 min 400 bp 2% gel
P91 [94°C for 1 min, 55°C for 1 min, 72°C for 1 min] × 40

72°C for 7 min
IS902 P102 Additional MgCl2 to 3.7 94°C for 15 min 252 bp 4% gel

mM final
P103 [94°C for 1 min, 55°C for 1 min, 72°C for 1 min] × 40

72°C for 7 min
IS1245 1245 P1 94°C for 15 min 427 bp 1.2% gel

1245 P2 [94°C for 1 min, 65°C for 1 min, 72°C for 1 min] × 4
72°C for 7 min

DRa/b DRa 4 µL of each primer (see 94°C for 15 min     Spoligotyping
Note 3D)

DRb [94°C for 40 s, 55°C for 40 s, 72°C for 30 s] × 50
72°C for 7 min
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7. PCR product size can be estimated by comparison with molecular weight markers.
8. The E-Gel is photographed using a digital camera, recorded as a digital image

(e.g., see Fig. 3) and manipulated using appropriate image analysis software; we
use Corel Photo Paint.

3.4.2. Sequence Analysis

1. 16S PCR products are quantified using PicoGreen double-stranded DNA
quantitation kit.

2. Appropriate quantities of unpurified PCR products are sent for commercial
double-strand sequence analysis.

3. Consensus sequence (see Fig. 4), using the double-strand sequence data, is facili-
tated by DNASIS software and compared to DNA sequence databases for sequence
identification, e.g., GenBank® (39), European Molecular Biology Laboratory
(EMBL) (40), and Ribosomal Databases Project II (41) databases.

3.4.3. Membrane-Based Analysis by Spoligoblot (22)

1. Add 20 µL of Dra/b amplified PCR products to 150 µL of 2X SSPE/0.1% SDS.
2. Heat denature for 10 min at 100°C
3. Transfer immediately to an ice bath.
4. Apply 170 µL to spoligo membrane and develop according to manufacturer’s

instructions (e.g., see Fig. 5).

4. Notes

1. Controls. Three sets of controls are used to monitor the pretreatment, sequence
capture and PCR amplification stages of the methodology. Preferred pretreatment
controls include previously culture and/or PCR positive and negative tissues. For
sequence capture, an aliquot of appropriate reference culture is recommended as a
positive control and TES buffer only as a negative control. Preferentially, more
than one negative control should be used especially when processing several speci-
mens (�10). The negative controls should be interspersed throughout processing
the test specimens, and the positive control should be processed as the last speci-
men to minimize potential cross-contamination. Similarly for PCR amplification,
positive (heat-inactivated culture) and negative (no template) controls should be
incorporated as described for sequence capture controls.

2. Health and Safety.

a. We routinely use this technique for the detection of mycobacterial species,
which are Hazard Group 3 agents. For such biological agents, in the UK,
Advisory Committee on Dangerous Pathogens (ACDP) guidelines (42) must
be strictly adhered to, and all manipulations prior to heat inactivation at 100°C
should be carried out in a safety cabinet.

b. Pasteur pipets may become blocked if the specimen contains undigested tis-
sue. Care should be taken to avoid this outcome. If blockage of the pipet
occurs and attempts to release material by vigorous pipeting fail, as a last
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Fig. 3. PCR products, resulting from IS6110 IS1/IS2 amplification of NA extracted
by sequence capture from lesioned tuberculous bovine lymph nodes (specimens 8, 0,
12, 19, 20) and molecular weight (M) were resolved in a 4% E-Gel (20).

resort, very carefully break the glass pipet within the 20-mL specimen con-
tainer. A balance must be drawn between sample loss and health and safety.

c. We have found that it is not feasible to operate the FastPrep FP120 Cell Dis-
rupter within a safety cabinet because of size limitations of the cabinet. We have
also noted that it is difficult to secure the tubes in the rotor. The manufacturer’s
instructions regarding securing tubes must be adhered to strictly, since tube
release during operation may result in aerosol contamination of the equipment
with a Category 3 pathogen. For this reason, we recommend that this equipment
is not left unattended during operation and that the operator listens for evidence
of tube release. The operator should respond instantly to any change in equip-
ment tone and stop the instrument immediately.

d. We consider that it is a safer practice to use a heating block rather than a
boiling water bath within a safety cabinet for heat treatment at 100°C.

3. Contamination. Measures taken to minimize the risk of cross-contamination dur-
ing DNA extraction and PCR amplification include the following.

a. Treatment of appropriate work areas with DNA Away to eliminate contami-
nating DNA.

b. Single use of disposable consumables including gloves, scalpels, paper plates,
appropriate sized microtiter plates (serving as tube racks for screw-cap
microcentrifuge and PCR tubes), and disposable ice baths.
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Fig 4. Nucleotide sequence of the 16S rRNA gene amplicons derived from target
DNA extracted by sequence capture from formalin-fixed paraffin-embedded canine
specimens. The sequence starts at nucleotide position 2 and finishes at nucleotide
position 544 of aligned myobacterial 16S rRNA sequences (8).

c. Tissue dissection, which is an open process, should be carried out carefully
and quickly to reduce exposure time to possible contaminants.

d. The standard precautions to prevent PCR contamination are employed. In
addition, we use a positive displacement pipet for PCR mixture inoculation.
8-Methoxypsoralen in dimethyl sulfoxide (final concentration in PCR mix is
25 µg/mL) and a 4-min exposure to long-wavelength (366 nm) UV irradiation
is used to eliminate Taq contaminants for 16S rRNA amplifications (43). For
spoligotyping from clinical specimens, only one round of amplification (50
cycles) is used to eliminate potential contamination from reamplification.

4. Quantity of tissue. Quantity of tissue is a limiting feature of this procedure since
the FastPrep FP120 Cell Disrupter microcentrifuge tube capacity is restricted to
1.5 mL. This is not a problem when the foci of infection, e.g., lesions, are easily
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identified. In such cases, 500 µL vol of tissue or less may be used. For tissue
specimens where foci are not evident, homogenates of larger quantities of tissue
are a preferable starting point.

5. Alternative equipment. The sequence capture procedure outlined here mentions
specific pieces of equipment. Alternative equipment may be as effective or, in
some instances, preferable with regard to efficacy and safety. Suggested substitu-
tions include; heating blocks instead of water baths for tube incubations. A tube
rotator, used within an incubator during target DNA selection with capture probes
and sequence capture with magnetic beads, may improve extraction efficacy.

6. Formalin-fixed, paraffin-embedded specimens. Specimen excision directly
from the paraffin block is preferred to sectioning although the integrity of the
block for subsequent sectioning may be compromised. However, cutting sec-
tions may compromise the PCR with regard to cross-contamination; single use
disposable blades are recommended for each block, but there is potential still
for contamination in section collection. Sectioning is also disadvantaged in
yielding samples with an excess of paraffin and less material. Sections may not
be as representative as an excised fragment and may be difficult to work with in
the airflow of the safety cabinet since they are easily airborne. As formalin-
fixed material is considered to be noninfectious, the latter problem should be
alleviated by working outside the safety cabinet.

7. Flexibility. Selection of DNA target with 16S rRNA capture primers has enabled
amplification of other mycobacterial target sequences with some unrelated primer

Fig. 5. Spoligotype patterns derived from DNA extracted by sequence capture from
lesioned tuberculous bovine lymph nodes (specimens 4, 5, 6) (17).
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sets. This has not been attempted with formalin-fixed paraffin-embedded tissues
because of potential DNA degradation resulting from fixation.
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Multiplex PCR of Avian Pathogenic Mycoplasmas

Mazhar I. Khan

1. Introduction
More than 20 mycoplasma species have been isolated and characterized

from avian sources (1). Only four avian mycoplasmas species are known to
cause economic losses in commercial poultry production. Mycoplasma
gallisepticum (Mg) infection commonly causes chronic respiratory disease
(CRD) in chickens and infectious sinusitis in turkeys (2), M. synoviae (Ms)
infection most frequently occurs as a subclinical upper respiratory infection
and synovitis in chickens and turkeys (3), M. iowae (Mi) causes decrease in
hatchability and high embryo mortality in turkeys (4), and M. meleagridis
(Mm) is the cause of an egg-transmitted disease of turkeys in which the pri-
mary lesion is an airsacculitis in the progeny, which leads to lower hatchabil-
ity and skeletal abnormalities in young turkeys (5).

Identification of any of these avian mycoplasma organisms is of great
importance to the poultry industry, where prompt diagnosis is of paramount
importance. Both serologic and isolation procedures have been used for diag-
nosis of avian mycoplasmas. However, interspecies cross-reactions and non-
specific reactions (6) often hamper serologic tests, while isolation of
mycoplasmas is difficult and time-consuming. Molecular methods, such as
DNA probes (7–9) and polymerase chain reaction (PCR) (10–14), have been
developed as alternatives to conventional serologic and culture methods to
detect specific types of mycoplasmal microorganisms in clinical samples. On
the other hand, multiple infections of avian pathogenic mycoplasmas are also
not uncommon in chicken and turkey flocks. Especially commercial breeder
chicken flocks infected with both Mg and Ms (15–17) need to be differenti-
ated and diagnosed with culture and serology, as well as PCR amplification
tests (6).
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Simultaneous detection of multiple bacterial (18–20) or viral (21,22) infec-
tions and defective genes (23) have been described using multiplex PCR
amplification techniques. This approach can be highly specific, sensitive, and
cost-effective, making it an attractive alternative to conventional culture and
specific PCR methods for individual avian mycoplasmas in clinical samples
suspected of multiple infections. This chapter describes a multiplex PCR pro-
tocol for pathogenic avian mycoplasmas that was developed and optimized in
our laboratory (24).

2. Materials

1. Proteinase K (2 mg/mL stock solution).
2. Phenol-chloroform-isoamyl alcohol: 25:24:1(v/v/v), equilibrated with 50 mM

Tris-HCl, pH 8.0.
3. Sodium dodecyl sulfate (SDS): 10% (w/v) stock solution.
4. Sodium acetate: 3 M, pH 5.2.
5. Ethanol: 100% (v/v) ice-cold, and 70% (v/v).
6. TE buffer: 10 mM Tris-HCl pH 7.6, 1 mM EDTA.
7. PCR amplification buffer (10X): 500 mM KCl, 100 mM Tris-HCl, pH 8.3,

15 mM MgCl2, 0.1% (w/v) gelatin (Applied Biosystems, Foster City, CA, USA).
8. MgCl2: 25 mM solution.
9. dNTP mixture (consists of dATP, dCTP, dGTP, and dTTP): 2.5 mM each

(Applied Biosystems).
10. AmpliTaq® Gold DNA polymerase: 5 U/µL (Applied Biosystems).
11. Oligonucleotide primers for PCR: working solution Mg 11.14 nmol/mL each primer;

Ms 14.17 nmol each primer; Mm 30.66 nmol/mL each primer; Mi 420 nmol/mL
each primer in sterile water (for sequences, see Table 1; for storage conditions,
see Note 1).

12. Positive control DNA: 100 ng/µL of each avian pathogenic mycoplasma species,
i.e., Mg, Mm, Mi, Ms.

13. Microfuge tubes: 1.8 and 0.5 mL.
14. Automated thermal cycler: Model 480 GeneAmp® PCR System (Applied

Biosystem), or another comparable model.
15. Horizontal gel electrophoresis apparatus.
16. Agarose: 1.5% (w/v), ultrapure grade (Bethesda Reseach Laboratories, Bethesda,

MD, USA).
17. Electrophoresis buffer: Tris-borate buffer (0.045 M Tris-borate, 0.001 M EDTA,

pH 8.0).
18. Ethidium bromide: 10 mg/mL stock solution, keep in dark bottle at room tem-

perature (see Note 2).
19. Tracking dye (6X stock solution): 0.25% bromophenol blue and 40% (w/v)

sucrose in water, store at 4°C.
20. Polaroid films and camera.
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3. Methods
3.1. Sample Collection

1. Tracheal samples from suspected live birds should be obtained on sterile swabs.
2. Place the swab samples in transport medium (sterile water) at 4°C.
3. Keep the transport medium at 4°C.

3.2. Sample Preparation

Sample preparation is crucial for insuring the quality and reproducibility of
PCR, particularly when working with clinical samples (see Note 3).

1. Squeeze swabs samples in the transport media and discards the swab.
2. Transfer 1.5 mL of transport medium to the microfuge tube.
3. Microfuge the sample for 15 min at 14,000g at 4°C.
4. Decant supernatant.
5. Resuspend the pellet in 400 µL of TE buffer.

3.3. DNA Isolation

1. Add 40 µL of 10% SDS to lyse the cells in 400 µL of TE buffer.
2. Add 10 µL of proteinase K (final concentration will be 20 µg/mL).
3. Incubate at 37°C for 1 h.
4. Extract the samples in microfuge tube with an equal vol of phenol-chloroform-

isoamyl alcohol (25:24:1) equilibrated with 50 mM Tris-HCl, pH 8.0.
5. Vortex mix the mixture for 30 s.
6. Microfuge the sample for 2 min at 14,000g at room temperature.
7. Transfer the upper layer into new microfuge tube.
8. Repeat steps 4–6.
9. Precipitate DNA by addition of 1/10 volume of 3 M sodium acetate and 2–2.5

volumes of ice-cold 100% ethanol.

Table 1
PCR Primers for Avian Pathogenic Mycoplasmas

Primer Specificity Sequence (5'– 3') Reference

MG 1 M. gallisepticum GGATCCCATCTCGACCAGGAGAAAA 11
MG 2 CTTTCAATCAGTGAGTAACTGATGA

MS 1 M. synoviae GAAGCAAATAGTGATATCA 10
MS 2 GTCGTCTCGAAGTTAACAA

MM 1 M. meleagridis GGATCCTAATATTAATTTAAACAAATTAATGA 14
MM 2 GAATTCTTCTTTATTATTCAAAAGTAAAGTAC

MI 1 M. iowae GAATTCTGAATCTTCATTTCTTAAA 13
MI 2 CAGATTCTTTAATAACTTATGTATC
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10. Incubate for 20 min at –70°C.
11. Centrifuge the sample for 15 min at 14,000g.
12. Decant supernatant.
13. Wash the pellet with 70% ethanol.
14. Air-dry the pellet under the hood and resuspend in 20 µL of TE buffer.
15. Use 10 µL of sample DNA extract for PCR test (see Subheading 3.4., steps 10–12,

and Subheading 3.5.).

3.4. Preparation of the Reaction Mixture
for Amplification (see Note 4)

1. The amplification reaction is carried out in 100-µL vol. (50-µL reactions are also
possible. In that case, the amounts of all reagents have to be halved.)

2. Add 10 µL of PCR amplification buffer into a 500-µL microfuge tube.
3. Add 2 µL (200 µM) of each dNTP.
4. Add 2 µL (final concentration 2.5 mM) of MgCl2.
5. Add 1 µL (2.5 U) of AmpliTaq Gold DNA polymerase.
6. Add 3 µL of each primer (total of 24 µL) as listed in Table 1. The final concentra-

tions will be 334 pmol for Mg, 425 pmol for Ms, 920 pmol for Mm, and 420 pmol
for Mi.

7. Add 10 µL of the DNA extract from swab samples prepared according to Sub-
heading 3.3. (For positive controls, use 100 ng of DNA of each mycoplasma
species dissolved in 10 µL of water.)

8. Add sterile distilled water to make up the total vol to 100 µL.
9. (Optional) If using a thermal cycler requiring oil overlays, add 50 µL of mineral oil.

3.5. Amplification

Run the PCR according to the following temperature–time profile: initial
denaturation at 94°C for 5 min, then 35 cycles of denaturation at 94°C for 1 min,
annealing at 50°C for 1 min, extension at 72°C for 2 min, final extension at 72°C
for 10 min, and then set the final temperature to 4°C until further use.

3.6. Detection of Amplified Products
by Agarose Gel Electrophoresis

1. Prepare 1.5% agarose gel in electrophoresis buffer.
2. The setup of the apparatus, preparation and running of the gels should be done

according to the procedure described in ref. 25.
3. Inject an appropriate vol of amplified PCR product with tracking dye into gel

slot, e.g., 10–15 µL of product plus 3 µL of tracking dye.
4. Run the electrophoresis.
5. Stain the gel with ethidium bromide, then expose to UV light to visualize bands

and be photographed. An example is shown in Fig. 1.
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4. Notes

1. Primers should be aliquoted in small quantities, and one aliquot of PCR primers
should be used at a time and placed in 4°C until used. All other aliquots should be
stored –20°C.

2. Ethidium bromide is a powerful mutagen and is moderately toxic. Gloves should
be worn when working with solutions that contain this dye. After its use these
solutions should be decontaminated by one of the methods described in ref. 25.

3. Tracheal swab samples can be used directly without incubating overnight in
Frey’s mycoplasma medium (26). In the event of negative flocks, the overnight
incubation in Frey’s medium will enhance the sensitivity of the multiplex PCR.

4. Pre-PCR processing of mycoplasma samples and mixing of reagents should be
performed in a room designated for that purpose. The thermal cycler should be
kept in another room to prevent carryover contamination.

Fig. 1  Agarose gel electrophoresis of multiplex PCR-amplified products from puri-
fied DNA of known avian mycoplasmas. Lane 1,  123 bp marker; lane 2, Mm (RY39),
Mg (S6), Mi (695), Ms (WVU1853); lane 3, Mm (RY39), Mi (695), Ms (WUV 1853);
lane 4,  Mg (S6), Mi (695), Ms (WVU1853); lane 5, Mm (RY39); lane 6, Mg (S6);
lane 7, Mi (695); lane 8, Ms (WUV1853); lane 9, Negative control (PCR buffer).
Reprinted with permission from ref. 24.
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5. Periodically, multiplex PCR amplification should be performed on known posi-
tive and nonrelated mycoplasmas, such as Mg, Ms, Mm, Mi, as well as
M. gallinarum and M. gallinacium, to check the validity of the assay’s specificity
and sensitivity.
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of Ruminant Mycoplasmas
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1. Introduction

1.1. Importance of the Agents

More than 20 different species of mollicutes, most of them belonging to the
genus Mycoplasma, have been identified from ruminant hosts to date. While a
considerable part of this group is conceived to be of minor epidemiological
relevance, it contains some important pathogenic agents that have specific host
ranges. Due to several peculiar properties of mycoplasmas, which include the
absence of a cell wall and the capability of surface antigen variation, diseases
caused by mycoplasmas are difficult to control in the conventional fashion by
chemotherapy or immunoprophylaxis. Another general feature of mycoplasma
infections is their protracted and occasionally chronic course. Five mycoplas-
mas of economic and welfare importance are mentioned here and serve as
examples for the variety of clinical and diagnostic circumstances that can be
resolved using polymerase chain reaction (PCR).

Mycoplasma (M.) bovis, one of the etiological agents of bovine mycoplas-
mosis occurring most frequently in Europe and North America, was associated
with mastitis in cows, arthritis and pneumonia in calves and young cattle, as
well as genital disorders in bulls and cows (1). While mastitis outbreaks mainly
occur in the larger dairy herds, pneumonia and arthritis in calves represent
typical mycoplasma diseases in small farms.

M. agalactiae causes contagious agalactia, a severe infectious disease of
sheep and goats expressed clinically as mastitis, arthritis, or keratoconjunctivi-
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tis (2). Particularly the countries of the Mediterranean and the Middle East are
affected, but the agent seems to be much more widespread.

M. mycoides subsp. mycoides small colony type (MmmSC) is the causative
agent of contagious bovine pleuropneumonia (CBPP), a contagious disease of
cattle causing severe losses in livestock production. The disease is especially
widespread in Africa, where mortality rates of 30–80% were reported in affected
herds (3). Due to its high sanitary, economic, and socio-economic impact, CBPP
is a disease of List A of the Office International des Epizooties and, consequently,
belongs to the animal diseases which must be eradicated.

A phylogenetically closely related pathogen, known as Mycoplasma
mycoides subsp. mycoides large colony type (MmmLC) or as Mycoplasma
mycoides subsp. capri has been isolated mainly from goats, more rarely from
sheep and cattle, and was reported to be responsible for cases of mastitis, kera-
toconjunctivitis, arthritis, pulmonary disease, and septicemia (4).

M. conjunctivae was demonstrated to be the etiological agent of infectious
keratoconjunctivitis in domestic sheep and goats, as well as in European alpine
ibex and chamois (5). The disease is characterized by inflammation of the con-
junctiva and cornea.

1.2. Diagnostic Methods

There are several specific reasons why a change from conventional detection
methods to DNA-based techniques is bound to bring about significant improve-
ments in the diagnosis of mycoplasma-associated diseases.

First of all, the slow growth of mycoplasmas represents a great obstacle.
Identification by culture usually takes 5–10 d, which may be late for effective
control measures in infected herds to be taken. In contrast, a PCR assay deliv-
ering results in 1 d can make all the difference, for instance, in animal trade. In
herd diagnosis, antigen enzyme-linked immunosorbent assay (ELISA) may be
an economical and relatively fast alternative, but specificity is often limited
due to cross-reactions with related mycoplasmas, and its sensitivity is inferior
to that of PCR by two or more orders of magnitude, thus rendering it unsuitable
for the identification of clinically inapparent shedders. Similarly, antibody
detection ELISAs have their limitations in mycoplasma diagnosis, since anti-
body titers emerge only 10–14 d after infection at the earliest, and sensitivity is
often insufficient to identify chronically infected carriers.

Meanwhile, PCR-based detection assays for all important ruminant myco-
plasmas have been published. Being the most extensively studied genomic
region of many mycoplasma species, 16S ribosomal (r) RNA genes emerged
as a favorite target of amplification assays (6). As a result of evolutionary pro-
cesses, they harbor both conserved and variable sequences, thus allowing the
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selection of primers in a wide range of specificity, from class- to species-spe-
cific, in many cases.

General PCR assays for mycoplasmas using these target sequences were pro-
posed by several authors (7,8). Species-specific PCR detection systems based on
16S rRNA gene amplification were described for M. bovis and M. agalactiae (9),
M. capricolum subsp. capripneumoniae (10), M. bovirhinis, M. alkalescens,
M. bovigenitalium (11), M. conjunctivae (5), and MmmSC (12). The adjacent
16S–23S intergenic spacer region, known as an interesting marker for phyloge-
netic studies (13,14), was also shown to be suitable as a PCR target, not least
because of its size variation within the Mollicutes (15).

There are, however, limitations to the use of rRNA gene targets because of
intraspecies sequence heterogeneity between the various rRNA operons (there
are up to 3 operons in certain species) or lack of interspecies sequence varia-
tion within certain groups (see Chapter 1).

Genes for housekeeping enzymes, such as the DNA repair gene uvrC, which
encodes deoxyribodipyrimidine photolyase (16), or oligopeptide permease
genes (17,18) proved to be robust targets for species-specific detection of
M. agalactiae and M. bovis, respectively. A gene encoding a major lipoprotein
of several mycoplasmas belonging to the M. mycoides cluster was shown to be
suitable for identification of MmmSC and MmmLC (19,20). Furthermore, insertion
sequence IS1634 was reported to have been found exclusively in MmmSC and
was also proposed as a target for identification of this pathogen by PCR (21).

This chapter describes a set of PCR amplifications for the identification of
pathogenic ruminant mycoplasmas. Several of these target sequences also
served for direct detection of the agents in clinical samples, milk, and semen.
Therefore, we have included the pre-PCR treatment methods of these biologi-
cal samples, e.g., antigen capture from milk and various DNA extraction pro-
cedures, as well as the corresponding PCR conditions for direct detection.

2. Materials
2.1. DNA Extraction

1. Water. Deionized water must be used for all buffers and dilutions.
2. Lysis buffer: 100 mM Tris-base, pH 8.5, 0.05% (v/v) Tween® 20.
3. Proteinase K: 10 mg/mL in water.
4. Carbonate-bicarbonate buffer (CBB): 50 mM Na2CO3, 50 mM NaHCO3, pH 9.6.

Adjust pH by adding NaHCO3 solution.
5. Monoclonal antibody (MAb) 4F6 recognizing a 32-kDa protein of M. bovis: 40 µg

IgG per mL CBB (available from K.S. upon request).
6. Phosphate-buffered saline (PBS): 10 mM Na2HPO4, 10 mM NaH2PO4, 145 mM

NaCl, pH 7.0. Adjust pH by adding NaH2PO4.
7. Tris-EDTA (TE) buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA (ethylene

diamine tetraacetic acid).
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8. Sodium dodecyl sulfate (SDS) solution: 10 mg/mL in TE.
9. Phenol: saturated solution in TE buffer. If two separate phases are visible, use the

lower phase only.
10. Chloroform-isoamyl alcohol: 24:1 (v/v).
11. Isopropanol, analytical or molecular biology-grade.
12. Commercially available DNA extraction kit for PCR template preparation (see

Note 1). In our hands, the following products worked well: High Pure PCR Tem-
plate Preparation Kit (Roche Diagnostics, Mannheim, Germany), QIAamp® DNA
Mini Kit (QIAGEN, Hilden, Germany), E.Z.N.A. Tissue DNA Kit II (PEQLAB,
Erlangen, Germany).

2.2. PCR

1. Taq DNA polymerase. We use MasterTaq (5 U/µL) from Eppendorf (Hamburg,
Germany).

2. 10X reaction buffer for Taq DNA polymerase: provided by the manufacturer of
the enzyme, contains 1.5 mM MgCl2.

3. dNTP mix: dATP plus dGTP plus dCTP plus dTTP, 2 mM each. Store in aliquots
at –20°C.

4. Primer oligonucleotides according to Table 1.

2.3. Electrophoresis and Visualization

1. Agarose, molecular biology-grade: 1% gels for PCR products of 300–1000 bp,
2% gels for products below 300 bp.

2. Tris-borate electrophoresis buffer (TBE): 0.09 M Tris-borate, 0.002 M EDTA,
pH 8.0. For 1 L of 10X TBE, mix 108 g Tris-base, 55 g boric acid, and 80 mL of
0.25 M EDTA, make up with water. Dilute 1:10 before use.

3. Gel loading buffer (GLB): 20% (v/v) glycerol, 0.2 M EDTA, 0.01% (w/v) bro-
mophenol blue, 0.2% (w/v) Ficoll® 400.

4. Ethidium bromide stock solution: 1% (10 mg/mL) solution in water.
Caution: Ethidium bromide is presumed to be mutagenic. Avoid direct contact
with skin. Wear gloves when handling it.

5. DNA size marker: We mostly use the 100-bp DNA ladder (Gibco/Life Technolo-
gies, Eggenstein, Germany). For large fragments, HindIII-digested λ DNA
(Roche Diagnostics) may be used.

2.4. General Equipment

1. Thermal cycler. We use the T3 Thermal cycler (Biometra, Goettingen, Germany).
2. Vortex shaker, e.g., MS1 Minishaker (IKA Works, Wilmington, DE, USA).
3. Benchtop centrifuge with Eppendorf rotor, e.g., Model 5402 (Eppendorf) and/or

a mini centrifuge, e.g., Capsule HF-120 (Tomy Seiko, Tokyo, Japan).
4. Heating block, for incubation of Eppendorf tubes, adjustable temperature range

30–100°C.
5. Apparatus for horizontal gel electrophoresis.
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6. UV transilluminator, 254 and/or 312 nm.
7. Video documentation or photographic equipment.
8. Set of pipets covering the whole vol range from 0.1–1000 µL. We use the

Eppendorf Research series (Eppendorf).
9. 8-channel pipet (optional).

10. Aerosol-resistant pipet tips (filter tips).
11. 0.2-, 0.5-, 1.5-, and 2.0-mL Plastic tubes; sterile, DNase- and RNase-free

(Eppendorf).
12. 96-Well microtiter plates, round bottom (e.g., Fisher Scientific, Nidderau,

Germany).

Table 1
Primers for Detection of Mycoplasmas

Denomination Sequence (5'-3') Reference

Myc23F1729 CTAAGGTDAGCGAGWDAACTATAG* (22)

Myc23R1837 CCCCYCWTSYTTYACTGMGGC*

P1 TAT ATG GAG TAA AAA GAC (23)

P2 AAT GCA TCA TAA ATA ATT G

PpMB920-1 GGCTCTCATTAAGAATGTC (17)

PpMB920-2 TTTTAGCTCTTTTTGAACAAAT

PpSM5-1 CCAGCTCACCCTTATACATGAGCGC (18)

PpSM5-2 TGACTCACCAATTAGACCGACTATTTCACC

MBOUVRC2-L TTACGCAAGAGAATGCTTCA (16)

MBOUVRC2-R TAGGAAAGCACCCTATTGAT

MAGAUVRC1-L CTCAAAAATACATCAACAAGC (16)

MAGAUVRC1-R CTTCAACTGATGCATCATAA

SC3NEST1-L ACAAAAAGAAGATATGGTGTTGG (19)

SC3NEST1-R ATCAGGTTTATCCATTGGTTGG

SC3VII ATTAGGATTAGCTGGTGGAGGAAC (19)

SC3IV-S TCTGGGTTATTCGAACCATTAT

MMMLC2-L CAATCCAGATCATAAAAAACCT (20)

MMMLC1-R CTCCTCATATTCCCCTAGAA

MOLIGEN1-L ACTCCTACGGGAGGCAGCA (5)

16SUNI-R GTGTGACGGGCGGTGTGTAC

McoR1 CAGCGTGCAGGATGAAATCCCTC (5)

McoF1 GTATCTTTAGAGTCCTCGTCTTTCAC

*Degenerate nucleotides: D�A,G,T; W�A,T; Y�C,T; S�G,C; M�A,C.
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3. Methods

3.1. DNA Extraction from Different Sample Matrixes

3.1.1. Broth Culture

The simplest method to release DNA suitable for PCR from broth cultures
of mycoplasmas is 5-min of boiling. After removal of cellular debris by cen-
trifugation at 12,000g for 1 min, the supernatant can be used directly as tem-
plate. Failure to amplify a specific target could be due to the presence of PCR
inhibitors. In these instances, a commercial DNA extraction kit should be tried
(see Note 1).

3.1.2. Swabs from Nasal Mucus, Conjunctival,
Pleural, Synovial, or Bronchial Lavage Fluid

1. Pipet 500 µL of lysis buffer into a 2-mL Safe-Lock tube containing the cotton
swab.

2. Vortex mix thoroughly for 1 min.
3. Centrifuge at 12,000g for 30 s.
4. Put the swab into a 1-mL pipet tip whose lower half was cut off and place it all

into a fresh tube.
5. Centrifuge at 12,000g for 1 min to force the remaining liquid out of the cotton.
6. Add the liquid to that in the first tube from step 3.

If you have mucus or fluid samples (no swabs), start with step 7.
7. Centrifuge the liquid or mucus at 12,000g for 15 min.
8. Discard the supernatant and resuspend the pellet in 50 µL of lysis buffer.
9. Add 20 µL of proteinase K and incubate at 60°C for 2 h.

10. Inactivate the proteinase K by heating at 97°C for 15 min.
11. Centrifuge at 12,000g for 5 min to remove debris.
12. Use 5 µL of the supernatant for PCR.

3.1.3. Milk Samples for the Detection of M. bovis

The following protocol includes pre-PCR enrichment by antigen capture and
subsequent DNA extraction and is recommended for milk samples containing
M. bovis (see Note 2).

3.1.3.1. COATING OF MICROTITER PLATES

1. Pipet 100 µL of the solution containing MAb 4F6 in CBB into the cavities of a
96-well microtiter plate.

2. Incubate overnight at 4° C.
3. Rinse 3× with 200 µL of PBS per well and empty the wells.
4. The plates can now be sealed with parafilm and stored at –20° C until use.

3.1.3.2. SAMPLE PROCESSING

1. Introduce 200 µL of milk samples into the wells of a MAb-coated microtiter plate.
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2. Seal with parafilm and incubate at 37°C overnight.
3. Remove the liquid from the wells using an 8-channel pipet.
4. Add 200 µL of 1% SDS and 20 µL proteinase K to the wells and incubate at 37°C

for 1 h.
5. Transfer the content of each well to a 1.5-mL tube.
6. Wash the wells with 100 µL of TE buffer.
7. Transfer the washing liquid to the respective 1.5-mL tube to unite the vol.
8. Add 300 µL of phenol to each tube for DNA extraction and vigorously vortex

mix the mixture for 1 min.
9. Centrifuge at 12,000g for 5 min.

10. Transfer the (upper) aqueous phase into fresh tubes.
11. Add 300 µL of chloroform-isoamyl alcohol to each tube.
12. Vortex mix at highest intensity for 1 min.
13. Centrifuge at 12,000g for 5 min.
14. Transfer the (upper) aqueous phase into a fresh tubes.
15. Add 200 µL of isopropanol for DNA precipitation.
16. Mix reagents and incubate at room temperature for 10 min.
17. Centrifuge at 12,000g for 10 min. Discard supernatant.
18. Allow pellet (with DNA) to air-dry for 30 min.
19. Dissolve pellet in 20 µL water. Use 1 µL in an amplification reaction.

3.1.4. Tissue from Lung and Other Organs

The following procedure is the simplest method for DNA extraction from
tissue specimens. Alternatively, commercial DNA extraction kits can be used
(see Note 1).

1. Boil 100 mg of homogenized tissue in 200 µL of water in a plastic tube for 10
min. Subsequently, allow the tube to cool to room temperature.

2. Optionally, proteinase digestion can be carried out to increase the final yield of
DNA: add 200 µL SDS solution and 20 µL of proteinase K to the tube and incu-
bate at 55°C for 1 h.

3. Add 200 µL of phenol.
4. Vortex mix vigorously for 1 min.
5. Centrifuge at 12,000g for 5 min.
6. Transfer the (upper) aqueous phase into a fresh tube.
7. Add 200 µL of chloroform-isoamyl alcohol.
8. Vortex mix at highest intensity for 1 min.
9. Pipet the (upper) aqueous phase into a fresh tube.

10. Precipitate DNA by adding 120 µL of isopropanol. Thoroughly mix reagents and
incubate at room temperature for 10 min.

11. Collect DNA by centrifugation at 12,000g for 10 min. Discard supernatant.
12. Allow DNA pellet to air-dry for 30 min.
13. Redissolve pellet in 20 µL of water. Use 1 µL for an amplification reaction.
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3.1.5. Semen (see Note 1)

1. Dilute 50 µL of semen in a plastic tube with 150 µL of SDS solution and homog-
enize by intensive vortex mixing.

2. Digest proteins by adding 20 µL of proteinase K solution and vortex mix for 1 min.
3. Incubate at 55°C for 1 h.
4. Continue extraction procedure as described for tissue (see Subheading 3.1.4.)

beginning with step 3.

3.2. DNA Amplification

3.2.1. Preparation of Reaction Mixtures and Controls

Generally, reaction mixtures should be made in final vol of 50 µL. Each
tube may contain: 1 U Taq DNA polymerase, e.g., 0.2 µL of a solution contain-
ing 5U/µL, 5 µL of reaction buffer (10X), between 1.5–3.0 mM of MgCl2
either contained in the reaction buffer or from addition of 3–6 µL of 25 mM
stock solution (the amount may need to be optimized for best results), 200 µM
of each dNTP obtained by the addition of 1 µL of 50 mM stock solution,
20 pmol of each primer diluted from a 100 µM stock solution, 1–5 µL of sample
with between 100 fg and 100 ng of template DNA, and PCR-grade water to
adjust the vol to 50 µL.

In each series, include amplification controls that contain the following tem-
plates: DNA of a reference strain of the mycoplasma species expected in the
sample (positive control), DNA of a related mycoplasma species that could be
present in the sample, but should not be amplified with the present primers
(specificity control), and water (negative control) instead of sample extract.

3.2.2. General Detection of Mycoplasmas

For general detection of mycoplasmas, primer pair Myc23F1729/
Myc23R1837 is recommended (22). The target sequence in the central domain
of the 23S rRNA gene represents a genomic region that is highly conserved
among mycoplasmas, but distinct from bacteria outside the class Mollicutes.
The following temperature–time program should be used for amplification:
initial denaturation at 95°C for 60 s, 40 cycles of denaturation at 95°C for 15 s,
primer annealing at 48°C for 30 s, and primer extension at 72°C for 30 s, and
then final extension at 72°C for 60 s. The size of the amplicon is 102–110 bp.

A PCR system for the M. mycoides cluster based on the CAP-21 genomic
target region can be used for group-specific, as well as species-specific detection
(see Note 3). Primer pair P1/P2 was designed for amplification of all members of
the cluster with 30 cycles of 94 °C for 30 s, 46 °C for 60 s, 72 °C for 90 s (23). A
resulting fragment size of 253–265 bp indicates a positive result.
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3.2.3. Detection of  M. bovis

Here we propose two different detection systems based on oppD/F or uvrC
target sequences, respectively (see Notes 4 and 5). Experimental parameters
and amplicon sizes are given in Table 2. The sensitivity of both detection sys-
tems was established during extensive application over several yr (see Note 5).
Primer pairs MBOUVRC2-L/R for the uvrC-based PCR and PpMB920-1/2 for
the oppD/F-based PCR can both be used in single-step PCR assays, where
detection limits will be around 50 colony forming units (cfu). However, the
sensitivity of detection can be increased considerably by running a nested PCR
using the oppD/F system. After the first round using primer pair PpMB920-
1/2, the products (5 µL of a 1:100 dilution) are subjected to a second amplifica-
tion with primers PpSM5-1/2. The detection limit of the nested PCR protocol
with bulk tank milk samples was found to be 0.85 cfu equivalents/mL (18).
Figure 1 shows the results of the nested oppD/F system being used for exami-
nation of DNA extracts from tissue samples of an infected calf.

3.2.4. Detection of  M. agalactiae

Analysis of uvrC genes revealed that there were sufficient differences between
M. agalactiae and M. bovis to design primers MAGAUVRC1-L and
MAGAUVRC1-R that are specific for M. agalactiae, thus suggesting its utiliza-
tion as a target in a species-specific PCR assay (16) (see Note 6).The following
temperature–time profile should be used in 35 cycles: denaturation at 94 °C for
30 s, annealing at 50 °C for 30 s, extension at 72 °C for 60 s. The size of the
amplicon is 1624 bp.

Table 2
Temperature-Time Profiles of M. bovis Detection Assays

oppD/F System     uvr C System

First round Second round
Primers PpMB920-1/2   PpSM5-1/2 MBOUVRC2-L/R

Initial denaturation 96°C for 60 s 94°C for 60 s
Denaturation 96°C for 15 s 94°C for 45 s 94°C for 30 s
Primer annealing 48°C for 60 s 54°C for 60 s 52°C for 30 s
Primer extension 72°C for 150 s 72°C for 120 s 72°C for 60 s
Final extension 72°C for 180 s 72°C for 180 s
Number of cycles 35 30 35
Amplicon size 1911 bp 409 bp 1626 bp
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3.2.5. Detection of  M. mycoides subsp. mycoides SC ( MmmSC)

The following nested PCR is particularly suitable for the detection of
MmmSC from bronchial lavage fluid samples prepared as described under Sub-
heading 3.1.2. The first amplification reaction is done using 5 µL of DNA
extract and primer pair SC3NEST1-L/SC3NEST1-R with 35 cycles of 94°C
for 30 s, 52°C for 30 s, 72°C for 30 s. The resulting fragment is 716 bp long.
The second round uses 1 µL of the product of the first reaction as a template
and primer pair SC3VII/SC3IV-S in 35 cycles with the same temperature–time
program. For species identification from culture, a single-step amplification
with either of the two primer pairs is sufficient. Important general advice is
given in Note 7.

3.2.6. Detection of  M. mycoides subsp. mycoides LC ( MmmLC)
and M. mycoides subsp. capri

A detection system for these caprine mycoplasmas was developed on the
basis of their lppA genes, which encode a 62-kDa surface lipoprotein (20).

Fig. 1 Detection of M. bovis from tissue of different lung lobes and fluid samples of
an experimentally infected calf using the nested oppD/F assay. For DNA extraction,
the High Pure PCR Template Preparation Kit was used. The eluted DNA fraction was
processed as described in Subheading 3.1.3.2., steps 15–19. Lane 1,  accessory lobe;
lane 2,  left diaphragmatic lobe; lane 3,  right diaphragmatic lobe; lane 4,  right apical
cranial lobe; lane  5,  left apical cranial lobe; lane 6,  endo/pericardium; lane 7,  cere-
brospinal fluid; lane 8,  left carpal joint fluid; lane 9,  right carpal joint fluid; lane 10,
left tarsal joint fluid; lane 11, right tarsal joint fluid; lane 12, reagent control; lane 13,
reference strain PG 45 of M. bovis; lane 14, DNA marker, 100-bp ladder.
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Using primer pair MMMLC2-L/MMMLC1-R, a 1049-bp fragment is ampli-
fied (see Note 8).The recommended cycling program is: denaturation 94°C for
30 s, annealing 49°C for 30 s, extension 72°C for 60 s.

3.2.7. Detection of  M. conjunctivae

Species-specific identification of M. conjunctivae can be accomplished
using a 16S rDNA-based assay (5), which can be run as a one-round or nested
PCR. In the former, primer pair McoF1/McoR1 is used to produce an amplicon
of 748 bp. In the nested assay, the outer primers MOLIGEN1-L/16SUNI are
used in the first round of amplification, and McoF1/McoR1 represent the inner
primer pair. The detection limit of the nested PCR was determined to be at 20 cfu
per swab (5).

PCR amplification programs and amplicon sizes are given in Table 3.

3.3. Electrophoresis and Visualization

1. Prepare 1 or 2% (w/v) solution of agarose in TBE. Store gel in Erlenmeyer flasks
at room temperature.

2. Liquefy gel by microwave heating (approx 30 s at 600 W) prior to use.
3. Pour gel on a horizontal surface using an appropriately sized frame.
4. Fill electrophoretic tank with TBE.
5. Run the gel at a voltage corresponding to 5 V/cm of electrode distance for approx

30 min.
6. Load each well with 10 µL of PCR product mixed with 5 µL GLB.
7. Stain DNA bands by immersing the gel in ethidium bromide solution containing

5 µL stock solution in 200 mL of water. (Alternatively, ethidium bromide-contain-
ing agarose gels can be used. Add 5 µL of ethidium bromide solution to 100 mL
of melted agarose in TBE buffer.)

8. Visualize bands under UV light using a transilluminator.

Table 3
Temperature-Time Profiles of M. conjunctivae Detection Assays

PCR 1a PCR 2b

Primers MOLIGEN1-L/16SUNI McoF1/McoR1

Denaturation 94°C for  30 s 94°C for30 s
Primer annealing 51°C for 30 s 54°C for 30 s
Primer extension 72°C for  60 s 72°C for 60 s
Number of cycles       35         35
Amplicon size   1063 bp    748 bp

a PCR 1, followed by PCR 2, may be used as a nested procedure.
b PCR 2 is specific for M. conjunctivae.
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4. Notes
1. The use of DNA preparation kits can be recommended for samples of organ tis-

sue, broth culture, and with some qualification, also for semen and feces. In the
latter instances, the kit should be tested with a series of spiked samples contain-
ing defined numbers of mycoplasma cells in order to examine its suitability.

Most commercial kits are easy to work with. They contain a special buffer
reagent for lysis of the bacterial and tissue cells, the effectiveness of which is
decisive for the kit’s performance. An optional RNase digestion is intended to
remove cellular RNA. The lysate is then centrifuged through a mini-column,
where the released DNA is selectively bound to a solid phase (modified silica,
hydroxyl apatite, or filter membrane). After washing, the DNA can be eluted
with an elution buffer or water. DNA prepared in this manner is usually of high
purity and largely free of PCR inhibitors.

It should be noted, however, that the yield of extracted DNA is limited by the
binding capacity of the mini-column. If maximum recovery of mycoplasmal DNA
is important, e.g., in quantitative assays or for preparation of reference DNA, an
alternative extraction protocol should be followed.

2. Extraction of bacterial DNA from milk samples seems to be particularly difficult
in the case of mycoplasmas. This may be due to adhesive properties and/or the
small size of mycoplasma cells. In a previous study, several extraction procedures
were compared, which included cold and hot phenol extraction, Tween 20 treat-
ment, protease digestion, commercial DNA extraction kits, and, finally, a combi-
nation of enzymatic treatment and selective membrane binding of DNA (17).
Using the latter, 50–500 cfu of M. bovis/mL milk were detectable. The present
method of pre-PCR enrichment by antigen capture allowed an improvement of the
detection limit up to 20 cfu/mL milk when amplification products were visualized
on agarose gels, and 2 cfu/mL when visualized on Southern blots (24).

3. Several sets of primers have been designed that detect all members of the
M. mycoides cluster, i.e., M. mycoides subsp. mycoides SC, M. mycoides subsp.
mycoides LC, M. mycoides subsp. capri, M. capricolum subsp. capricolum,
M. capricolum subsp. capripneumoniae, Mycoplasma bovine group 7. Those
described by Bashiruddin et al. (25), Dedieu et al. (26), Hotzel et al. (23), and
Rodriguez et al. (27) are derived from the same set of sequence data from the
CAP-21 genomic region, and one or more of them could be used additionally for
the confirmation of results of further differentiation.

4. The target region of the primers PpMB920-1/2 and PpSM5-1/2, used for the
nested PCR system, is the operon of oligopeptide permease (opp) genes encoding
ATP-binding proteins, which are members of the so-called ABC-transporter fam-
ily. The oppD and oppF genes of M. bovis were identified on the basis of
sequence homology to the analogous genes of M. hominis.

5. M. bovis-specific primer systems MBOUVRC2-L/R and PpMB920-1/2 were
tested together with other assays in a ring trial in COST Action 826. Both pro-
duced identical results with field isolates from different origins and surpassed
other PCR test systems. All field isolates of M. bovis tested so far were found to
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produce a positive signal, whereas cross-amplification of DNA from other myco-
plasma species was not observed. Primer pair MBOUVRC2-L/R was derived
from uvrC, the gene encoding deoxyribodipyrimidine photolyase, which is
involved in DNA repair. It is of particular value when differentiation between the
closely related species M. bovis and M. agalactiae has to be conducted.

6. Primer system MAGAUVRC1-L/R was also tested in the same ring trial and
demonstrated to be specific for M. agalactiae only.

7. In view of the high importance of CBPP caused by M. mycoides subsp. mycoides
SC, we strongly recommend the additional use of an alternative PCR method to
confirm the diagnostic results as well as the species identity (refs. 21,23,25,26,
and 28).

8. In a previous study, the characteristic product of 1049 bp was obtained with many
field strains of different geographic origin (20). The system was also shown to be
specific, as no cross-amplification of other mycoplasmas, notably the closely
related members of the M. mycoides cluster, was observed. However, several
atypical strains with deletions or mutations in the target sequence were identified
(20). Furthermore, some strains that were serologically typed as M. mycoides
subsp. mycoides SC failed to produce an amplicon with these primers (29). In
these cases, sequencing the 16S rRNA gene region may be an alternative
approach to identify the isolates. However, a recent study showed that several
strains serologically typed as M. mycoides subsp. mycoides LC had 16S rRNA
sequences that were identical or similar to those of other mycoplasma species
and were negative with the lppA-based PCR identification method (30).
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Detection of Mycoplasma hyopneumoniae
from Clinical Samples and Air

Marylène Kobisch and Joachim Frey

1. Introduction
Mycoplasma hyopneumoniae is the etiological agent of enzootic pneumo-

nia, a worldwide disease that  causes economic losses in swine production (1).
Generally, transmission of M. hyopneumoniae occurs by direct contact or aero-
sol in chronically infected herds when young susceptible pigs are in contact
with older pigs. Piglets can be infected by gilts, low parity sows, but also by
older sows (2). According to these authors, the percentage of sows carrying
M. hyopneumoniae decreased with age. However, carrier sows represent the
most likely source of transmission, of M. hyopneumoniae to their piglets.
Another risk of M. hyopneumoniae contamination is due to airborne transmis-
sion, which can occur over short distances inside the herd (3) and between
herds (4). In these circumstances, specific and sensitive tests are necessary to
control enzootic pneumonia.

M. hyopneumoniae is one of the mycoplasmas most difficult to isolate, cul-
tivate, and identify. Thus, isolation of this species is generally not performed
by diagnostic laboratories. In routine bacteriological diagnosis, detection of
M. hyopneumoniae infection is carried out by an immunofluorescence test or
by serology (5,6). More recently, several polymerase chain reaction (PCR) or
nested PCR assays have been developed to detect M. hyopneumoniae in the
respiratory tract of pigs at necropsy or from live pigs in field conditions.
Mattsson et al. (7) and Sorensen et al. (5) have described a PCR test to detect
M. hyopneumoniae in nasal cavities. Baumeister et al. (8) and Blanchard et al.
(9) have developed PCR methods for the detection of M. hyopneumoniae in
bronchoalveolar fluids or tracheobronchiolar washings. However, in order to
increase the sensitivity of the method, Verdin et al. (10) introduced a nested
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PCR assay to detect M. hyopneumoniae in tracheobronchiolar washings from pigs
and from lung samples. Using this method, they showed that samples of pigs at
2 mo of age, in the post-weaning period, gave positive results with the nested
PCR, while only a few sera of the same animals were seropositive as measured by
enzyme-linked immunosorbent assay (ELISA). Moreover, these authors showed
that the nested PCR test was able to detect M. hyopneumoniae at necropsy in
lungs of pigs without signs of pneumonia. Here, we propose nested PCR methods
as very sensitive tools to detect M. hyopneumoniae in diseased pigs as well as in
healthy carrier animals which play an important role in transmission of
M. hyopneumoniae. Furthermore we propose a method for air sampling com-
bined with an alternative nested PCR assay, which allows the detection of
M. hyopneumoniae in the air of pig housings or in expectoration of coughing pigs.

The nested PCR method “ABC” using the primer pairs Hp1/Hp3 and Hp4/
Hp6 is based on a putative ABC transporter gene, which is specific to
M. hyopneumoniae (11). The PCR product is detected by Southern blot hybrid-
ization, with a radioactively labeled oligonucleotide matching the PCR prod-
uct in order to enhance the sensitivity of detection to a very low number of
M. hyopneumoniae organisms per sample and provide an additional verifica-
tion of the amplified product. The second nested PCR method REPhyo using
the primer pairs MHP950-1L/MHP950/1R and MHP950-2L/MHP950/2R is
based on a repeated DNA fragment which is specific to the species
M. hyopneumoniae (3) and is detected directly by agarose gel electrophoresis
and photography of ethidium bromide-stained gels.

2. Materials

1. M. hyopneumoniae reference strain NCTC 10110 cells at 108 cells/mL in phos-
phate-buffered saline (PBS).

2. Heating block for Eppendorf®  tubes at 57°, 60°, and at 95°C.
3. Vortex blender.
4. 20-mL syringes.
5. Catheter to introduce and aspirate the tracheobronchiolar fluids (1-mm diameter

and 1.5-m long).
6. Plastic tubes to collect tracheobronchiolar fluids.
7. Polyethersulfone membrane filters, Ø = 47-mm, pore size � 0.2 µm, (Supor 200;

Gelman Sciences, Ann Arbor, MI, USA).
8. Filter holder device for Ø = 47-mm filters.
9. Air pump with tubing connected to filter holder (see Fig. 1).

10.  Centrifuge with rotor (12,000–13,000g) for Eppendorf tubes.
11. Safety cabinet for PCR preparations (Clean Spot; Coy Laboratories, Grass Lake,

MI, USA).
12. Cotton swabs.
13. PBS buffer: 50 mM Na-phosphate, pH 7.5, 150 mM NaCl.
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14. TE buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 8.5.
15. PCIA: phenol:chloroform:isoamylalcohol (49.5:49.5:1; v/v/v).
16. 3M Sodium-acetate, pH 4.5.
17. 80% Ethanol, prechilled in freezer.
18. Instagene matrix (Bio-Rad, Hercules, CA, USA).
19. Oligonucleotide primers, each 10 µM (see Table 1).
20. 10 X PCR buffer: 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl2, 50 mM KCl, 0.005%

Tween® 20-detergent.
21. Lysis buffer: 100 mM Tris-HCl, 0.05% Tween 20 detergent, 0.2 mg/mL protein-

ase K, pH 8.5.
22. 100 mM dATP, 100 mM dCTP, 100 mM dGTP, 100 mM dTTP.
23. Oligonucleotides, 10 µM (see Table 1).
24. Taq DNA polymerase, 5 U/µL.
25. Thermal cycler and corresponding thin-walled tubes for PCR applications.
26. 10X Kinase buffer: 0.5 M Tris-HCl, 0.1 M MgCl2, 50 mM dithithreitol, 1 mM

spermidine HCl, 1 mM EDTA, pH7.6.
27. Bacteriophage T4-polynucleotide kinase (10 U/µL).
28. [γ-32P]ATP (1000 Ci/mmol, 10 µCi/µl).

Fig. 1.  Sampling of air from expectoration of a coughing pig. The device with
the filter is held at a distance of 10–20 cm in front of the mouth of a possibly coughing
pig, and air is pumped during 1–2  min (courtesy of Dr. Katharina Stärk, IVI,
Mittelhäusen).
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29. 10X SSC buffer, 1X SSC is: 15 mM Na-citrate, 150 mM NaCl.
30. 0.5 M EDTA.
31. Agarose gel equipment including agarose, TBE running buffer (90 mM Tris-base,

90 mM boric acid, 2 mM EDTA, pH 8.3), gel loading buffer, ethidium bromide,
DNA size marker, as well as photographic equipment for documentation. For
more details see refs.  12 and 13 and other chapters of this volume.

32. Equipment for Southern blot hybridization.
33. Autoradiography film for detection of radioactively labeled DNA probes.

3. Methods

The methods described below are aimed at (i) the detection of M. hyopneu-
moniae in tracheobronchiolar washings; (ii) the detection of M. hyopneumoniae
in lung tissue samples; and (iii) the detection of M. hyopneumoniae from air
samples from pig housing or expectoration of coughing pigs.

3.1. Detection of  M. hyopneumoniae
in Tracheobronchiolar Washings

3.1.1. General Remarks

Detection of M. hyopneumoniae in tracheobronchiolar washings, done on
non-anesthetized pigs, requires some experience in handling with pigs. Lung
lavages obtained can be kept frozen until analysis by PCR in the laboratory.
After extraction of DNA from the samples (14), detection of M. hyopneumoniae
DNA is done preferentially by nested PCR “ABC” with the primer pairs Hp1/
Hp3 and Hp4/Hp6, followed by a detection step involving a radioactively
labeled oligonucleotide (see Subheadings 3.4.1., 3.4.2., and 3.4.4.) in order to

Table 1
Oligonucleotide Primers a

 Annealing Fragment
Name Utilization Sequence 5'–3' direction temperature size

Hp1 1st step L- primer TTCAAATTATAACCTCGGTC 57°C
Hp3 1st step R- primer AGCAAATTTAGTCTCTCTGC 57°C
Hp4 2nd step L- primer CGCTTTAGTACCGATATGGG 58°C 702 bp
Hp6 2nd step R- primer GCCATTCGCTTATATGGTGA 58°C
Hp42 hybridization ACTGCCCCAAATGGAACAGG
MHP950-1L 1st step L- primer AGGAACACCATCGCGATTTTTA 52°C
MHP950-1R 1st step R- primer ATAAAAATGGCATTCCTTTTCA 52°C
MHP950-2L 2nd step L- primer CCCTTTGTCTTAATTTTTGAA 52°C 807 bp
MHP950-2R 2nd step R- primer GCCGATTCTAGTACCCTAATCC 52°C

a Based on the nucleotide sequence of GenBank Accession no. AF004388
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warrant highest possible sensitivity (see Notes 1 and 2). It is recommended to
prepare 2 positive control samples by artificially contaminating 1 mL of
tracheobronchiolar lavage fluids from healthy pigs with 1000 and with 100
colony forming units (cfu) of M. hyopneumoniae NCTC 10110. In addition, at
least 2 negative control samples from healthy pigs should be included.

3.1.2. Tracheobronchiolar Lavage Fluids

1. Open the mouth of nonanaesthetized pigs.
2. Introduce the catheter into the trachea of pigs.
3. Introduce 10–20 mL (according to the age of the pig) of PBS buffer.
4. Aspirate the fluid immediately (approx 1–2 mL).
5. Keep the lavage fluid until further processing at –20°C.

3.1.3. Extraction of DNA from Tracheobronchiolar Lavage Fluids

1. Centrifuge 1-mL samples from tracheobronchiolar lavage fluid at 12,000g for
30 min.

2. Resuspend the pellets in 1 mL PBS.
3. Centrifuge at 12,000g for 30 min.
4. Resuspend pellets in 0.5 mL lysis buffer.
5. Incubate 30 min at 60°C in heating block.
6. Incubate 10 min at 95°C in heating block.
7. Cool on ice.
8. Extract 2× with 0.5 mL PCIA.
9. Separate aqueous phase carefully.

10. Add 50 µL of 3M sodium-acetate, pH 4.5.
11. Add 0.4 mL isopropanol.
12. Cool on ice for 10 min.
13. Centrifuge at 12,000g for 10 min.
14. Remove liquid.
15. Wash pellet with 80% ethanol and dry it.
16. Resuspend the final DNA pellet in 100 µL of sterile deionized water.
17. Use 5 µL of this preparation as a template for the nested PCR method, ABC, with

primers Hp1/Hp3 and Hp4/Hp6 and Southern blot hybridization (see Subhead-
ings 3.4.1., 3.4.2., 3.4.4., and Note 2).

3.2. Detection of M. hyopneumoniae in Lung Tissue

For the detection of M. hyopneumoniae in lung tissue, DNA of the samples is
recovered using Instagene matrix prior to the use as a template for the nested
PCR method REPhyo, using primers MHP950-1L/MHP950-1R and MHP950-
2L/MHP950-2R which are based on repetitive elements specific to M. hyopneu-
moniae (3) (see Note 1).
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3.2.1. Preparation of Template from Lung Tissue (see Note 1)

M. hyopneumoniae can be detected directly from pathological lung lesions
by PCR. The preparation of the template DNA is done using the following
method: it is recommended to prepare 2 positive control samples by artificial
contamination of a 0.25-g lung sample with 1000 and with 100 cfu of M. hyo-
pneumoniae NCTC 10110. In addition, 2 negative control samples from healthy
pigs should be included.

1. Excise 0.25 g lung tissue from the edge of a lesion.
2. Place in a sterile tube and homogenize manually using a sterile pestle.
3. Add 0.5 mL PBS to facilitate homogenization.
4. Centrifuge for 5 s at 10,000g to remove large debris.
5. Retain 200 µL of the supernatant, discard the rest.
6. Centrifuge the supernatant for 5 min at 13,000g.
7. Keep the pellet and  discard supernatant fluid.
8. Add 200 µL Instagene matrix and resuspend the pellet.
9. Heat to 56°C for 30 min.

10. Vortex mix briefly.
11. Heat to 95–97°C (or boil) for 8 min.
12. Vortex mix briefly.
13. Centrifuge for 5 min at 13,000g.
14. Keep the supernatant and transfer to separate tube.
15. Use 5 µL of the supernatant as a template for PCR REPhyo with primers

MHP950-1L/ MHP950-1R and MHP950-2L/ MHP950-2R (see Subheadings
3.4.1., 3.4.2., and 3.4.3.).

3.3. Detection of M. hyopneumoniae from Air

Detection of M. hyopneumoniae from the air requires the analysis of a large
air vol by pumping air through a micro-mesh membrane filter. The DNA is
then extracted by dissolving the filter in organic solvents and extracting the
DNA by aqueous buffers therefrom. The extracted DNA is used as a template
for the nested PCR method REPhyo using primers MHP950-1L/MHP950-1R
and MHP950-2L/MHP950-2R.

1. Assemble the polyethersulfone membrane filter in a filter holder and connect to
air pump.

2. Pump air through filter at a rate of 20 L/min. To control the air in pig housings,
pump for 100 min (2000 L), and to control individual pigs, hold the filter close to
the nose of the pig and pump for 1–2 min (20–40 L) (see Fig. 1).

3. Remove the filter from the filter holder and place in a petri dish to dry for 1–2 h.
4. Fold filter and place it in a 10-mL reaction tube, which is chloroform-resistant

(glass tube, or Falcon plastic tube); (Becton Dickinson, Lincoln Park, NJ, USA.).
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5. Dissolve filter in 5 mL chloroform.
6. Add 5 mL TE buffer and shake vigorously to extract DNA.
7. Separate organic from aqueous phase by centrifugation at 10,000g for 10 min.
8. Recover aqueous phase and transfer it to a separate tube.
9. Extract aqueous phase with 5 mL of phenol-chloroform-isoamyl alcohol (49.5:

49.5: 1; v/v/v).
10. Recover aqueous phase and add 8 mL chilled ethanol and 400 µL 3 M sodium-

acetate, pH 5.5.
11. Mix well and cool at –20°C for 10 min.
12. Recover precipitated DNA by centrifugation at 10,000g for 20 min.
13. Dry the pellet.
14. Resuspend pellet in 50 µL TE buffer
15. Use 5 µL of the supernatant as a template for PCR REPhyo with primers

MHP950-1L/MHP950-1R and MHP950-2L/MHP950-2R (see Subheadings
3.4.1., 3.4.2., and 3.4.3.).

3.4. PCR Amplification

3.4.1. PCR Premixture (for 20 Reactions)

Label tube with corresponding primer pair (e.g., Hp1/ Hp3 or MHP950-1L/
MHP950-1R). Add: 843 µL H 2O bidistilled, 100 µL 10X PCR buffer, 1.7 µL
dATP 100 mM, 1.7 µL dCTP 100 mM, 1.7 µL dGTP 100 mM, 1.7 µL dTTP
100 mM, 25 µL 10 µM Primer-L  (see Table 1), and 25 µL 10 µM Primer-R
(see Table 1).

3.4.2. Nested PCR

 Two highly sensitive 2-step nested PCR methods are used. Method ABC
uses the oligonucleotide primer pairs Hp1/Hp3 and Hp4/Hp6, followed by
detection of the PCR product by Southern blot hybridization with a radioac-
tively labeled oligonucleotide. Method REPhyo uses primer pairs MHP950-
1L/MHP950-1R and MHP950-2L/MHP950-2R and uses direct detection of
the PCR products by agarose gel electrophoresis. Particular care has to be
taken for both methods in order to avoid any cross-contamination by spillover
and by aerosols originating from samples containing PCR amplicons, espe-
cially from the first amplification step. Care must also be taken when open-
ing PCR tubes (avoid aerosol formation). The preparation of the second step,
involving the pipeting of the PCR amplicon of the first step, should be done,
if ever possible, in a separate safety cabinet for PCR preparations, which
should be irradiated by UV light after each use. It is strongly recommended
to include both positive and negative control samples prepared analogously
to the clinical samples.
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First round of amplification:

1. Use thin-walled thermal cycler tubes precooled at 4°C.
2. Add for each first-round reaction: 45.0 µL PCR premixture with corresponding

primers, 0.25 µL Taq DNA polymerase, and 5.0 µL template.
3. Preheat thermal cycler to 95°C.
4. Place the cooled tubes directly into preheated thermal cycler.
5. Run 35 cycles with: 30 s at 94°C, 30 s at annealing temperature (according to

Table 1), and 45 s at 72°C.

Second round of amplification:

6. Prepare the second round in a precooled thin-walled tube by mixing: 45.0 µL
PCR premixture with corresponding primers, 0.25 µL  Taq DNA polymerase,
and 1 µL amplicon of the first round.

7. Preheat thermal cycler to 95°C.
8. Place the cooled tubes directly into the preheated thermal cycler.
9. Run 35 cycles with: 30 s at 94°C, 30 s at annealing temperature (according to

Table 1), and  30 s at 72°C.
10. Take the tubes to a different room for analysis.
11. Proceed to either direct visualization of the PCR products on agarose gel electro-

phoresis (see Subheading 3.4.3.) or Southern blot hybridization with a radio-
actively labeled probe (see Subheading 3.4.4.).

3.4.3. Direct Visualization of PCR Products on Agarose Gels

1. Analyze 10 µL of each PCR amplicon on a 0.7% agarose gel.
2. Stain the gel with ethidium bromide and photograph fluorescence by UV light.
3. Analyze the correct sizes of the bands (see Table 1) and verify all negative and

positive controls.

3.4.4. Analysis of PCR Products by Southern Blot Hybridization

In order to insure a very high sensitivity of the nested PCR method with
primer pairs Hp1/Hp3 and Hp4/Hp6, which is used preferentially for the
amplification of samples from tracheobronchiolar washings, the products of
the second PCR amplification are submitted to agarose gel electrophoresis,
followed by transfer on a nylon membrane and hybridization with the radio-
actively labeled primer Hp43.

3.4.4.1. LABELING OF THE OLIGONUCLEOTIDE PRIMER

1. Prepare kinase reaction for labeling primer Hp43: 2 µL (20 pmol) Oligonucle-
otide primer Hp43 (10 µM), 5 µL 10X Kinase buffer, 5 µL (total ATP minimal
1 µM) [γ-32P]ATP (1000 Ci/mmol, 10 µCi/µL), 2 µL bacteriophage T4-poly-
nucleotide kinase (10 U/µL), and 46 µL H2O.

2. Incubate 30 min at 37°C.
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3. Add 2 µL of 0.5 M EDTA.
4. Extract once with 50 µL PCIA.
5. Purify labeled DNA from unincorporated ATP by chromatography over a

Sephadex® G25 column.
6. Precipitate labeled oligonucleotide with 80% cooled ethanol.
7. Resuspend in 50 µL H2O.

3.4.4.2. SOUTHERN BLOT HYBRIDIZATION

1. Analyze 10 µL of PCR amplicon from the nested PCR ABC on a 0.7% agarose
gel.

2. Transfer DNA onto a positively charged nylon membrane using alkaline transfer
with 0.4 M NaOH.

3. Wash the membrane in 10 mL hybridization buffer.
4. Incubate the membrane in 5 mL hybridization buffer plus 10 µL labeled Hp43

primer at 42°C for 16 h.
5. Wash membrane 4× in 2X SSC buffer supplemented with 0.5% SDS at 60°C.
6. Wash membrane 2× in 1X SSC buffer supplemented with 0.5% SDS at 60°C.
7. Dry membranes and expose 3–10 h for autoradiography
8. Analyze hybridization results for presence of the specific band (see Table 1).

4. Notes
1. The sensitivity of the method for detection of M. hyopneumoniae in

tracheobronachiolar washings using the nested PCR method “ABC” with prim-
ers Hp1/Hp3 and Hp4/Hp6, followed by Southern blot hybridization with the
radioactively labeled probe Hp42, was reported to reach as few as 1 cfu/PCR
(10). This corresponds to at least 20 cfu/mL tracheobronchiolar washing, assum-
ing that no loss occurred during extraction of DNA. When tracheobronchiolar
lavage fluid, artificially contaminated with M. hyopnemoniae strain NCTC 10110,
were analyzed using the same extraction method, but using the nested PCR
REPhyo with the primer pairs MHP950-1L/MHP950-1R and MHP950-2L/
MHP950-2R and direct detection of PCR products (see Subheading 3.3.4.), the
detection limit ranged between 100–200 cfu/mL tracheobronchiolar lavage or
100–500 cfu/g of lung tissue. The two nested PCR methods can, therefore, sub-
stitute for each other in the different applications. It has to be taken into account
that the method with direct detection of the PCR products by agarose gel electro-
phoresis has a somewhat lower sensitivity, but is significantly easier to perform.

2. In order to detect possible failure of the PCR amplification due to PCR inhibitors
or loss of DNA during the preparative purification steps, an internal control sys-
tem can be used as described previously (15).
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PCR-Detection of Hemophilus paragallinarum,
Hemophilus somnus, Mannheimia (Pasteurella)
hemolytica, Mannheimia spp., Pasteurella
trehalosi, and Pasteurella multocida

Henrik Christensen, Magne Bisgaard, Jesper Larsen,
and John Elmerdahl Olsen

1. Introduction
1.1. Diseases of Veterinary Importance Caused
by Hemophilus paragallinarum, Hemophilus somnus,
Mannheimia hemolytica, Mannheimia spp., Pasteurella
trehalosi and Pasteurella multocida

Most members of the bacterial family Pasteurellaceae are usually regarded
as opportunistic secondary invaders, which under normal conditions might
inhabit the mucosal membranes of the upper respiratory and lower genital
tracts of mammals and birds (1). Out of the almost 100 species or species-
like taxa that might be isolated from mammals, reptiles, and birds, only Pas-
teurella multocida, Actinobacillus pleuropneumoniae, and Hemophilus
paragallinarum are regarded as major pathogens (1,2) while A. suis,
H. somnus, and Mannheimia hemolytica are considered as potential animal
pathogens. The pathogenic potential is incompletely known for most taxa,
probably due to limitations in their classification and identification, and
inappropriate detection methods.

H. paragallinarum is responsible for infectious coryza in chickens character-
ized by relatively mild respiratory signs, non-thriving chickens, and significant
reductions in egg production (3). H. somnus may affect the respiratory and
genital tracts of cattle and sheep, resulting in respiratory disease, reproductive
problems, myocarditis, otitis, conjunctivitis, mastitis, arthritis, septicemia, and
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thrombotic meningoencephalomyelitis (4,5). Members of M. hemolytica are
mainly associated with pneumonic pasteurellosis in feedlot cattle (6). In sheep,
pasteurellosis is mainly associated with M. hemolytica, other species of
Mannheimia, or P. trehalosi (7). Different lineages of P. multocida may be
responsible for various diseases in both birds and mammals with hemorrhagic
septicemia (HS) in cattle and buffalo, caused by certain members of serotypes
B:2 and E:2 (8), while progressive atrophic rhinitis (PAR) in pigs is caused by
representatives of capsular types D or A (9, 10). PAR has also been reported in
goats and rabbits caused by P. multocida (11,12). The toxin responsible for
P. multocida, which caused PAR in pigs and other animals, is encoded by the
toxA gene (13). Members of P. multocida belonging to capsule types A and D
may also cause pneumonia in pigs (9). Fowl cholera is caused by certain patho-
genic lineages of P. multocida, most frequently of capsular type A (14).

1.2. Benefits of PCR Compared to Detection Based
on Biochemical, Physiological and Serological Tests

Complex phenotypic and genotypic relationships in addition to complex
growth requirements for Pasteurellaceae and lack of evaluated commercially
available diagnostic kit-systems and diagnostic tables have made diagnostic
improvements difficult within this family (2). For the same reasons, and as
these bacteria have been found to die in transport or be overgrown by other
bacteria before they can be identified by culture-dependent methods, poly-
merase-chain reaction (PCR) tests may improve their identification
(3,4,9,14,16). For H. paragallinarum, the PCR test additionally was found
specific for biochemical and serological variants (3,17). For H. somnus,
which shows extensive variability in morphology, biochemistry, and serol-
ogy (5,18), the PCR test was also found to be specific and to detect “Hemo-
philus agni” and “Histophilus ovis” (19). Difficulties of isolating H. somnus
from animals treated with antibiotics have been reported, and PCR might
improve the diagnostic situation in such cases (19, 20). For identification of
P. multocida, PCR may further be preferred when isolates are nonpathogenic
to mice (16). The use of PCR also eliminates ethical problems related to the
use of laboratory animals for isolation of these organisms. Finally, the devel-
opment of a highly specific multiplex PCR assay for P. multocida (21) also
adds important information on vaccine prophylaxis, because capsular types
can be recognized easily without the use of the more laborious indirect
hemagglutination test (22).

PCR tests have been developed for the most important members of Pasteur-
ellaceae in relation to their potential to cause disease, such as A. pleur-
opneumoniae, H. paragallinarum, H. somnus, M. hemolytica, Mannheimia spp.,
P. trehalosi , and P. multocida.
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In this chapter, PCR detection of H. paragallinarum, H. somnus, M. hemo-
lytica, Mannheimia spp., P. trehalosi, and P. multocida is described, while
PCR tests for the detection of A. pleuropneumoniae are treated in Chapter 5.

It might be relevant for diagnostic veterinary laboratories to set up PCR meth-
ods for detection of these different pathogens belonging to the family. In addi-
tion, a comparison of procedures will allow multiplex protocols to be set up. To
date, a multiplex PCR test has only been reported for P. multocida (21, 23).

1.3. Choice of Target DNA Sequence

The relations between target DNA sequences and specificity of the PCR
tests are listed in Table 1. For all species except certain lineages of P. multocida
causing arthropic rhinitis, the genetic background for virulence is insufficiently
known. Not all lineages of the different species cause disease, and species-
specific detection methods give no information about such differences. Some
tests are based on the detection of genes encoding virulence factors in order to
predict the disease potential of an organism, however, the interpretation of such
tests is difficult since the existence of other virulence factors cannot be ruled
out. Horizontal DNA transfer and recombination have been important evolu-
tionary mechanisms in diversification of virulence factors. These tests lack
species specificity for Mannheimia and P. trehalosi. Potentially virulent geno-
types of M. hemolytica, Mannheimia spp., and P. trehalosi might be traced but
without species-specific detection.

Although PCR methods available at present allow species-specific detec-
tion of H. paragallinarum and H. somnus, potentially virulent genotypes might
not be identified. Pasteurella multocida might be detected at the species level,
certain virulent PAR genotypes might be identified, as well as genotypes with
the potential to cause HS. Moreover, typing at the capsular level is possible,
which also might help to identify virulent isolates as it is known that certain
diseases are associated with certain capsular types (see Subheading 1.1. and
Notes 1–5).

1.4. Choice of Sample Material and Outline of Protocols

PCR may be performed with DNA extracted directly from swabs or DNA
extracted after bacterial isolation on plates. (Bacterial cultivation in broth is
also possible, but has not been included in the published protocols.) Both
direct extraction from swabs and pre-isolation on plates allow pre- and post-
mortem identification. However, to save time, PCR performed directly on DNA
extracts from swabs should be preferred, as described for H. paragallinarum,
H. somnus, and P. multocida (17,32,33). Detection from swabs after pre-
enrichment has also been reported for P. multocida. (14,27). In the present
chapter, protocols for all pathogens mentioned above are summarized and set
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up against each other in order to allow simultaneous detection of several patho-
gens by similar protocols or the use of multiplex formats.

1.5. Controls

Positive control strains must be included in each assay. They are of special
importance for verification of the efficiency of DNA extraction and the perfor-
mance of amplification. Negative controls without template DNA should also
be included to detect contamination by carryover of DNA.

2. Materials
2.1. Collection of Samples and Bacterial Reference Strains

2.1.1. Material and Media for Collection of Suspect Material

1. Sterile cotton swabs.
2. Blood agar plates.
3. Brain Heart Infusion Broth (BHI) (Difco, Detroit, MI, USA).
4. Chocolate agar for H. paragallinarum.

Table 1
Specificity of Published PCR Tests Toward the Treated Pathogens

Species Target Gene Species-specific Reference

H.  paragallinarum Unknown Yes 17

H.  somnus rrs Yes 19
(16S rRNA)

M. hemolytica, lkt No 24,25
M. granulomatis, (leukotoxin)
M. glucosida, M. spp.
and P.  trehalosi
P. multocida Unknown Yes 23

P. multocida rrl Yes 26

P. multicida psl Yes, but verification by 27
P6-like protein     hybridization required.

P. multocida Unknown Yes, but only serotypes B:2, 23
    B:5,  and B:2.5 causing HS.

P. multocida 16S to 23S Yes, but only serotype 28
 rRNA spacer     B:2 causing HS.

P. multocida cap Yes, but five capsular types. 21
(capsule)

P. multocida toxA Yes, but only isolates 10,
(toxin)     causing PAR. 29–31
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2.1.2. Bacterial Reference Strains for Use as Positive Controls
1. H. paragallinarum (NCTC 11296T).
2. H. somnus (CCUG 18779, CCUG 12839).
3. M. hemolytica (NCTC 9380T, ATCC 43270 [lktA positive]).
4. P. trehalosi (NCTC 10370T, ATCC 29703 [lktA positive]).
5. P. multocida (NCTC10322T, NCTC 12178 [ toxA positive], ATCC 6530 [HS

positive]).
Strains might be obtained through CCUG: (www.ccug.gu.se), NCTC: (http://
www.phls.co.uk/services/nctc/index.htm), and ATCC (http://www.atcc.org).

6. The reference strains for the P. multocida capsular types might not be available
from commercial culture collections. It is recommended to request these strains
from national veterinary reference laboratories. The reference strains A 1113, B
925, D 42, E 978, and F 4679 were cited to have been obtained from The Royal
Veterinary College, London (34) and the strains P 1201 (A), P 932 (B), P 934
(D), P 1234 (E) and P 4218 (F) from National Animal Disease Center, Ames, IA,
USA (21).

2.2. Extraction of DNA
1. Lysozyme.
2. Phosphate-buffered saline: 0.01 M in phosphate, 0.3 M in sodium, pH 7.0.
3. Potassium acetate: 3 M.
4. Proteinase K.
5. 10:10 TE buffer: 10 mM Tris, 10 mM EDTA, pH 7.6.
6. 50:50 TE buffer: 50 mM Tris, 50 mM EDTA, pH 8.

2.3. PCR
1. PCR cycler with heated lid cover for 0.2- or 0.5-mL tubes.
2. PCR tubes: 0.2- or 0.5-mL, tested for use with the cycler.
3. Taq DNA polymerase with corresponding buffer. Main suppliers are Life Tech-

nologies (Rockville, MD, USA; www.lifetech.com,) Amersham Pharmacia
Biotech (Piscataway, NJ, USA; www.apbiotech.com), and Applied Biosystems
(Foster City, CA, USA; www.appliedbiosystems.com).

4. MgCl2 (PCR grade): 25 mM stock solution.
5. Double-distilled water purified through a Millipore (Bedford, MA, USA) water

purification system or an equivalent device (referred to as MilliQ®-water).
MilliQ-water should be stored at 4 ºC after purification. During prolonged stor-
age, MilliQ-water should be sterile-filtered (0.45 µm) to exclude any microbial
contamination.

6. dNTP: 100 mM solutions of dATP, dCTP, dGTP and dTTP (PCR-grade). 100 µL
stock solution is made from 20 µL of each dNTP and 20 µL of MilliQ-water and
stored at –20 ºC.

7. Oligonucleotide primers (see Table 2): 50X dilutions are prepared from the
stock solution of synthetic oligonucleotides, so that 1 µL of the dilution added
to a 50-µL PCR will yield a concentration of 0.5 µM in the amplification reac-
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Table 2
Oligonucleotide Primers for PCR Amplification

  Target Target
organism  gene Forward (5'-3') Reverse (5'-3') Reference

H. paragallinarum Unknown N1- TGAGGGTAGTCTTGCACGCGAAT R1-CAAGGTATCGATCGTCTCTCTACT 17

H. somnus rrs HS-453-GAAGGCGATTTAGTTTAAGAG HS-860-TTCGGGCACCAAGTRTTCA 19

Mannheimia spp. lktA TGTGGATGCGTTTGAAGAAGG ACTTGCTTTGAGGTGATCCG 24

P. trehalosi lktA AMU-GGGCAACCGTGAAGAAAAAATAG C3575-CGCCATTTTGACCGATGATTTC 25
coding region

P. multocida rrl PM23F1-GGCTGGGAAGCCAAATCAAAG PM23R2-CGAGGGACTACAATTACTGTAA 26

P. multocida Unknown KMT1SP6-GCTGTAAACGAACTCGCCAC KMT1T7-ATCCGCTATTTACCCAGTGG 23

P. multocida psl TCTGGATCCATGAAAAAACTAACTAAAGTA AAGGATCCTTAGTATGCTAACACAGCACGACG 27
(including BamHI-site) (including BamHI-site)

P. multocida Unknown but in KTSP61-ATCCGCTAACACACTCTC KTT72-AGGCTCGTTTGGATTATGAAG 23
serotypes B:2/B:5/
B:2.5 causing HS

P. multocida 16S-23 rRNA IPFWD-CGAAAGAAACCCAAGGCGAA IPREV-ACAATCGAATAACCGTGAGAC 28
spacer of serotypes
B:2 causing HS

P. multocida Capsular type 21
A CAPA-FWD-TGCCAAAATCGCAGTCAG CAPA-REV-TTGCCATCATTGTCAGTG
B CAPB-FWD-CATTTATCCAAGCTCCACC CAPB-REV-GCCCGAGAGTTTCAATCC
D CAPD-FWD-TTACAAAAGAAAGACTAGGAGCCC CAPD-REV-CATCTACCCACTCAACCATATCAG
E CAPE-FWD-TCCGCAGAAAATTATTGACTC CAPE-REV-GCTTGCTGCTTGATTTTGTC
F CAPF-FWD-AATCGGAGAACGCAGAAATCAG CAPF-REV-TTCCGCCGTCAATTACTCTG

P. multocida toxA Oligo 1- 0ligo 4-
TACTCAATTAGAAAAAGCGCTTTATCTTCC TCTACTACAGTTGCTGGTATTTTTAAATAT 10

P. multocida toxA CTTAGATGAGCGACAAGG GAATGCCACACCTCTATAG 31

P. multocida toxA Set 1: GGTCAGATGATGCTAGATACTCC Set 1: CCAAACAGGGTTATATTCTGGAC 30
Set 3: CAAGTCTTAACTCCTCCACAAGG Set 3: GGGCTTACTGAATCACAAGAGCC

P. multocida toxA PDNT-1 AAGCTTTAGCTCAACGCTTTGAAA PDNT-2 AAGCTTTCTGAAAGCACCATTAAT 29
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tion. The 50X dilution has to be 25 µM, and for 100 µL of 50X dilution, this
requires 2.5 nmol stock solution of primer. A vol equivalent to 2.5 nmol of oli-
gonucleotide (10–20 µL) is taken from the stock solution and diluted with
MilliQ-water to 100 µL. Diluted primer solutions are stored at –20 ºC.

2.4. Agarose Gel Electrophoresis

1. Horizontal slab-gel apparatus and power supply.
2. Tris-acetate (TAE) buffer for preparation of agarose gel and gel tank: 50X stock

solution is prepared from 242 g Tris base, 57.1 mL glacial acetic acid, 100 mL of
0.5 M EDTA, and MilliQ-water to 1 L with subsequent adjustment of pH to 8.0.
The working solution is diluted 50-fold (35).

3. Agarose (electrophoresis grade): the gel is made 1% (w/v) in TAE-buffer. If a
procedure to cast the gel is required, see ref. 35.

4. Gel-loading buffer: 0.4 mL of 0.5 M EDTA, pH 8.0, 0.1 g bromophenol blue,
35.3 mL 85% glycerol, and MilliQ-water to 100 mL.

5. DNA size marker: e.g., 100 bp ladder, no. XIV (Roche Diagnostics, Mannheim,
Germany)

6. Ethidium bromide solution: 10 mg/mL (35).

3. Methods

3.1. Collection of Samples

1. H. paragallinarum: Chickens suspected of being infected with H. paragallinarum
are swabbed from affected tissues, i.e., sinus (17).

2. H. somnus: Cattle or sheep suspected of being infected with H. somnus are
swabbed from cross-sections of pneumotic lungs, bronchial surfaces, or other
affected tissues (33).

3. P. multocida:
a. Cattle suspected for HS or other infections caused by P. multocida are

sampled for blood or swabbed in the heart within few h after death. Swabs of
other affected tissues may also be used. If the carcass has undergone consid-
erable decomposition, the bone marrow may be examined. To obtain pure
culture, mouse inoculation might be performed (8).

b. Pigs and other animals suffering from PAR are swabbed from the affected
nasoturbinalia, and swabs are streaked on blood agar plates or incubated fur-
ther in BHI (15).

c. Chickens and other birds suspected of being infected with P. multocida are
swabbed from the affected tissues (27). If the carcass is decomposed, the bone
marrow may be used for detection. Chickens suspected of being intestinal
carriers of P. multocida are sampled for intestinal material, or mucosal sur-
faces are swabbed (32).

4. Pre-enrichment: overnight culture at 37 ºC in BHI is used for detection of
P. multocida by the psl-PCR (27) and for detection of P. multocida in intestinal
material (32).
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3.2. Extraction of DNA

3.2.1. DNA Extraction by Boiling for Bacterial Cultures

1. Harvest 1 mL of cultured bacteria by centrifugation and resuspend pellet, or if
bacteria were grown on plates, bacterial colonies, in 1 mL MilliQ-water.

2. Boil the suspension in water bath or heating block for 10 min.
3. Centrifuge at 10,000g for 5 min and collect the supernatant with DNA. Storage

of extract is not recommended.

3.2.2. Extended DNA Extraction of Pure Cultured Bacteria (36)

1. Harvest 1 mL cultured bacteria by centrifugation and resuspend pellet, or if bac-
teria were grown on plates, bacterial colonies, in 1 mL of 50:50 TE buffer.

2. Centrifuge at 10,000g for 5 min and resuspend pellet in 0.5-mL of 50:50 TE.
3. Lyse bacteria by addition of 50 µL of 10 mg/mL lysozyme with incubation at

37ºC for 30 min, and proceed with the addition and mixing of 50 µL of 10 mg/mL
of proteinase K in 50:50 TE and 20 µL of sodium dodecyl sulfate (SDS). Incu-
bate for 2 h at 56 ºC.

4. Precipitate cell debris and protein with 297 µL of 3 M potassium-acetate.
5. Centrifuge for 10 min at 16,000g and add 0.54 vol of isopropanol to the superna-

tant by gentle mixing.
6. Centrifuge and wash the pellet 2× in ice-cold ethanol by centrifugation.
7. Vacuum dry the pellet and resuspend in MilliQ-water and store at –20 ºC.

3.2.3. DNA Extraction from Swabs (see Notes 6–8)

1. H. paragallinarum (17)
a. Soak H. paragallinarum suspected swabs in 1 mL of phosphate-buffered saline.
b. Spin down blood cells (1000g, 3 min).
c. Centrifuge the supernatant at 10,000g for 15 min.
d. Resuspend the pellet in 20 µL of PCR buffer with 0.5% (v/v) Nonidet® P-40,

0.5% (v/v) Tween® 20, and 20 µg/mL of proteinase K, and incubate at 56ºC
for 1 h.

e. Inactivate the proteinase at 98ºC for 10 min and store extracts on ice.

2. H. somnus (33)
a. Place H. somnus suspected swabs in a solution of 1 mL 0.1% Triton® X-100.
b. Mix 0.5 mL of this solution with 0.5 mL chloroform/phenol.
c. Centrifuge at 10,000g for 5 min and mix the supernatant with 0.4 mL chloro-

form.
d. Centrifuge at 10,000g for 5 min and precipitate DNA from the supernatant

with 0.75 mL of 96% ethanol and 5 µL of 5 M NaCl at –20 ºC for 30 min.
e. Wash the DNA pellet with 70 % ethanol and dissolve it in 25 µL of 10:10

Tris-EDTA buffer.

3. P. multocida: extract P. multocida-suspected swabs using the same protocol as
described above for H. paragallinarum.
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3.3. PCR Protocols

3.3.1. Preparation of PCR solutions

All solutions should be stored on crushed ice when thawed. All work is per-
formed in a DNA-free flow hood, and all manipulations are done with micropi-
pettes only used for PCR.

The standard 50-µL reaction mixture contains: 1 U Taq DNA polymerase,
1.5 mM MgCl2, 200 µM dNTP, 0.5µM of each primer (see Table 3). The compo-
sition of the mixture may be altered for specific applications, e.g., to increase the
primer concentration, the vol of added primer stock solution can be increased
and the amount of MilliQ-water reduced accordingly.

For a series of 10 amplification reactions, the premixture (or master mix-
ture) should be prepared for 11 tubes (excess of 10%) because of the usual
pipeting errors. Each tube will receive 5 µL of 10X PCR-buffer, 0.2 µL of
enzyme (if stock solution is 5000 U/mL), 0.5 µL of premixed dNTPs, 1 µL of
each primer dilution, and 3 µL of MgCl2 leaving the vol of MilliQ-water at
36.8 µL if 2.5 µL of DNA extract is added. For 10 reactions, the following vol
should be mixed: 405 µL of MilliQ-water is added to a fresh 1.5 mL
Eppendorf® tube followed by: 55 µL of 10X PCR-buffer, 33 µL of MgCl2,
5.5 µL of dNTPs, and 11 µL of each of the diluted primers.

Vortex mix the tube briefly to avoid foaming and carefully pipet 2.2 µL of
enzyme into the solution. Invert the tube 5× to mix the reagents. Pipet DNA
extract from bacteria or tissue onto the bottom of each of 8 PCR tubes. Add an
identical vol of MilliQ-water to the tube containing the negative control and
add DNA from a bacterial reference strain to the positive control. When adding
the premixture leave the tubes on ice. Do not to pipet the solution too vigor-
ously and do not vortex mix after the enzyme has been added.

3.3.2. PCR Amplification

Immediately insert tubes kept on ice into the PCR cycler and run the speci-
fied program according to Table 4. When the program is completed, take out
the tubes immediately and electrophorese the products on agarose gel. Samples
can be stored frozen at –20ºC.

3.3.3. Agarose Gel Electrophoresis (see Note 9)

This step should be performed in a fume hood with gloves to avoid contact
to the toxic ethidium bromide and a Perspex shield for protection from UV
radiation. The ethidium bromide bath should be changed every wk, and the
waste including gels should be inactivated (35).

1. Mix 5–10 µL of PCR product with 5 µL loading dye and load onto the gel.
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Table 3
PCR Protocols for the Pathogens Treated (Reaction Mixture)

50 mL reaction vola

Taq MgCl2 dNTP Primer
Target Organism Amount of DNA or cell extract U mM µM µM

H.  paragallinarum (17) 10–200 ng of extracted DNA or 10–20 µL extract 1.25c 2.0  200   0.4
of one colony extracted by boiling

H. somnus (19,33) 2 µL extract from swab or colony lysed by boiling 0.5 1.5  100   0.2

Mannheimia/lkt  (24) 0.5 µL of intact cells 1.5 1.5  150   1.9

P.  trehalosi/lkt (25) 10 ng 2 1.5  200   1

P. multocida rrl (26) 1 µL cells boiled extracted 1.25c 3  200   0.5

P. multocida psl (27) 5 µL extract from swab 1.25b 1.0  200b   0.5

P. multocida serotype 2.5 µL cells boiled extracted 5 1.5  200b   0.25
B:2 causing HS (28)

P. multocida/P.multocida serotopes 10 µL of extracted cells lysed by boiling 1.5 2.0  200   1.6 PM
B:2/B:5/B:2.5 causing HS, multiplex- or one colony suspended directly in the PCR mixture   3.2 HS
format and capsular types A, B, D, E, capsular types
and F multiplexformat (16, 21, 23, 32)   multiplex

P. multocida/toxA  (31) 0.5 µL of extract of cells lysed by boiling 10 min 1b 1.5b  400   0.2
(Amigot used 4µL extracted DNA)

P. multocida/toxA (10) 10 µL extract of cells lysed by boiling 1 1.52  200   1

P. multocida/toxA (30) 25 µL DNA extract from swab 10 2.0  200   0.3

P .multocida/toxA (29) 100 ng extracted 2 1.5  200   0.4
DNA or 5 µL of boiled lysate

a Vol adjusted to 50 mL in all protocols.
b Standard conditions assumed.
c Hot start (addition of enzyme after initial 98 ºC for 2 min).
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Table 4
PCR Conditions (Temperature–Time Profiles)

Initial Final Amplicon
denaturation Denaturation Annealing Extension extension size

Test Cycles (ºC/s) (ºC/s) (ºC/s) (ºC/s) (min at 72 ºC) (bp)

P. multocida serotype B:5 causing HS (28) 35 No information 94/30 60/30 72/ 30 10a   334

Mannheimia/lkt (24) 30 94/60 94/60 55/60 72/60 10a 1146

P. trehalosi/lkt  (25)   9 95/270 95/30 54/60 72/120   563
+30 95/60 54/35 72/120 7

H.  somnus (19) 35 94/180 94/60 55/60 72/60 10a   400

P. multocida/rrl (26) 30 98/150 94/60 69/60 72/60 1   1432c

P. multocida/psl (27) 35 94/120 94/60 50/30 72/180 7   471

H. paragallinarum (17) 25 98/150 94/60 65/60 72/120 10 500 approx

P. multocida/P. multocida serotypes
B:2/B:5/B:2,5 causing HS/multiplex
and capsular type A, B, D, E, and F
multiplex (16,21,23,32) 30 95/300 95/60 55/60 72/60 9 460 (P.multocida)

590 (P.multocida HS)
1044 (P.multocida A)

760 (P.multocida B)
657 (P.multocida D)
511 (P.multocida E)
851 (P.multocida F)

P. multocida/toxA (10) 25 94/120b 94/60   55/120 72/120 10a 1230

P. multocida/toxA (31) 40 94/120b 94/30 55/30 72/30 10a   846

P. multocida/toxA (30) 32 94/120b 94/35 65/60 72/150 20 Set 1. 338
Set 2. 217

P. multocida/toxA  (29) 35 94/120 94/30 61/60 72/120 5 1501

a10 assumed.
b 94/120 assumed.
c Double products might be observed probably due to intervening sequences.
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2. Apply fragment length size markers on left and right lanes of the gel and run
electrophoresis for 1 to 2 h at 100 V.

3. Stain the gel in a solution of 1 µg/mL of ethidium bromide in MilliQ- water
(e.g., 20 µL of stock solution of ethidium bromide in 200 mL of MilliQ-water)
for 10–30 min.

4. Destain the gel in another MilliQ-water bath without ethidium bromide for
20 min and visualize the DNA fragments by UV light and photograph the gel.

4. Notes

1. PCR confirmed the diagnosis of H. paragallinarum of both challenged and natu-
rally infected chickens and detected more positive diseased animals than culture
(37).

2. A genomic fingerprinting method based on repetitive-sequence-based-PCR
(REP-PCR) and enterobacterial repetitive intergenic consensus PCR (ERIC-PCR)
was specific for H. somnus when compared to A. seminis, A. pleuropneumoniae,
M. hemolytica, P. trehalosi, and P. multocida (38). This method might be used as
an alternative to the 16S rRNA gene-based method of Angen et al. (19) when
simultaneous genotyping of H. somnus isolates is required.

3. Leukotoxin was shown to play a significant role in pathogenesis (39,40) and is
responsible for the β-hemolytic phenotype on blood agar (41,42). The leukotoxin
structural gene, lktA, has been found in all serotypes of M. hemolytica,
P. trehalosi, M. varigena, and in all biotypes of M. glucosida (43–46), even
though the latter species is normally not associated with disease (47). Correlation
between PCR-positive isolates for the lkt gene and β-hemolytic activity was found
(24), and isolates with β-hemolytic activity had a greater potential to cause dis-
ease (48). Green et al. (25) were able to differentiate between cytotoxic and
noncytotoxic P. trehalosi strains using a PCR targeting the coding region of lktA.
PCR methods for detection of lktA lack species and sometimes even genus speci-
ficity. This is probably due to intragenic and assortive (whole gene) recombina-
tion between Mannheimia spp. and P. trehalosi, which has played an important
role in the evolution of lktA (45). For example, the PCR method of Fisher et al.
(24) yielded bands of the expected size in representatives of P. trehalosi, M.
hemolytica, M. glucosida, M. granulomatis, and M. varigena (24,46). Thus, con-
ventional typing seems to be needed for the interpretation of positive results due
to differences in virulence and species specificity. As an alternative to the lktA-
based PCR, M. (P.) granulomatis was detected by random-amplified polymerase
DNA (RAPD) (49), however the specificity was only evaluated against a few
other species of Pasteurellaceae.

4. Capsular typing and detection of P. multocida causing PAR or HS:
a. The detection of capsular types and species-specific detection can be per-

formed in a multiplex format using the seven primer-sets, CAPA-FWD/REV,
CAPB-FWD/REV, CAPD-FWD/REV, CAPE-FWD/REV, CAPF-FWD/
REV, KMT1SP6/KMT1T7, and KTSP61/KTT72 (Table 2). Isolates of
P. avium biovar 2 and P. canis biovar 2 were also detected by the P. multocida
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specific PCR (23,26), however this is probably related to misclassification,
because P. avium biovar 2 and P. canis biovar 2 and P. multocida have the
same 16S rRNA gene sequences (50,51). Recently the multiplex PCR test
(21) was updated. Problems were reported in relation to the separation of
capsular types A and F, and the HS-specific assay was in rare cases also found
to detect capsular type D strains (52).

b. Good correspondence has been reported between detection by toxA-PCR and
in vitro and in vivo detection methods of the toxic protein of P.multocida
causing PAR (10,30,31,53). Four different protocols have been described for
detection of the toxA gene in P. multocida causing PAR. Comparative studies
have not been performed, and no protocol can be recommended over the oth-
ers. With two isolates from pig tonsils, amplification of a 1.5-kb fragment
was observed by the PCR of Lichstensteiger et al. (31) as opposed to the
expected 0.8-kb fragment expected. The fragment was found unrelated to the
toxA gene by DNA sequence comparison (16). In the study of Amigot et al.
(15), the presence of faint bands did probably not indicate the presence of the
toxA gene these bands were found in strains negative for the toxic protein by
enzyme-linked immunosorbent assay (ELISA) and cell culture. It is neces-
sary to identify false-positive isolates by comparison with the positive control
PCR. For detection of the toxA gene in strains of P. multocida the assay of
Kamp et al. (30) was found best for large-scale analysis of swabs including a
multiscreen method, whereas that of Lichtensteiger et al. (31) was found bet-
ter for small-scale studies (54). For use of the multiscreen method, see Kamp
et al. (30). Two primer-sets are given with the protocol of Kamp et al. (30),
and they recommended that both be used to reduce the detection of false posi-
tives. The toxA test of Lichtensteiger et al. (31) worked best with extracted
DNA of cultured bacteria (55).

c. With the two protocols for HS causing isolates of P. multocida good correlation
to an ELISA test, it was found, however, that the protocols will only identify
isolates of serotype B:2 (28) and B:2, B:5, and B:2,5 (23), respectively.

5. A specific PCR test for detection of H. parasuis, which is the causative agent of
porcine polyserositis and arthritis, was recently described based on species-spe-
cific 16S rRNA gene amplification (56). An assay specific for A. suis based on
the amplification of fragments of either the apxI or apxII genes was described by
van Ostaaijen et al. (57), however the test was not evaluated for other representa-
tives of Pasteurellaceae than A. pleuropneumoniae.

6. Swabs should be spiked with positive control strains before extraction, to con-
trol the efficiency of swab extraction. If the outcome is negative, the DNA
extraction step must be controlled. This can be done by measuring the DNA
concentration in swab extracts by use of Picogreen (Molecular Probes, Eugene,
OR, USA; http://www.probes.com) or Hoechst33258 (58). The amount of DNA
added to each PCR tube should be at least 150 ng. If the present extraction
protocol proves inefficient, an alternative extraction procedure should be tried
(see Note 4).
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7. To reduce labor during extraction of DNA from swabs, extraction by boiling
might be tried, but it is important to control the efficiency of extraction by spik-
ing swabs with positive controls (see Note 1). The samples are boiled for 15 min
and centrifuged at 14,000g for 10 min. The supernatant containing DNA is trans-
ferred into a sterile tube (27). For detection of P. multocida in intestinal material,
it has been recommend to wash the mucosal swabs or intestinal material by cen-
trifugation and further extract DNA from the bacterial pellet by boiling (32).

8. GuSCN extraction was used as an alternative method for extraction of DNA
from P. multocida-suspected swabs from nose and tonsils of pigs. The swabs
are incubated overnight in lysis buffer including GuSCN, Triton X-100, and
diatomite suspension. The diatomite–DNA complex is washed 2× with buffer,
dried, and the DNA is eluted from diatomite with PCR buffer (see ref. 30 for
further details).

9. For all protocols reported, amplicons were visualized by agarose-gel electro-
phoresis with ethidium bromide staining. The only exceptions include psl ampli-
fication of P. multocida (27), where secondary hybridization was required to
verify the fragment because the psl gene has also been found in H. influenzae
(59). It is recommended to consult the paper of Kasten et al. (27) to set up this
hybridization. For precise fragment length determination, an automatic sequencer
might be used. This will require labeling of primers or dNTPs with specific fluo-
rochromes (60).
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Detection of Salmonella spp.

Burkhard Malorny and Reiner Helmuth

1. Introduction
Salmonella is still recognized as a major zoonotic pathogen for animals and

humans (1). In many countries, it is the leading cause of all food-borne out-
breaks and infections (2,3). Conventional cultural methods for the detection of
Salmonella spp. in clinical human or animal material, food, feeding stuff or the
environment require nonselective and selective incubation steps resulting in a
4 to 6 d isolation procedure (4,5). A more rapid detection of Salmonella spp.
can be expected by the application of the polymerase chain reaction (PCR).
Detection of Salmonella from food by PCR can be achieved within 24 h. Gener-
ally, the procedure includes (i) a pre-enrichment step in a nonselective medium
to allow recovery of damaged cells and multiplication of the target organism; (ii)
nucleic acid extraction from the culture; (iii) in vitro amplification of Salmonella
spp. specific nucleic acid target DNA; and (iv) detection of the PCR product by
gel electrophoresis and/or hybridization techniques. Several nonselective media
for pre-enrichment have been developed for various food matrices, but buffered
peptone water is most commonly used and recommended in the ISO 6579 stan-
dard on Microbiology of Food and Animal Feeding Stuffs—Horizontal Method
for the Detection of Salmonella (6) as the medium of choice for pre-enrichment.
Since many substances occurring in food can inhibit the thermostable DNA poly-
merase (7,8), the selection of a DNA extraction method depends on the food
matrix. Several reviews were published summarizing the different DNA extrac-
tion and purification methods for various bacteria (9–10). Commercially avail-
able extraction and purification systems can also be used for the efficient removal
of PCR inhibitors.

Here we describe a simple method for eliminating a broad range of PCR
inhibitors using Chelex® 100, a chelating resin that has a high affinity for poly-
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valent metal ions. Chelex 100 protects the DNA from degradation by chelating
metal ions.

Many primer sets for in vitro amplification of Salmonella DNA by PCR
have been published (11–21). However, they differ in sensitivity, accuracy
(proportion of false negative and false positive results), and applicability. We
have developed a PCR system for the detection of all Salmonella spp., includ-
ing Salmonella bongori, which has a low detection limit (see Fig. 1). The
method is highly specific, rapid and simple to use. The primer set used for
amplification was previously published by Rahn et al. (12) and gives rise to
amplification of a 284-bp sequence of the invA gene. The invA target gene is
located on pathogenicity island 1 of Salmonella spp., which encodes proteins
of a type III secretion system (22).

2. Materials
All buffers and double-distilled water must be sterilized either by autoclav-

ing or filtration.

2.1. Processing of Food Samples

1. Stomacher Lab Blender 400 (Seward Medical, London, UK).
2. Stomacher model 400 bags (Seward Medical).
3. Cell incubator.
4. 1-L Erlenmeyer culture flask.
5. Buffered peptone water: dissolve 10 g of enzymatic digest of animal tissues (1%),

5 g NaCl (0.5%), 9 g Na2HPO4·12 H2O (0.9%), and 1.5 g KH2PO4 (0.15%) in
1000 mL of double-distilled water by heating, if necessary. Adjust the pH, so that
after sterilization it is 7.0 ± 0.2. Autoclave.

2.2. DNA Extraction

1. Microcentrifuge (e.g., 5402, Eppendorf, Köln, Germany).
2. Thermal block (e.g., thermomixer 5436; Eppendorf) or water bath, capable of

being heated to 100°C.
3. TE buffer: 1 mM EDTA, 10 mM Tris-HCl, pH 8.0.
4. Chelex 100 suspension, 5% (w/v): resuspend 5 g Chelex 100 resin (Bio-Rad,

Hercules, CA, USA; Cat. no. 142-2832) in 100 mL of double-distilled water.
Prepare a fresh suspension.

2.3. Amplification (PCR)

1. Thermal cycler (e.g., GenAmp® PCR system 9700; Applied Biosystems,
Weiterstadt, Germany).

2. PCR buffer (10X): 500 mM KCl, 200 mM Tris-HCl, pH 8.4.
3. Deoxynucleotide triphosphate (dNTP) mixture (Roche Diagnostics, Mannheim,

Germany) containing dATP, dCTP, dTTP, and dGTP (2 mM each).
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4. Taq DNA hot-start polymerase (e.g., 5 U/µL, Platinum Taq polymerase; Life
Technologies, Karlsruhe, Germany; Cat. no. 10966-034).

5. MgCl2: 50 mM solution.
6. Primers for the amplification of the target gene fragment (12): 139: 5'-GTG

AAATTATCGCCACGTTCGGGCAA-3', and 141: 5'-TCATCGCACCGTCA
AAGGAACC-3.

7. Primers for the amplification of the amplification control: HB10: 5'-ATT
CCACACAACATACGAGCCG-3', and HB11: 5'-GTTTCGCCACCTCTGAC
TTGAG-3'.

8. pUC19 plasmid DNA (1 fg/µL).
9. Salmonella reference DNA (e.g., S. Typhimurium DT104 strain 51K61, BgVV,

National Salmonella Reference Laboratory, or ATCC 15277, S. Typhiumurium
LT2).

10. Fraction V bovine serum albumin (BSA) (e.g., Roth, Karlsruhe, Germany; Cat.
no. 8076.8).

11. UV Transilluminator or UV light box (λ � 302 nm) and video or photo camera
for documentation (e.g., Eagle Eye® II; Stratagene, La Jolla, CA, USA).

Fig. 1. Detection limit of the PCR after 38 cycles using the Salmonella-specific primer
set 139/141 (12). Reference strain S. Typhimurium 51K61 phagetype DT104 was grown
in buffered peptone water overnight and serially 10-fold diluted. DNA extraction was
performed as described in Subheading 3.2. PCRs were performed as described in Sub-
heading 3.3. Ten microliters of PCR product was loaded on a gel and electrophoresed.
Colony forming units (cfu)/reaction are given on top of the lanes. MW, molecular weight
standard X. The detection limit was determined as 2–20 cfu/reaction. (A) agarose gel
after staining with ethidium bromide. (B) Southern blot of the same gel, hybridized with
the invA PCR probe as described in Subheadings 3.4.–3.7.
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12. Apparatus for horizontal gel electrophoresis.
13. Low melting agarose (e.g., Life Technologies; Cat. no. 15510-019).
14. Ethidium bromide solution: 0.5 mg/L in water.
15. TBE buffer (10X): 450 mM boric acid, 450 mM Tris, 1 mM EDTA. Adjust to

pH 8.0.
16. Loading buffer (6X): 40% (v/v) glycerol, 0.25% (w/v) bromophenol blue.
17. DNA molecular weight standard X (Roche Diagnostics; Cat. no. 1498037).

2.4. Southern Blot
1. Vacuum blotter (e.g., model 785; Bio-rad).
2. UV Transilluminator for nylon membrane (e.g., Stratalinker® 2400; Stratagene).
3. Nylon membrane, positively charged (Roche Diagnostics; Cat. no. 1417240).
4. Whatman 3MM filter paper (Whatman, Clifton, NJ, USA).
5. HCl: 0.25 M.
6. NaOH: 0.5 N.
7. SSC stock buffer (20X): 3 M NaCl, 0.3 M sodium citrate. Adjust to pH 7.0.

2.5. Labeling of the invA PCR Probe
1. Digoxygenin (DIG)-11-dUTP: 1 mM (Roche Diagnostics).
2. Deoxynucleotide triphosphate (dNTP) mixture containing dATP, dGTP, and

dCTP (2 mM each).
3. dTTP: 10 mM solution.
4. Primers for amplification of the invA PCR probe: invA-int1: 5'-TTCGTT

ATTGGCGATAGCCTGGC-3', and invA-int2: 5'-AGCTGGCTTTCCCTTT
CCAGTAC-3'.

2.6. Hybridization

1. Hybridization oven for roller bottles (e.g., OV10; Biometra, Göttingen, Germany).
2. Hybridization roller bottles 150 x 35 mm (e.g., Biometra; Cat. no. 052-002).
3. Plastic boxes.
4. DIG Easy Hyb Granules (Roche Diagnostics; Cat. no. 1796895). Preparation of

working solution: add 64 mL of double-distilled water in two portions to the
plastic bottle, dissolve by stirring immediately for 5 min at 37°C. Store solution
at –20°C.

5. Washing solution I: 2X SSC, 0.1% (w/v) sodium dodecyl sulfate (SDS).
6. Washing solution II: 0.5X SSC, 0.1% (w/v) SDS.

2.7. Detection

1. Maleic acid buffer: 0.1 M maleic acid, 0.15 M NaCl. Adjust to pH 7.5 with 2 N
NaOH.

2. Washing buffer: maleic acid buffer with 0.3% (v/v) Tween® 20.
3. Detection buffer: 0.1 M Tris-HCl, 0.1 M NaCl. Adjust to pH 9.5.
4. Blocking solution (10X): dissolve blocking reagent (Roche Diagnostics; Cat. no.

1096176) in maleic acid buffer by heating to a final concentration of 10% (w/v).
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Autoclave the stock solution. Store stock solution at 4°C.
5. Blocking solution (1X): dilute 10X blocking solution 1:10 in maleic acid buffer.

Prepare always fresh 1X blocking solution.
6. TE buffer: 1 mM EDTA, 10 mM Tris-HCl. Adjust to pH 8.0.
7. Anti-DIG-AP-conjugate-solution: centrifuge the Anti-DIG-AP-conjugate-stock

solution (Roche Diagnostics; Cat. no. 1093274) for 5 min at 10,000g in the origi-
nal vial prior to each use. Dilute the centrifuged Anti-DIG-AP-conjugate-stock
solution 1:5000 in 1X blocking buffer. Prepare always fresh conjugate solution.

8. Color substrate solution: dilute 45 µL of nitroblue tetrazolium stock solution
(75 mg/mL in 70% dimethylformamide) and 35 µL of bromo-chloro-indolyl
phosphate (50 mg/mL in dimethylformamide) in 10 mL of detection buffer.
Always prepare fresh color substrate solution.

3. Methods

The PCR system described below comprises the following steps: (i) process-
ing of the food matrix and pre-enrichment; (ii) simple DNA extraction method
by thermal cell digestion after pre-enrichment; (iii) amplification of the Salmo-
nella spp.-specific target gene; (iv) detection of PCR products by gel electro-
phoresis; and (v) confirmation of positive signals by Southern blot hybridization.

3.1. Processing of the Food Matrix and Pre-enrichment

1. Add 25 g of the food matrix to be investigated to 225 mL of buffered peptone
water using a 1-L culture flask and homogenize the sample by vigorous stir-
ring. If necessary, transfer the sample and buffered peptone water into a
stomacher bag 400 and homogenize in a stomacher 400 for 30 s to 2 min using
800–1000 impulses/min (see Note 1). Transfer the suspension into a culture
flask. If the sample weight differs from 25 g, adjust the vol of the buffered
peptone water to an approximate ratio of 1:10 (w/v).

2. Incubate the pre-enrichment sample at 37°C for 16–20 h without shaking.

3.2. DNA Extraction (Thermal Cell Digestion)

1. Transfer 1 mL microbial pre-enrichment into a clean 1.5-mL microcentrifuge
tube. Spin tube in a microcentrifuge for 5 min at 10,000g and 4°C (see Note 2).

2. Discard the supernatant carefully.
3. Resuspend the pellet in 300 µL of TE buffer or, for more efficient removal of

PCR inhibitors, in 300 µL of 5% Chelex 100 suspension. Stir the suspension
during pipeting.

4. Incubate the microcentrifuge tube for 15 min at 100°C. Briefly vortex mix the
sample 2× during incubation. After incubation, chill it immediately on ice.

5. Centrifuge tube for 5 min at 13,000g and 4°C. Transfer the supernatant carefully
into a fresh microcentrifuge tube.

6. Use a 5-µL aliquot of the supernatant as template DNA in the PCR.
7. Store the supernatant at –20°C.
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3.3. Amplification (PCR)

General requirements for PCR according to standard laboratory practice
have to be considered. Use pipet tips with filters only. The master mixture
should be prepared in a room free of Salmonella DNA. Carefully avoid cross-
contamination of DNA samples. During pipeting the reagents should be kept
on ice. In order to avoid drops of fluid remaining on the wall of the reaction
tube, spin the tubes shortly in a microcentrifuge before use.

3.3.1. Amplification of the Target Gene Fragment

1. Prepare the amount of master mixture according to the number of amplification
reactions. Add 10% to the final vol to allow for small pipeting mistakes. Table 1
gives the vol to be pipeted for 20 amplification reactions (see Note 3):

2. Pipet 20 µL of master mixture in a 0.2-mL PCR tube and complete each reaction
mixture by adding 5 µL of DNA extraction template, respectively. If required,
spin the tubes in a microcentrifuge in order to avoid liquid remaining on the wall.

3. Place the PCR tubes in a thermal cycler and perform the following thermal cycling
program (maximal ramping rate): initial denaturation at 95°C for 1 min, then
38 cycles of: denaturation at 95°C for 30 s, annealing at 64°C for 30 s, extension at
72°C for 30 s, and then a final extension at 72°C for 4 min, and a final temperature
at 4°C forever.

4. After finishing the PCR, spin the tubes again and cool them on ice until electro-
phoresis.

3.3.2. Control Reactions

For control of the performance of the PCR assay, suitable reagent controls
have to be included (negative, positive, and amplification control). A negative
control contains no template DNA extract and detects potential impurities of
the reagents. A positive control contains DNA of a Salmonella reference strain
extracted by the method used for sample preparation. The amplification con-
trol is used to verify the absence or presence of inhibitory substances which
can be carried over from the food item or reagents during DNA extraction. The
amplification control may be performed in the same reaction mixture or in a
separate but parallel reaction mixture.

3.3.3. Amplification Control

PCR methods designed for detection of food-borne pathogens should not be
performed without an external amplification control suitable for detection of
inhibitory effects, in order to avoid false negative results. In the present assay,
we propose an external control consisting of plasmid vector pUC19 in combi-
nation with primers specific for pUC19. The specific amplicon has a size of
429 bp. The thermal cycling program is identical to the program for amplifica-
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tion of the invA target gene fragment (see Subheading 3.3.1.) and has to be
performed in the same run.

1. Prepare a master mixture according to the number of reactions. Add 10% to the
final vol to allow for small pipeting mistakes. Table 2 gives the vol to be pipeted
for 20 amplification reactions:

2. Pipet 20 µL of master mixture into 0.2-mL PCR tubes and complete each reaction
mixture by adding 5 µL of DNA extraction template, respectively. If required, spin
the PCR tubes in a microcentrifuge in order to avoid liquid remaining on the wall.

3. Place the PCR tubes in a thermal cycler and perform the following thermal cycling
program (maximal ramping rate): Initial denaturation at 95°C for 1 min, then
38 cycles of denaturation at 95°C for 30 s, annealing at 64°C for 30 s, extension at
72°C for 30 s, and then a final extension at 72°C for 4 min, and a final temperature
at 4°C forever.

5. After the run, spin tubes again and cool on ice until electrophoresis.

3.3.4. Gel Electrophoretic Separation and Visualization of PCR Products

1. Prepare a 1.6% agarose gel (1.6 g/100 mL of 1X TBE buffer).
2. Mix 10 µL of each PCR product with 2 µL of 6X DNA loading buffer and load it

into the wells of the gel (see Note 4).
3. Run the gel in 1X TBE buffer for 1.5 h at 90 V (see Note 5).
4. Stain the gel in ethidium bromide solution (0.5 mg/mL) for 10–15 min at room

temperature.
5. Detect the PCR products under UV light. Determine the size of the PCR products

and document the results (e.g., by photography). An example illustrating the sen-
sitivity of detection is given in Fig. 1A.

Table 1
Volumes for Amplification Reactions

Vol for 22X
     Components Vol/reaction master mixture
(stock concentration) (final concentration) (for 20 reactions)

PCR-grade water 9.6   µL 211.2 µL
10X PCR buffer 2.5   µL 55    µL
dNTP Mixture (2 mM) 2.5   µL (200 µM) 55    µL
Primer 139 (10 pmol/µL) 1.0   µL (0.4 µM) 22    µL
Primer 141 (10 pmol/µL) 1.0   µL (0.4 µM) 22    µL
Magnesium chloride (50 mM) 0.75 µL (1.5 mM) 16.5 µL
Taq  DNA polymerase (5 U/µL) 0.15 µL (0.75 U) 3.3 µL
Fraction V BSA (10 mg/mL) 2.5   µL (1 µg/µL) 55    µL
DNA extraction template 5.0   µL

Total vol 25.0   µL
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3.4. Southern Blot

In order to check if the Salmonella-specific PCR product has been formed,
Southern blotting, with subsequent hybridization, should be conducted as
described in the following protocols.

PCR products separated by gel electrophoresis are transferred onto a positively
charged nylon membrane and hybridized against a DIG-labeled PCR probe. The
transfer of PCR products onto the membrane can be performed by capillary,
vacuum, or electroblotting techniques, all of which are standard laboratory pro-
tocols (23–24). Here, we describe a Southern transfer using a vacuum blotter.

1. After documentation, rinse the agarose gel with distilled water and incubate it in
500 mL of 0.25 M HCl for 15 min at room temperature with gentle agitation.

2. Pour off the HCl and rinse the gel with distilled water. Add 500 mL of 0.5 N
NaOH and shake as in step 1 for 30 min.

3. Pour off the NaOH solution and place the gel in 2X SSC buffer.
4. Cut a piece of the nylon membrane large enough to cover the gel surface.
5. Set up the vacuum blotter according to the manufacturer’s instructions. Gener-

ally, a set-up includes a Whatman 3MM paper of appropriate size, the nylon
membrane, a window plastic gasket, the agarose gel, and the sealing frame. Over-
lay the arrangement with 10X SSC buffer. Apply vacuum no more than 5 mm Hg
for 45 min.

6. After the transfer, rinse the nylon membrane in 2X SSC buffer (see Note 6). Dry
the membrane between Whatman 3MM paper and place it DNA-side-down on a

Table 2
Volumes for Amplification Controls

     Vol for 22X
     Components      Vol/reaction    master mixture
(stock concentration) (final concentration)  (for 20 reactions)

PCR-grade water 8.6   µL 189.2 µL
10X PCR buffer 2.5   µL 55    µL
dNTP Mixture (2 mM) 2.5   µL (200 µM) 55    µL
Primer HB10 (10 pmol/µL) 1.0   µL (0.4 µM) 22    µL
Primer HB11 (10 pmol/µL) 1.0   µL (0.4 µM) 22    µL
Magnesium chloride (50 mM) 0.75 µL (1.5 mM) 16.5 µL
Fraction V BSA (10 mg/mL) 2.5   µL (1 µg/µL) 55    µL
pUC19 DNA (1 fg/µL) 1.0   µL (1 fg) 22    µL
Taq  DNA polymerase (5 U/µL) 0.15 µL (0.75 U) 3.3 µL
DNA extraction template 5.0   µL

Total vol  25.0   µL
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UV transilluminator to cross-link the transferred DNA. Expose the membrane to
UV light no longer than 2 min.

7. Store the membrane until hybridization between Whatman 3MM paper at room
temperature.

3.5. Preparation of the Labeled invA PCR Probe

The PCR probe (231 bp) consists of an internal invA sequence flanked by
primers 139/141 and is produced by incorporation of labeled deoxynucleotide
triphosphate during the amplification reaction. Several labeling kits are avail-
able on the market. Here, we describe the incorporation of DIG-labeled dUTP.

1. Prepare two identical amplification reactions according to Table 3.
2. Perform the PCR as described in Subheading 3.3.1.
3. Separate the PCR product by gel electrophoresis as described in Subheading

3.3.4. (see Note 7).
4. Excise the PCR product with a lancet from the agarose gel. Store the agarose

block until use at –20°C.

3.6. Hybridization

1. Place the membrane into a roller bottle (150 × 35 mm) and add 15 mL of pre-
heated DIG Easy-Hyb solution. Incubate the bottle for 1 h at 42°C with gentle
rotation (see Note 8).

2. Denature the PCR product enclosed by the agarose block in the presence of 1 mL
pre-hybridization by boiling for 10 min.

Table 3
Incorporation of DIG-labeled dUTP

      Components Vol/reaction
(stock concentration) (final concentration)

PCR-grade water 11.88   µL
10X PCR buffer 2.5     µL
dATP, dCTP, and dGTP-solution (2 mM each) 2.0     µL (200 µM each)
dTTP solution (10 mM) 0.475 µL (190 µM)
DIG-11-dUTP (1 mM) 0.25   µL (10   µM)
Primer invA-int1 (10 pmol/µL) 1.0     µL (0.4  µM)
Primer invA-int2 (10 pmol/µL) 1.0     µL (0.4  µM)
Magnesium chloride (50 mM) 0.75   µL (1.5  mM)
Taq  DNA Polymerase (5 U/µL) 0.15   µL (0.75 U)
Salmonella reference DNA (0.2 ng/µL) 5.0     µL (1 ng)

Total vol 25.0     µL
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3. Replace the DIG Easy Hyb solution with 10 mL of fresh DIG Easy Hyb solu-
tion containing 500 µL of denatured PCR probe solution (20 ng PCR probe/mL
hybridization solution) and incubate for at least 6 h or, even better, overnight at
42°C with slow rotation.

4. Pour off the hybridization solution and wash the membrane 2× with 100 mL of
washing solution I for 5 min at room temperature (see Note 9).

5. Wash the membrane 2× with 100 mL of washing solution II for 15 min at 68°C.

3.7. Detection

Colorimetric detection is performed with the DIG Nucleic Acid Detection
Kit (Roche Diagnostics; Cat. no, 1175041). All components for detection can
be ordered separately.

1. Place the membrane into an appropriate plastic box and wash with 50 mL of
washing buffer for 5 min at room temperature.

2. Incubate the membrane for 30 min in 40 mL of 1X blocking solution.
3. Incubate the membrane for 30 min in 20 mL of anti-DIG-AP conjugate, Fab frag-

ments solution at room temperature.
4. Remove the supernatant and wash the membrane 2× at room temperature for

15 min with 50 mL of washing buffer.
5. Equilibrate the membrane for 5 min in 20 mL of detection buffer.
6. Remove the supernatant and incubate the membrane in 10 mL of freshly pre-

pared color substrate solution at room temperature in the dark without agitation.
When the positive bands are colored sufficiently (approx 2 h) stop the reaction
with 50 mL of TE buffer.

7. Dry and photograph the membrane. Store it at room temperature between
Whatman 3 MM filter paper. An example illustrating the sensitivity of detection
is given in Fig. 1B.

3.8. Evaluation and Documentation

All possible combinations of PCR results are shown in Table 4. A specific
amplicon is defined as a PCR product of the expected size, which is confirmed
by hybridization as described in Subheadings 3.6. and 3.7. (see Note 10).

Table 4
PCR Results

 Specific Amplicon Amplification Control
(284 bp) (429 bp) Result

positive positive positive
negative positive negative
negative negative not interpretable (inhibition)
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4. Notes
1. The duration and frequency for stomacher treatment depends on the kind of food.

Samples for bacteriological analysis typically require 30 s, although products
with a high fat content (e.g., bacon) require a longer treatment period up to 2 min.

2. For the separation of the food matrix from the microbial pre-enrichment, a centrifu-
gation step of 50g for 10 min is recommended. The supernatant is transferred into a
new microcentrifuge tube and further processed as described in Subheading 3.2.

3. The addition of BSA to the PCR mixture is recommended if inhibitory substances
are expected. BSA can reduce the inhibitory effects of a broad range of sub-
stances.

4. An appropriate molecular weight standard, e.g., Marker X (Roche Diagnostics),
should be run with the samples in order to determine the correct size of the spe-
cific amplicon. The wells of the comb should not be larger than 1 × 7 mm.

5. The electrophoresis is performed at a voltage of 5 V/cm of electrode distance.
The duration of the run depends on the required distance of 7 to 8 cm of the
bromphenol blue front.

6. In order to check the efficient transfer of DNA from the gel to the membrane, put
the blotted agarose gel under UV light. Bands of PCR products should not be
visible anymore.

7. Due to the incorporation of the DIG-11-dUTP, the labeled PCR product runs
slower than an unlabeled product. The labeled 231-bp PCR probe appears at a
position corresponding to 290 bp of the molecular weight standard.

8. Instead of roller bottles, hybridization bags (Roche Diagnostics; Cat. no. 1666649)
can be used. A vol of 20 mL of DIG Easy Hyb /100 cm2 membrane is recom-
mended for prehybridization, and 3.5 mL of DIG Easy Hyb/100 cm2 membrane
for hybridization.

9. The hybridization solution containing the PCR probe can be stored at –20°C
and reused.

10. If the result is not interpretable, inhibitory substances extracted from the food
matrix were probably present in the reaction mixture. In this case, an alternative
DNA extraction method should be tried.
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Detection of Toxoplasma gondii

Jonathan M. Wastling and Jens G. Mattsson

1. Introduction
Toxoplasma gondii is an important intracellular protozoan that is the caus-

ative agent of toxoplasmosis in humans and animals. Toxoplasmosis is a zoono-
sis and is normally caught by eating undercooked infected meat or by ingestion
of oocysts excreted by its definitive host, the cat. It is responsible for abortion
and congenital defects in humans and is an important cause of abortion in
domestic livestock, especially sheep, goats, and pigs. Infection in farm animals
poses a risk to public health, as well as causing economic losses to the farming
industry. T. gondii infection is established by rapid multiplication of the
tachyzoite stage of the parasite. Although generally effective, the immune
response does not completely eliminate the parasite; instead the tachyzoites
differentiate into bradyzoites that form quiescent cysts in the brain and other
tissues causing chronic infection that persists for the lifetime of the host (1).
Infection with T. gondii is extremely common (20–80% prevalence in Europe
and North America), but the majority of people show no overt clinical symp-
toms. Immunosuppression, however, rapidly leads to the breakdown of the tis-
sue cysts, recrudescence of infection, and development of toxoplasmic
encephalitis (TE). Since no drugs are available that are effective against chronic
infection, the tissue cysts remain a life-long risk for reactivation of acute toxo-
plasmosis.  TE is one of the major opportunistic infections of the central ner-
vous system, it is rapidly progressive and fatal if not treated. Rapid and accurate
diagnosis of toxoplasmosis is essential for the management of human infec-
tions and is also an important research tool for understanding the role of animal
reservoirs in the spread of infection. Indirect diagnosis by detection of antibod-
ies to T. gondii is feasible, but is less useful in determining the timing of infec-
tion. The ability to detect low numbers of parasites rapidly in a range of tissues
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is an important consideration for the management of congenital and postna-
tally acquired toxoplasmosis. Direct detection of T. gondii parasites by ampli-
fication of DNA using polymerase chain reaction (PCR) has, therefore, become
a valuable asset (2). The most widely used gene target was first described by
Burg and colleagues and consists of the 35-fold repetitive B1 locus (3). Since
then, a large number of reports have described the use of the B1 target sequence,
both for the clinical management of the disease (4–8) and also an important
research tool for the study of the parasite in humans and animals (6,9–11).
Independent studies show that the B1 locus is the best target identified so far
for the routine and sensitive detection of T. gondii in human and animal tissue
(9,12,13).

2. Materials

2.1. Sample Preparation

1. Phosphate-buffered saline (PBS): 58 mM Na2HPO4, 17 mM NaH2PO4, 68 mM
NaCl, pH 7.3–7.4. Alternative PBS recipes may also be used.

2. Red blood cell (RBC)-lysis solution: 10 mM Tris-NH4Cl.
3. Proteinase K stock solution 20 mg/mL. Molecular biology-grade, product no.

P2308 (Sigma, St. Louis, MO, USA).
4. Tween® 20 (Amersham Biosciences, Uppsala, Sweden).
5. Lymhoprep™ (Nycomed, Oslo, Norway).
6. Suspension buffer: 10 mM Tris-HCl, pH 8.3, 40 mM KCl, 2.5 mM MgCl2 con-

taining proteinase K 100 µg/mL and Tween 20 (0.5%).
7. Tissue solution: 50 mM Tris-HCl, pH 8.5, 1 mM EDTA. containing proteinase K

100 µg/mL and Tween 20 (0.5%).
8. Microcentrifuge.
9. Water bath.

2.2. DNA Amplification

1. Oligonucleotide primers P1(5'-GGA ACT GCA TCC GTT CAT GAG-3'), P2
(5'-TGC ATA GGT TGC AGT CAC TG-3'), P3 (5' GGC GAC CAA TCT GCG
AAT ACA CC-3') and P4 (5'-TCT TTA AAG CGT TCG TGG TC-3').

2. AmpliTaq® DNA polymerase (Applied Biosystems, Foster City, CA, USA.)
3. 10X PCR buffer: 100 mM Tris, pH 8.3, 400 mM KCl, 25 mM MgCl2.
4. Gelatin-solution: 0.1% (w/v).
5. Deoxynucleotide triphosphates (dNTPs) 10 mM of each (Amersham Biosciences).
6. Nuclease free water.
7. DNA thermal cycler.

2.3. Gel Electrophoresis

1. DNA grade Agarose (Amersham Biosciences).
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2. 50X TAE buffer: 242g Tris base, 57.1 mL glacial acetic acid, and 100 mL 0.5 M
EDTA, pH 8.0 per L, final concentration 2 M Tris-acetate, 50 mM EDTA.

3. 10X TBE buffer: 108 g Tris base, 15.5 mL 85% phosphoric acid, and 40 mL 0.5
M EDTA, pH 8.0, per L, final concentration 0.45 M Tris-borate, 10 mM EDTA.

4. 30% Acrylamide/bis solution, 19:1; TEMED, and 10% Ammonium persulphate
solution (Bio-Rad, Hercules, CA, USA).

5. Ethidium bromide, 10 mg/mL (Bio-Rad). Note: Wear gloves when handling.
6. Gel loading solution (GLS) (6X): 0.25% bromophenol blue, 0.25% xylene cyanol

FF, 40% (w/v) sucrose in water.
7. Molecular weight marker: 50-bp ladder (Amersham Biosciences).
8. Agarose and/or polyacrylamide gel electrophoresis equipment.
9. UV-transilluminator.

2.4. Southern Blotting

1. Transfer solution: 3 M NaCl and 8 mM NaOH.
2. Positively charged Nylon membranes (Roche Molecular Biochemicals, Mann-

heim, Germany).
3. 20X SSC: 3 M NaCl, 0.3 M sodium citrate, pH 7.0.
4. PCR DIG Probe synthesis kit (Roche Molecular Biochemicals).
5. GENECLEAN® (Qbiogene, San Diego, CA,USA).
6. DIG Easy Hyb solution (Roche Molecular Biochemicals).
7. Wash solution, containing (2X SSC, 0.1% sodium dodecyl sulfate (SDS).
8. Wash solution (0.5X SSC 0.1% SDS).
9. DIG Nucleic Acid Detection Kit (Roche Molecular Biochemicals).

3. Methods
3.1. Sample Preparation

The methods described below outline sample preparation for (i) whole blood,
(ii) lymph, and (iii) tissue samples. Note that vol and quantities of starting mate-
rial can be scaled-up or -down according to sample type and availability (see
Note 1).

3.1.1. Whole Blood

T. gondii is an intracellular parasite that can invade virtually any nucleated
cell, but is unable to survive in RBCs. To detect the parasite in blood samples,
it is usually best to isolate the white cells, removing as many RBCs as possible
since their contents can be inhibitory to the PCR.

1. Dilute the fresh blood sample (5–10 mL) 50:50 with PBS and spin at 1000g for
10 min. This will partition the cells, so that an interface of white cells forms
between the RBCs at the bottom of the tube and a straw-colored plasma layer at
the top of the tube.
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2. Remove the tube from the centrifuge and using a plastic pipet, carefully remove
the interface containing the white cells. Mix this with 2 mL PBS.

3. Layer the diluted white cells over Lymphoprep (10 mL) and spin at 1000g for
15 min to clean the cells further. Again, carefully remove the white cell inter-
face using a plastic disposable pipet and decant it into a clean tube.

4. At this stage, some RBCs may remain, and these are best removed by lysis with
ammonium chloride. To do this, treat the sample with an equal volume of 10 mM
Tris-NH4Cl for 2 min at room temperature and then wash the resulting cell sus-
pension 3× by resuspension in PBS and centrifugation at 1000g for 10 min. The
pellet may now be stored frozen at –20°C for later processing if desired.

5. Resuspend the resulting pellet in 50 µL of 10 mM Tris, pH 8.3, 40 mM KCl,
2.5 mM MgCl2 containing proteinase K 100 µg/mL and Tween 20 (0.5%).

6. Incubate the mixture at 55°C for 1 h and then inactivate the proteinase K by
boiling for 5 min.

7. Store the samples at –20°C for later PCR analysis (see Note 2).

3.1.2. Lymph

1. Dilute the lymph sample 1 in 10 with PBS to prevent clotting and centrifuge at
1000g for 10 min. Resuspend cells in 1 mL PBS.

2. Lyse any contaminating RBCs by the addition of 1 mL of 10 mM Tris-NH4Cl and
wash the remaining cells 3× by resuspension in PBS and centrifugation at 1000g
for 10 min. The pellet may now be stored frozen at -20°C for later processing.

3. Resuspend the resulting pellet in 50 µL of 10 mM Tris, pH 8.3, 40 mM KCl,
2.5 mM MgCl2 containing proteinase K 100 µg/mL and Tween 20 (0.5%).

4. Incubate the mixture at 55ºC for 1 h and then inactivate the proteinase K by
boiling for 5 min.

5. Store the samples at -20°C for later PCR analysis (see Note 3).

3.1.3. Tissue Samples

PCR can be performed either on fresh or frozen tissue. However, if tissue is
to be frozen before analysis care should be taken to freeze samples at –20°C as
soon as possible after collection as autolysis of the sample and degradation of
DNA may occur quite rapidly.

1. For processing for PCR, finely chop the samples and wash with ice-cold PBS.
2. Digest the tissues overnight at 37°C in 100 µL of 50 mM Tris, pH 8.5, 1 mM

EDTA, Tween 20 (0.5%) containing proteinase K 200 µg/mL.
3. After digestion, inactivate the proteinase K by boiling for 5 min.
4. Store the samples at –20°C for later PCR analysis.

3.2. DNA Amplification

Detection of the parasite is by amplification of the T. gondii repetitive B1 locus.
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1. For the first round of PCR set up a 50-mL volume reaction for each sample con-
taining 5 µL of 10X PCR buffer, 0.01% gelatin, 100 mM of each dNTP, 0.2 mM
of primer P1 and P4, respectively, and 2.5 U of AmpliTaq DNA polymerase. Add
5 µL of the test sample. Overlay the reaction mixture with 50 µL mineral oil if
the thermal cycler does not have a heated lid.

2. Transfer the reaction tubes to a thermal cycler and amplify the 193-bp product
over 25 cycles using the following conditions: 93°C for 1 min, 50°C for 1.5 min
and 72°C for 3 min (see Note 4). Complete with a final extension step of 10 min
at 72°C.

3. After amplification, the samples can be analyzed at this stage, stored frozen, or
used directly in the second round amplification (see Note 5).

4. For the second round of nested amplification, dilute the PCR products from
the first amplification 1 in 20 in distilled water to reduce amplification of non-
specific products.

5. Set up the second PCR mixture as above, but use the nested primers P2 and P3.
Add 1 µL of the diluted sample.

6. Transfer the second round of reaction tubes to a thermal cycler and amplify a
94-bp product over 15 cycles using the following conditions: 93°C for 1 min,
50°C for 1.5 min, and 72°C for 3 min. Complete with a final extension step of
10 min at 72°C.

PCR controls: any PCR detection method is susceptible to false negative
and false positive results. Because of the sensitivity of PCR, false positives
usually result from cross-contamination of samples with minute quantities of
target DNA, and careful steps need to be taken to ensure this does not occur
(see Note 6). It is essential to run appropriate controls in all experiments. Nega-
tive controls should consist of (i) distilled water (to ensure that none of the
PCR reagents have become contaminated with parasite DNA); (ii) uninfected
blood and/or tissue samples extracted alongside the test samples (also to moni-
tor cross-contamination of materials). In addition to the negative control, a
positive control, consisting of parasite DNA, should be added to ensure the
integrity of the PCR (see Note 7).

3.3. Product Detection

Using control T. gondii DNA, sensitivity can be achieved to at least 0.1 pg
of target DNA using ethidium bromide detection. Sensitivity can be increased
by Southern blotting to detect 0.05 pg of DNA. Agarose gel electrophoresis
can normally be used for direct detection, (see Fig. 1) but the resolution can be
improved on a polyacrylamide gel.

3.3.1 Agarose Gel Electrophoresis

1. Withdraw 15 µL of the completed PCR and mix with 3 µL of GLS.
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2. Load all samples, including controls, on a 2.0% agarose gel containing 0.5 µg/mL
ethidium bromide and 1X TAE buffer. Separate the samples at 5 V/cm for about
40 min.

3. Analyze and record the gel image under UV illumination.

3.3.2. Product Verification through Southern Blotting

1. Transfer DNA from the agarose gel in 3 M NaCl and 8 mM NaOH onto a nylon
membrane by capillary blotting.

2. After the transfer mark the positions of each sample well and the positions of the
molecular weight standards.

3. Wash the membrane with 2X SSC.
4. Cross-link DNA to the wet membrane according to the manufacturer’s instruc-

tions. The membrane can be used immediately or can be stored dry at 4°C for
future use.

5. To prepare the probe: assemble a PCR with primers P1 and P4 using the PCR
DIG Probe synthesis kit according to the manufacturer’s instructions. Use 100 ng
T. gondii genomic DNA as template.

6. Separate the labeled PCR product on a 1% agarose gel. Use a clean scalpel to
excise the gel segment containing the PCR product.

7. Purify the DNA from the agarose gel using GENECLEAN according to the
manufacturer’s instructions.

8. Prehybridize the membrane in DIG Easy Hyb solution for 2 h. Use 20 mL
prehybridization solution per 100 cm2 membrane.

Fig. 1. B1-nested PCR products separated on an ethidium bromide-stained agarose
gel and visualized under UV illumination. MW, molecular weight marker; lane 1,
positive control; lane 2, negative control; lane 3, peripheral blood sample taken from a
sheep 10 d after experimental infection with T. gondii tachyzoites.
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9. Denature the probe by boiling for 10 min. Chill immediately on ice.
10. Dilute the probe in fresh DIG Easy Hyb solution. Replace the prehybridization

solution and hybridize overnight at 42°C.
11. Wash the membrane 2×, 5 min/wash in 2X Wash solution at room temperature.
12. Wash the membrane 2×, 15 min/wash in 0.5X Wash solution at 65°C.
13. The probe that is hybridized to the amplified DNA can now be detected with the

DIG Nucleic Acid Detection Kit. The correct PCR product will be indicated by a
strong hybridization signal at 193 or 94 bp.

3.3.3. Polyacrylamide Gel Electrophoresis

1. Cast an 8% polyacrylamide gel in 1X TBE buffer.
2. Prepare the samples as above, in Subheading 3.3.1, and load them on the gel.
3. Run the gel in 1X TBE buffer at a voltage gradient between 1 and 8 V/cm.
4. Run the gel until the marker dyes have migrated the desired distance. Xylene

cyanol FF will migrate as a 160 bp fragment and bromophenol blue as a 45 bp
fragment in an 8% polyacrylamide gel.

5. Remove one glass plate and then gently submerge the gel and its attached glass
plate in staining solution (0.5 µg/mL ethidium bromide in 1X TBE).

6. After staining for 30–45 min, analyze and record the gel image under UV illumi-
nation (see Note 8)

4. Notes
1. In low-level infections, the ability to detect T. gondii in any sample depends

largely upon sampling strategy. If the parasite is very sparsely disseminated, then
the more tissue that can be collected and processed, the greater chance there will
be of detection by PCR. However, it becomes impractical to process very large
quantities of tissue routinely, so detection thresholds will always be dependent
on how much tissue is collected. When processing tissue, small quantities of
tissue can be pooled from different part of an organ (like the brain) to maximize
the chance of parasite detection.

2. The methods described here involve PCR performed directly on unpurified
samples, without the specific extraction of DNA. These methods are especially
suited for high-throughput analysis, while retaining excellent sensitivity. If
desired, DNA can be extracted from the processed tissues using any number of
standard methods (14) and the PCR performed on purified DNA. However, the
potential increase in the PCR efficiency needs to be balanced against the extra
processing steps required. Explicit DNA extraction does not always lead to
increased sensitivity and, in some cases, can prove less sensitive because of the
loss of starting material.

3. This method can be adapted for other fluid tissue samples, which contain small
quantities of blood cells.

4. The number of cycles can be increased up to 35 in the first round amplification to
try and achieve a greater sensitivity. However, increasing the number of cycles
can lead to increased background and nonspecific amplification. Recently a real-
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time PCR for quantitative detection of T. gondii targeting the BI locus has been
described (15). With this fully automatic system, a single 40-cycle PCR has a
sensitivity consistent with the nested B1 PCR. Since the detection is done in real-
time, the hands-on time is reduced significantly. However, for this application
specialized real-time PCR instrumentation is necessary.

5. If desired, products can be analyzed at this stage. If the initial sample contains large
amounts of parasite DNA, then a second of amplification will not be required.
However, in practice, for routine analysis, it may be desirable to proceed immedi-
ately to the second round of amplification.

6. General steps to avoid DNA cross-contamination should include:

a. The use of pipet tips with integral filters. Although more expensive, filter
tips are highly effective at preventing contamination of the barrel of pipets
with DNA.

b. Preparation and freezing of batches of PCR reagents. Each PCR experiment
is then run with the same batch of materials, and excess material is discarded.
This way, any contamination of stock solutions (such as dNTPs) is contained
within a single experiment and can be eliminated by repeating with a fresh
batch of reagents.

c. Amplified DNA products (i.e., any material downstream of the PCRs)
should be processed away from PCR preparation areas. In practice, this usu-
ally means keeping the product analysis equipment separate, preferably in a
different area of the laboratory, or in a different room. Laminar flow hoods
are useful for setting up PCRs in a clean environment. Pipets used for load-
ing gels with product DNA should never be used for sample preparation or
for setting up PCRs. Ideally, dedicated sets of pipets should be used for the
different processes. When performing a nested PCR, the second round of
amplification should be prepared in area separated from where the first
round was prepared.

7. Positive control T. gondii DNA can be obtained by extraction of DNA from
cell culture derived T. gondii tachyzoites as follows. Lyse 109 T. gondii
tachyzoites in 50 mM Tris, pH 8.0, 50 mM EDTA, SDS 1% containing pro-
teinase K 100 µg/mL and incubate for 3 h. Extract the nucleic acids with
phenol:chloroform, then precipitate with sodium acetate-ethanol at –20°C and
pellet the DNA by centrifugation at 10,000g for 15 min. Wash the DNA pellet
in ethanol 70% and resuspend in TE (10 mM Tris-HCl, 0.1 mM EDTA,
pH 7.6). Remove RNA by incubation with RNAase 20 µg/mL for 30 min at
37°C and re-extract and precipitate the DNA as above. Finally, resuspend the
DNA pellet in 100 µL of TE and quantify the DNA by measuring UV absorp-
tion at 260 nm. Use 10 ng DNA as a positive control.

8. Since polyacrylamide quenches the fluorescence of ethidium bromide, it is not
possible to detect bands that contain less than about 10 ng of DNA by this method.
It is possible to increase the sensitivity to 20–50 pg DNA/band by using any
standard silver staining protocol (14) or silver staining kits, available from
Amersham Biosciences.
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PCR-Derived Methods
for the Identification of Trichinella Parasites
from Animal and Human Samples

Edoardo Pozio and Giuseppe La Rosa

1. Introduction
Trichinella worms (family: Trichinellidae; phylum: Nematoda) are parasites

that mainly infect mammals, including humans, although they have been found
in birds and, recently, in African crocodiles (1,2). The main reservoir is repre-
sented by carnivores with cannibalistic and scavenger behavior. These para-
sites are widespread on all continents but Antarctica, from frigid to torrid zones.
The main distinguishing feature of their life cycle is that two generations occur
in the same host. The first generation (from L1 larva to adult) is present in the
gut and the second generation (from a newborn larva of 80 µm in length to an
infective larva of 0.6–1.0 mm in length) is present in the cell of striated muscles
that is modified by the larva (referred to as the nurse cell) (3,4).

Until 1972, Trichinella spiralis was the only known Trichinella species.
At present, seven species and three additional genotypes are known to exist
(Table 1) (2). An additional Trichinella genotype has been recently identi-
fied in crocodiles from Zimbabwe, but its taxonomic status have yet to be
established. The individual species or genotypes cannot be distinguished on
the basis of morphological characters. Nonetheless, the species and geno-
types can be categorized into two groups based on whether or not a collagen
capsule surrounds the nurse cell in host muscles: when the collagen capsule
is present, the species or genotype is referred to as encapsulated; if absent,
the term nonencapsulated is used. The presence of the collagen capsule is
important for the long-term survival of the larva in decaying muscle tissue
(i.e., when the larva is not protected by the host homeothermy).
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The natural transmission cycle of all species and genotypes of Trichinella
occurs among wildlife (i.e., a sylvatic cycle), although T. spiralis is primarily
transmitted by a domestic cycle involving domestic pigs, synanthropic rats,
and, on rare occasions, horses (2). A domestic cycle involving pigs and rats has
also been reported, though rarely, for T. britovi and T. pseudospiralis (2). The
prevalence of infection among carnivores (e.g., fox, wolf, racoon dog, lynx,
bear, and mustelid) ranges from 0.01%–90%, according to the characteristics
of the animal’s habitat and the extent of human influence (5,6). Trichinella
infection in sylvatic and domestic animals is mainly asymptomatic, even when
thousands of larvae per gram of muscle tissue are present.

Table 1
Principal Features of Trichinella Species and Genotypes (1,2)

Trichinella
species  Collagen
Genotype Distribution Cycle Hosts    capsule

T. spiralis Cosmopolitana Domestic Swine, rats, yes
and sylvatic carnivores

T. nativa arctic and subarctic Sylvatic Terrestrial and yes
areas of Holoarctic marine carnivores
regionb

Trichinella T6 Rocky mountainsc Sylvatic Carnivores yes

T. britovi temperate areas of Sylvatic, seldom Carnivores, yes
Palearctic region d domestic seldom swine

Trichinella T8 South Africae Sylvatic Carnivores yes

Trichinella T9 Japan Sylvatic Carnivores yes

T. pseudospiralis Cosmopolitanf Sylvatic, Mammals and birds no
seldom domestic

T. murrelli temperate areas Sylvatic Carnivores yes
of Nearctic region

T. nelsoni Ethiopic region Sylvatic Carnivores, yes
seldom swine

T. papuae Papua New Guinea Sylvatic, Swine no
seldom domestic

Trichinella T11 Zimbabwe Domestic? Crocodiles no

a This species has not been detected in arctic regions.
b The isotherm –5°C in January is the southern limit of distribution.
c From Alaska to Idaho, USA.
d The isotherm –6°C in January is the northern limit of distribution.
e Probably imported from Europe in the 17–18th century.
f Three different populations have been identified in the Nearctic region (Alabama, USA),

     Palearctic region (many foci), and in the Australian region (Tasmania) (La Rosa et al. 2001).
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Humans acquire trichinellosis by eating raw or undercooked meat from pigs,
horses and game animals (e.g., wild boar, bear, and walrus). The clinical pic-
ture and the prognosis of human infection depend on the number of infective
larvae ingested, the Trichinella species, and the allergic reaction of the host
(7). The number of human deaths ranges from 0.1–1.0 per 100 infections, and
most deaths are due to complications of the respiratory system and the cardio-
vascular system and neurological disorders.

The lack of morphological markers and the fact that the biological and bio-
chemical markers (allozymes) do not allow the species to be easily or rapidly
identified stress the importance of methods based on polymerase chain reac-
tion (PCR) in identifying Trichinella parasites at the species level. Species
identification is of great importance in tracing back the source of infection, in
determining and predicting the clinical course of infection, in estimating the
potential risk for pigs, in establishing appropriate strategies for control and
eradication, and in better understanding the epidemiology of the infection. The
use of PCR-derived methods also allows the species to be identified based on a
single larva, which is important because, frequently, only one larva is detected
in human biopsies and in muscle samples of animal hosts. Furthermore, the
identification of single larvae allows more than one species of Trichinella to be
detected in the same host (mixed infections) (8).

The molecular identification of single larvae of Trichinella is carried out
with a multiplex-PCR analysis (9, 10), which allows the identification of seven
species (T. spiralis, T. nativa, T. britovi, T. pseudospiralis, T. murrelli,
T. nelsoni, and T. papuae), two genotypes (Trichinella T6 and the crocodile
strain Trichinella T11), and three populations of T. pseudospiralis (from the
Australian, Nearctic, and Palearctic regions). In addition, two other genotypes
(Trichinella T8 and Trichinella T9) can be distinguished from T. britovi by a
PCR-restriction fragment length polymorphism (RFLP) analysis of the gene
encoding for a 43-kDa protein, which is one of the main excretory/secretory
(E/S) antigens produced by larvae in vitro (11). Both multiplex-PCR (see Note 1)
and PCR-RFLP analyses are described in detail here. These two PCR-derived
analyses are routinely used at the International Trichinella Reference Center
(12) (www.trichi.iss.it).

2. Materials

2.1. Hosts and Preferential Muscles

Large carnivores with scavenger and cannibalistic behavior that are at the
top of the food chain are the best candidates for the detection of Trichinella.
Specifically, the most common candidates are: polar bear, brown bear, black
bear, wolf, red fox, lynx, bob cat, and racoon dog in Nearctic and Palearctic
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regions; spotted hyena and lion in the Ethiopian region; and carnivorous mar-
supials in Tasmania. At the farm level (domestic cycle), the best candidate is
the domestic pig; other candidates include synanthropic animals such as rats,
foxes, mustelids, armadillos, domestic cats, and dogs, and farm crocodiles in
Zimbabwe. Trichinella infection has also been detected in horses and sheep
that were the source of human infection (2,8).

The identification of Trichinella worms is most commonly based on muscle
larvae, which are very easy to collect from both animals and humans. The pref-
erential muscles (i.e., those with the highest density of larvae) vary according
to the specific host species, but as a general rule, the tongue can be considered
as the preferential muscle. Other important muscles are: the pillar of the dia-
phragm for swine and rodents, the anterior tibial for foxes and wolves, and the
masseter for carnivores and horses. Human biopsies are generally taken from
the deltoid muscle.

2.2. Parasite Isolation and Preservation

1. Commercial blender with a vol of at least 500 mL.
2. Suction pump (e.g., a water pump).
3. Incubator (37–45°C) with a capacity of at least 100 L and with an inner electri-

cal socket.
4. Magnetic stirrer and magnets.
5. Precision scale.
6. Dissection microscope (20–40x).
7. Thermometer.
8. Automatic pipets: 1–20 µL and 10–200 µL range.
9. Beakers: capacity of at least 1 L.

10. Scissors and forceps.
11. Conical vials (0.5 and 50 mL) and racks.
12. Cooler.
13. Disposable gloves.
14. Petri dishes (5 and 6 cm diameter).
15. Pepsin 1:10,000 (see Note 2).
16. Hydrochloric acid.
17. Ethyl alcohol, anhydrous.
18. Tap water (37–45°C).
19. Sterile H2O at 4° C.
20. Phosphate-buffered saline (PBS): 137 mM NaCl (8 g/L), 7 mM K2HPO4  (1.21 g/L),

KH2PO4 (0.34 g/L), prewarmed to 37–45°C.
21. Digestion fluid: 1% pepsin (w), 1% HCl (v), tap water (37–45°C)
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2.3.  Primer Sets for Multiplex-PCR and for PCR-RFLP

2.3.1. Multiplex PCR (for amplicon sizes see Table 2):

Primer pair I: 5'-GTTCCATGTGAACAGCAGT-3'; 5'-CGAAAACATA
CGACAACTGC-3'

Primer pair II: 5'-GCTACATCCTTTTGATCTGTT-3';5'-AGACACAAT
ATCAACCACAGTACA-3'

Primer pair III: 5'-GCGGAAGGATCATTATCGTGT-3';5'-ATGGATTA
CAAAGAAAACCATCACT-3'

Primer pair IV: 5'-GTGAGCGTAATAAAGGTGCAG-3';5'-TTCATCAC
ACATCTTCCACTA-3'

Primer pair V: 5'-CAATTGAAAACCGCTTAGCGTGTTT-3';5'-TGATC
TGAGGTCGACATTTCC-3'

Each primer is diluted at 100 pmol/µL in sterile H2O.
Multiplex primer set concentration: combine the same vol of each primer;

final concentration: 10 pmol/µL of each primer (see Note 3).

2.3.2. Primer Sets for PCR-RFLP, 43 kDa (E/S)

Ts43CAF: 5'- ATGCGAATATACATTTTTCTTA-3'
Ts43CAR: 5'- TTAGCTGTATGGGCAAGG-3'
Each primer is diluted at 100 pmol/µL in sterile H2O.

2.4. Preparation and Amplification of Larva DNA

1. PBS washing buffer: 137 mM NaCl (8 g/L), 7 mM K2HPO4  (1.21 g/L), KH2PO4

(0.34 g/L).
2. Sterile Tris-HCl buffer: 1 mM Tris-HCl, pH 7.6.

Table 2
Multiplex-PCR Amplicon Sizes
of Primer Sets of 10 Trichinella Genotypes

Primer
pair Ts Tna Tb Tps-Ne Tps-Pa Tps-Au Tm T6 Tne Tpa T11

I 173 127 127 310 340 360 127 127 155 240 264
II 253
III 210
IV 316
V 404

Abbreviations: T. spiralis (Ts); T. nativa (Tna); T. britovi (Tb); T. pseudospiralis (Tps) of
Nearctic (Ne), Palearctic (Pa), and Australian (Au) regions; T. murrelli (Tm); Trichinella T6
(T6); T. nelsoni (Tne); T. papuae (Tpa); and Trichinella T11 (T11).
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3. Proteinase K: 20 mg/mL in sterile H2O; store 0.5-mL aliquots at –20°C.
4. Taq DNA polymerase: Ex Taq™ from Takara (Otsu, Shiga, Japan) 5 U/µL.
5. ExTaq buffer (10X) containing 20 mM MgCl2.
6. dNTPs solution: final concentration: 2.5 mM of each dNTP (from Takara).
7. Restriction endonucleases: SspI and DdeI with 10X restriction buffers (New

England BioLabs, Beverly, MA, USA).
8. Primer mixture: 1 µL of multiplex primer set. Store in aliquots of 200 µL at –20°C.
9. Mineral oil: sterile, PCR-grade.

10. Dry bath.
11. PCR device: Perkin Elmer Model 2400 (Perkin Elmer, Norwalk, CT, USA),

Perkin Elmer Model 9600, MJ Minicycler (MJ Research, Watertown, MA, USA)
(see Note 4).

12. TBE buffer: Tris base (10.8 g/L), boric acid (5.5 g/L), 0.5 M EDTA (4 mL/L),
pH 8.0.

13. TAE buffer: Tris base (4.85 g/L),  glacial acetic acid (1.15 mL/L), 0.5 M EDTA
(2 mL/L).

14. 0.5 M EDTA solution: 18.6 g/70 mL Na2 EDTA × 2H2O,  pH 8.0, with 10 N NaOH,
H2O to 100 mL.

15. Agarose: molecular biology standard grade (Fisher, Cincinnati, OH, USA)

3. Methods

3.1. Isolation of Larvae from Infected Muscles (see Notes 5–7)

1. Preparation of the digestion fluid: The ratio of muscle (w) and digestion fluid (v)
should be 1:20–1:40. Using a blender, dissolve Pepsin (see Note 2) in a small
amount of tap water (see Subheading 2.2., step 18.). Add additional tap water
until reaching the final vol, then add 1% HCl (final concentration). The digestion
fluid should be maintained at around 37–45°C for all steps.

2. Cut the muscle sample into small pieces (1–3 g), removing all nonmuscle tissue
(tendons, fat, etc.). The most infected muscle tissue is that near the muscle inser-
tion. Place the muscle sample and a small amount of digestion fluid in a blender
and blend for 20–30 s. Add additional digestion fluid and blend again for about
10 s. Place the fluid in a beaker containing a magnet. To collect residual fluid
from the blender, add additional digestion fluid and blend. Place residual fluid in
the same beaker.

3. Place the beaker on the magnetic stirrer in the incubator at 37–45°C and stir for
20 min. Switch off the magnetic stirrer, collect 4 to 5 mL of digestion fluid from
the bottom of the beaker, place the fluid in a Petri dish, and observe under a
dissection microscope. If the larvae are free of muscle debris and are out of the
capsule, stop the digestion. If larvae are still in the muscle and/or in the capsule,
continue the digestion for another 10–20 min.

4. Allow the digestion fluid to sediment for 10–15 min, according to the height of
the beaker (about 1 min for each centimeter of height). Remove the supernatant
by placing the suction pump at about 2 cm from the bottom of the beaker, being
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careful not to remove the sediment, which contains the larvae. Add PBS (37–45°C)
(same quantity as supernatant removed) and then allow to sediment. Remove the
supernatant and place the sediment in 50-mL conical vials (5 mL for each vial).
Add PBS (37–45°C) and allow to sediment. Repeat this procedure until the su-
pernatant is fairly transparent (i.e., you should be able to read newspaper text
through the glass). Remove the supernatant and place the sediment in a Petri dish
and place under dissection microscope.

5. If the larvae are dead (C-shaped or comma shaped) (see Notes 5–7), the following
procedures should be carried out as rapidly as possible to avoid DNA destruction.
Collect larvae with a 5-µL pipet and place them in a Petri dish containing cold
sterile H2O. Then collect the single larvae with 5 µL of the cold sterile H2O and
place each of them in a separate 0.5-mL conical vial. Freeze at –30°C or, if the
larvae need to be shipped, store them in absolute ethyl alcohol at 4°C (the latter
method allows for shipping without dry ice, although the larvae must be rehy-
drated through a graded alcohol series before molecular identification).

3.2. Preparation of Crude DNA from Single Larvae

1. Wash single larvae 10 × in PBS,  place each larva, with 5 µL of PBS,  in a 0.5-mL
tube, and store at –20°C until use (see Note 8).

2. Add 2 µL Tris-HCl, pH 7.6.
3. Add 1 drop of sterile mineral oil.
4. Heat sample at 90°C for 10 min and then cool on ice.
5. Add 3 µL of proteinase K solution (final concentration 100 µg/mL) and spin

sample.
6. Incubate sample at 48°C for 3 h.
7. Heat sample at 90°C for 10 min and cool on ice.
8. Store sample at –20°C until use.

3.3. Multiplex-PCR Protocol

1. Thaw a sample of crude DNA extraction on ice (at this point, each tube should
contain 10 µL of the larva preparation).

2. To set up PCR (see Note 9), add sequentially 5 µL 10X PCR buffer, 4 µL
dNTPs, 2 µL set of primers, 0.1 µL Taq DNA polymerase (see Note 10), 4 µL
of crude DNA extraction (see Note 11), and H2O up to 50 µL in a 0.2-mL thin-
walled tube.

3. Place tubes on ice.
4. PCR cycle: pre-amplification cycle at 94°C for 5 min, followed by 35 cycles at

94°C for 20 s, 58°C for 30 s, and 72°C for 1 min, followed by an extension cycle
at 72°C for 4 min, and then place on ice.

5. Hot start at 94°C: wait until the thermal cycler reaches 94°C and then place the
tubes on the hot plate.

6. Electrophoresis: use 20 µL of each amplification reaction (see Table 2 and  Fig. 1).
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3.4.  43 kDa (E/S) PCR-RFLP Digestion Protocols

1. Thaw a sample of crude DNA extraction on ice (at this point, each tube should
contain 10 µL of the larva preparation).

2. To set up PCR, add sequentially 5 µL 10X PCR buffer, 4 µL dNTPs, 2 µL set of
primers, 0.2 µL Taq DNA polymerase, 10 µL of crude DNA extraction, and H2O
up to 50 µL in a 0.2-mL thin-walled tube.

3. Place tubes on ice.
4. PCR cycle: pre-amplification cycle at 94°C for 5 min, followed by 30 cycles at

98°C for 20 s, and 60°C for 15 min, followed by an extension cycle at 72°C for
4 min, and then place on ice.

5. Hot start at 94°C: wait until the thermal cycler reaches 94°C and then place the
tubes on the hot plate.

6. Electrophoresis: use 10 µL of the amplification reaction. Select samples showing
good single-band amplification for restriction analysis.

7. Restriction analysis: transfer 20 µL of the amplification reaction into a 1.5-mL
conical tube, add 5 µL of the respective 10X restriction buffer, 10 U of the
selected enzyme (see Note 12), and H2O up to 50 µL.

8. Incubate at 37°C for 2 h.
9. Transfer on ice and stop the reaction with 5 µL of 0.5 M EDTA.

10. Electrophoresis: load all of the reaction onto the agarose gel (see Table 3 and
Fig. 2).

3.5. Electrophoresis Conditions

1. Standard agarose gel: follow standard procedures to prepare 1–1.5% agarose gel
in TBE or TAE buffer and run at 10 V/cm.

2. High-resolution agarose gel: to have an adequate resolution of T. pseudospiralis
isolates, run the amplification products on 3% metaphor agarose gel at 10 V/cm.

4. Notes
1. In the original description of multiplex-PCR (7), a nested-PCR was used. How-

ever, this is not necessary with the present protocol.

Table 3
PCR-RFLP Amplicon Sizes
of Principal Bands of Trichinella britovi Genotypes

Restriction enzymes

Trichinella genotype Dde I Ssp I

T. britovi 700, 680, 560, 520 2100
T8 700, 650, 560, 330 2300, 2100
T9 700, 650, 560, 520 1500, 1200, 650



PCR Detection of Trichinella 307

 Fig. 1.  Photograph of an ethidium bromide-stained 2.5% agarose gel under UV
light illumination showing the multiplex PCR amplification (Subheading 3.3.) of
single larvae of 10 genotypes of Trichinella. The samples are as follows: L (ladder
50), sizes are in base pairs; line 1, T. spiralis; line 2, T.  nativa; line 3, T. britovi; line
4, T. pseudospiralis (Palearctic isolate); line 5, T. pseudospiralis (Nearctic isolate);
line 6, T. pseudospiralis (Tasmanian isolate); line 7, T. murrelli; line 8, Trichinella
T6; line 9, T. nelsoni; line 10, T. papuae.

Fig. 2.  Photograph of an ethidium bromide-stained 2.5% agarose gel under UV
light illumination showing the PCR-RFLP identification (Subheading 3.4.) of single
larvae of T. britovi, Trichinella T8, and Trichinella T9. The samples are as follows:
DNA, 43 kDa (E/S)-PCR-amplified product; DdeI, 43 kDa (E/S)-PCR-amplified prod-
uct DdeI-digested; SspI, 43 kDa (E/S)-PCR-amplified product SspI-digested; L1 (lad-
der 1000) sizes are in bp; L2 (ladder 50) sizes are in bp.
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2. Pepsin should be stored in the dark at room temperature (20°C or less, but not
below 4°C); avoid exposure to humidity. Pepsin should be no more than 6 mo old.

3. Balancing of primers. The primer-set mixture prepared with equimolar concen-
trations of all oligonucleotides generally provides good results; if results are not
optimal, and the presence of T. murrelli is suspected, the concentration of the
primer set IV can be doubled.

4. For the automatic amplification of DNA, other thermal cyclers could be used, but
it could be necessary to first determine their efficiency in amplifying DNA.

5. Collection of worms from frozen samples: larvae from frozen muscle samples
should be collected according to the protocol of Subheading 3.1.,  yet to avoid
DNA destruction, all procedures after digestion should be carried out very
quickly, and sedimentation should be carried out on ice.

6. Collection of worms from formalin-fixed muscle samples: formalin-fixed muscle
samples cannot be used to collect larvae, because formalin destroys the DNA.

7. Collection of worms from ethyl alcohol-fixed muscle samples: worms can be
collected as follows: using a scalpel, cut the muscle sample into grain-size pieces.
Crush the pieces between two trichinoscope slides (8-mm thick) and check for
the presence of larvae among the muscle fibres under a dissection microscope at
20–40x. Mark the position of the larva on the bottom slide. Gently remove the
upper slide and cut away the muscle surrounding the larva using a scalpel and
one or two small needles (if the larva is encapsulated, remove it from the capsule
with the scalpel and needles) under a dissection microscope at 20–40x. Place the
larva in a 0.5-mL conical vial with 400 µL of cold H2O. Wash the larva 3–4 times
with cold H2O, then store in 5 µL of H2O at –20°C.

8. Pooled larvae: the protocol for the preparation of crude DNA of a single larva can
also be used for pooled larvae by simply increasing the quantity of solution (for
example, for 10 larvae, it is sufficient to double the quantity of solution used for
a single larva). When using pooled larvae, it should be kept in mind that the
presence of larvae belonging to two or more genotypes (mixed infections) could
affect the interpretation of the results.

9. Precautions for PCR: use tip with barrier and gloves.
10. If using Taq DNA polymerases other than Takara, it is important to perform spe-

cific tests to evaluate their effectiveness.
11. Pipeting the sample for the PCR amplification: a sufficient quantity of DNA is

critical for a successful amplification, thus, be sure to pipet the sample at the
bottom of the tube and avoid collecting the mineral oil. To remove the oil from
the tube, it is best to use pipeting, because chloroform or other organic solutions
could remove part of the DNA sample.

12. If using restriction enzymes other than those of New England Biolabs for RFLP
analysis, check the optimal working temperature of the enzyme.
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Detection of Pathogenic Yersinia enterocolitica
by a Swab Enrichment PCR Procedure

Rickard Knutsson and Peter Rådström

1. Introduction
The Gram-negative Yersinia genus belongs to the family of Enterobacteri-

aceae, in which 3 of the 11 Yersinia species are recognized as human pathogens,
namely Y. pestis (the etiological factor of plague), Y. pesudotuberculosis, and
Y. enterocolitica (the causative agents for yersiniosis) (1). The rest of the genus
is composed of Y. ruckeri (a fish pathogen) and the Y. enterocolitica-like organ-
isms (2,3), which have been biochemically classified as 7 species: Y. fredriksenii,
Y. kristensenii, Y. intermedia, Y. aldovae, Y. rohdei, Y. mollaretii, and
Y. bercoveri (4 –7). The heterogeneous composition of Y. enterocolitica, with
respect to phenotypic and genotypic properties, is problematic from an analytical
point of view; the species being distinguished by 6 biogroups (8) and more than
60 serotypes (9).

Y. enterocolitica comprises both nonpathogenic and pathogenic members
(10), and the most common pathogenic bioserogroups include 4/O:3, 3/O:5.27,
2/O:9, and 1B/O:8. For the pathogenic members, it has been hypothesized that
a correlation exists between serovars and their geographic origin, and in
Europe, the serotypes O:3 and O:9 are predominant, whereas O:8, and O:5.27
are most common in North America (3). Regarding the pathogenicity factors of
the bacterium, it possesses a chromosomal and plasmoidal distribution of viru-
lence genes (11). A fully virulent strain of Y. enterocolitica carries a 70-kb
plasmid, termed pYV (plasmid for Yersinia virulence) (12). Recent DNA–DNA
hybridization and 16S rRNA gene sequencing studies have suggested dividing
the species of Y. enterocolitica into two subspecies, namely Y. enterocolitica
subsp. paleartica and Y. enterocolitica subsp. enterocolitica (13).
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The reference methods employed today are based on traditional enrichment
culturing followed by selective agar plating methods (14,15). In Sweden, as in
the other Nordic countries, the standard NMKL-177 method is based on cold
enrichment in phosphate-sorbitol-bile salt (PSB) broth and modified-rappaport-
broth (MRB) at 4°C. This method takes 21 d to complete and are rather laborious
(15). The isolation of Y. enterocolitica has, however, been associated with diffi-
culties, and it has been suggested that the lack of appropriate analysis methods
may mask the occurrence of the bacterium leading to underestimation of the true
incidence (16). Previous studies have shown that the growth of Y. enterocolitica
O:3 is especially restricted in the presence of high concentrations of background
flora (17,18). Nevertheless, enrichment has been claimed to provide the most
reliable way for isolating low numbers of Y. enterocolitica from the total micro-
bial population (19). The oral-pharyngeal area has been reported to be an impor-
tant swab sampling site for high recovery of Y. enterocolitica from pigs (20).
Since no single isolation procedure is available for the recovery of all pathogenic
strains of Y. enterocoltica (21), the inadequacy of the insufficient methods avail-
able up until now might explain the underestimation of their prevalence. Rea-
sons for the difficulties encountered may include the sensitivity of the bacterium
to high concentrations of background flora present in food samples, but also the
heterogeneity of the species.

Recently, it has been claimed that the development of a simple, sensitive,
specific, rapid identification system applicable to the diagnosis of Y. enter-
ocolitica for veterinary use is a challenge for the future (22). It has been indi-
cated that food-borne pathogens can be detected more rapidly and with better
specificity through the use of DNA-based methods, especially polymerase
chain reaction (PCR) (23). PCR-based methods indicate a higher prevalence of
pathogenic pYV+ Y. enterocolitica than traditional methods (24). To avoid false
negative PCR results for Y. enterocolitica, it is important that the PCR protocol
be properly designed to take into account, for example, the presence of PCR-
inhibitory components. In the establishment of diagnostic PCR, the pre-PCR
processing constitutes a key step (see Chapter 2).

Today’s PCR protocols for the detection of Y. enterocolitica rely on pre-
enrichment prior to PCR analysis, and the following media have been used:
irgasan-ticarcillin-chlorate (ITC) (25), modified-trypticase-soy-broth (MTSB)
(26), PSB (27), tryptone-soya-broth (TSB) (28), and Yersinia-selective-enrich-
ment (YSE) broth (29). However, all these media contain components that
inhibit or interfere with the PCR analysis (29), making extensive sample prepa-
ration necessary. Thus, a medium that lacks PCR-inhibitory substances and is
selective for Y. enterocolitica would simplify the analysis procedure and would
be favorable for the establishment of PCR-based methods. Therefore, a new
broth, called Yersinia-PCR-compatible-enrichment (YPCE) medium, has
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recently been developed to improve high-throughput PCR and the diagnosis of
Y. enterocolitica (30). The medium was developed through a mathematical
approach by the use of screening factorial design experiments and confirmatory
tests. Factors studied included PCR inhibition, growth of Y. enterocolitica, and
growth of background flora (see Fig. 1). The formulation of the PCR-compatible
enrichment medium is based on a number of requisites: (i) the buffer system of
the medium should mimic the buffer system in the PCR mixture; (ii) neither the
medium components nor the metabolites produced by bacterial growth should be
PCR-inhibitory; and (iii) selective components must be included to restrict the
growth of competing background flora.

The YPCE medium has been combined with a multiplex PCR assay that
targets two genes, namely, the chromosomal 16S rRNA gene (for species identi-
fication) and the plasmid-borne virulence gene yadA (for virulence confirma-
tion) (29). This chapter describes a simple and rapid PCR protocol for the
diagnosis of pathogenic pYV� Y. enterocolitica strains for veterinary use. An
overview is presented in Fig. 2.

2. Materials

2.1. Swab Sampling

1. A wooden-stemmed cotton-tipped swab (15 cm) (SelefaTrade, Spånga, Sweden).
2. Swab sample dilution fluid (NaCl-Peptone-Water).

2.1.1. Preparation of Swab Sample Dilution Fluid
(NaCl-Peptone-Water)

Add all the ingredients to a suitable flask: 1.0 g Peptone (Merck, Darmstadt,
Germany), 8.5 g NaCl, and 1 L distilled water.

The pH should be around 7.0 ± 0.1, adjust if necessary. Sterilize the dilution
fluid at 121°C for 15 min. Store the dilution fluid at 0–5°C until required.

2.2. Enrichment in YPCE Medium

1. 15-mL plastic test tubes (Sarstedt, Nümbrecht, Germany).
2. 10-mL YPCE medium.

 2.2.1. Preparation of YPCE Medium

1. Add the following ingredients to a suitable flask: 10g Tryptone (peptone from
casein, pancreatically digested) (Merck, Cat. no. 1.07213), 2.75 g MOPS (3-[N-
morpholino] propanesulfonic acid) (Sigma, St Louis, MO, USA), 2.75 g Tris
buffer (ICN Biochemicals, Costa Mesa, CA, USA), 20.0 g D-sorbitol (Sigma),
and 1 L distilled water.
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Autoclave at 121°C for 15 min and allow to cool to room temperature (25°C).
Transfer 983 mL aseptically to a flask of suitable size and add the following
ingredients:

2. 2 vials Yersinia-selective-supplement (cefsulodin-irgasan-novobiocin, [CIN])
(Merck, Cat. no. 1.16466.001). The lyophilizate should be suspended in the vial
by the addition of 1 mL sterile distilled water.

3. 5 mL sterilized potassium chlorate solution: 10 g KClO3 (Merck) dissolved in
100 mL H2O.

4. Finally, adjust the pH to 8.2 ± 0.1 by the addition of 1 M potassium hydroxide
(KOH) solution (approx 10 mL).

2.3. PCR

1. PCR test tubes, 0.2-mL MicroAmp reaction tubes with cap (Applied Biosystems,
Foster City, CA, USA).

2. Taq DNA polymerase, 5 U/µL (Roche Diagnostics, Mannheim, Germany).
3. 10x PCR buffer (Roche Diagnostics).
4. Primers; Y1, Y2, P1, and P2 (Scandinavian Gene Synthesis, Köping, Sweden).

Store stock solution 10 µM of each primer in aliquots at –20°C.
5. Nucleotides; dATP, dCTP, dGTP and dTTP (Roche Diagnostics) and the 10 mM

dNTP mixture is stored in aliquots at –20°C.

Fig. 1. Illustration of the development of the medium, which was based on screen-
ing and factorial design experiments, to find a medium composition that fulfills the
requirements for a PCR-compatible enrichment medium. The medium was designed
to optimize the growth of Y. enterocolitica and to minimize the presence of PCR-
inhibitory components and growth of background flora.
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Fig. 2. An overview of the protocol (see Subheadings 3.1.–3.4.) illustrating the
different steps. The protocol starts with swab sampling, followed by enrichment in
YPCE medium at 25°C. After 6–9 h enrichment PCR samples are withdrawn; one
sample is withdrawn directly from the enrichment broth, and another sample of 1.0 mL
is withdrawn for centrifugation and removal of supernatant prior to PCR. DNA is
amplified using a multiplex PCR assay for the detection of two PCR products originat-
ing from the 16S rRNA gene and the plasmid-borne virulence gene yadA. The PCR
products are visualized by gel electrophoresis.
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2.4. Electrophoresis and Visualization

1. 1.0 % Pronarose agarose DNA-grade (Labora, Sollentuna, Sweden).
2. Tris-borate EDTA electrophoresis buffer (TBE): 0.09 M Tris-borate, 0.002 M

EDTA, pH 8.0. For 1 L of 10x TBE, mix 108 g Tris (ICN Biochemicals), 55 g
boric acid (Prolabo, Fontenay-sous-Bois, France), and 40 mL 0.5 M EDTA
(Merck). Dilute 1:10 before use.

3. Gel loading buffer: 0.25% (w/w) bromophenol blue (Sigma) and 40% (w/w)
sucrose (ICN Biochemicals).

4. Gel stain: 0.5 µg/mL ethidium bromide (ICN Biochemicals). Ethidium bromide
is mutagenic. Wear gloves and avoid direct contact with skin.

5. Gel electrophoresis equipment: Electrophoresis Power Supply—EPS 301
(Amersham Biosciences, Uppsala, Sweden).

6. DNA size marker: DNA Molecular Weight Marker XIV (100-bp ladder) (Roche
Diagnostics).

2.5. General Equipment and Consumables

1. Incubator (Termaks, Bergen, Norway).
2. PCR thermal cycler, GeneAmp® 9700 Thermal Cycler (Perkin Elmer Cetus,

Norwalk, CT, USA).
3. Vortex shaker, Vortex-Gene 2 (Scientific Industries, Bohemia, NY, USA).
4. Benchtop centrifuge with Eppendorf® rotor, HERMLE Z160M (Hermle

Labortechnik, Wehingen, Germany).
5. Apparatus for horizontal gel electrophoresis: Electrophoresis Power Supply—

EPS 301.
6. Gel documentation system: Gel Doc 1000 (Bio-Rad, Hercules, CA, USA).
7. Software to analyze gel images: Molecular Analyst Software (Bio-Rad).
8. Set of pipets covering the whole vol range from 0.1–1000 µM (Gilson, Villers le

Bel, France).
9. Aerosol-resistant pipet tips with filter (Gilson).

10. 1.5-mL plastic tube for pre-PCR processing.

3. Methods

The protocol employed is based on: (i) swab sampling; (ii) enrichment in
YPCE medium; (iii) PCR sample withdrawal; (iv) PCR using a multiplex assay
for Y. enterocolitica; and (v) detection of PCR products by gel electrophoresis.
The protocol with its conditions is presented in Table 1. The YPCE medium
provides a system that enables pathogenic pYV� Y. enterocolitica; to multiply to
PCR-amplifiable concentrations in the presence of up to, at least, three magni-
tudes higher concentration of background flora. The swab samples are incubated
as described in the prepared YPCE medium. The preparation of the medium is a
4-step procedure (see Subheading 2.2.1.) and it is important to use the stated
brands (see Note 1).
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Table 1
Summary of the Multiplex PCR Assay and the Protocol
for the Detection of Pathogenic Yersinia enterocolitica

Swab sampling Two wooden-stemmed cotton-tipped swabs (15 cm).

Enrichment in YPCE medium 10 mL are enriched at 25°C for 6–9 h.

Sample withdrawal prior to PCR Two samples are withdrawn.
A. 70 µL directly for PCR.
B. 1.0 mL is transferred to an Eppendorf tube and

centrifuged at 7000g for 5 min. The supernatant
(930 µL) is removed leaving 70 µL in the
Eppendorf tube. The sample is vortex mixed.

PCR sample vol 5 µL.

PCR master mixture vol 20 µL.

Total PCR vol 25 µL.

PCR test-tubes 0.2-mL MicroAmp reaction tubes with caps.

PCR thermal cycler GeneAmp 9700 thermal cycler.

PCR reagents and concentrations 1x PCR buffer, 0.2 mM of each nucleotide dATP,
dCTP, dGTP, and dTTP,
0.4 µM of each primer P1, P2, Y1, and Y2,
0.75 U Taq DNA polymerase.

PCR program Denaturation at 94°C for 5 min.
45 cycles:
Denaturation: 94°C for 30 s,
Annealing: 58°C for 30 s,
Extension: 72°C for 40 s,
Final extension at 72°C for 7 min.

Gel electrophoresis 1.0% agarose DNA-grade gel in TBE buffer. The
samples are added to the gel and exposed to 100 V for
3 h, and then the PCR products are visualized.

3.1. Swab Sampling and Enrichment in YPCE Medium

The swab method is based on the ISO method (31) and a German DIN stan-
dard (32) for the determination of pathogenic microorganisms on the surface
of carcasses of slaughter animals.

1. The surface to be investigated is delineated by a sterile frame pressed onto the
sample (at least 20 cm2).

2. This area is first sampled using a wooden-stemmed swab moistened with a sterile
NaCl-Peptone-Water dilution fluid (see Subheading 2.1.2.). Moistening is per-
formed immediately before use by dipping the top of the swab into the dilution
fluid. The swab is held at a 45° angle to the sample surface, and during sampling
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the swab is rotated between the thumb and forefinger in two perpendicular direc-
tions, and the last movement is circular around the inner edges of the frame.

3. The top of the swab is immediately cut off, using a pair of sterile scissors, and put
into a 15-mL plastic test tube containing 10 mL YPCE medium, which is then
vortex mixed.

4. Without moving the frame, the surface is sampled again, in the same way as
described above, but this time using a dry swab.

5. This swab is cut off and placed in the same manner as described above in the
same 15-mL plastic test tube as the first swab.

6. The sample is vortex mixed once more.
7. The sample is transferred to an incubator, where it is incubated at 25°C for 6–9 h

(see Note 2).

3.2. PCR Sample Withdrawal

Due to the various ecophysiological conditions of the different samples, the
concentration of Y. enterocolitica and the composition of background flora
should be considered. The time of sample withdrawal is crucial for the PCR
detection. Since a growth batch is a dynamic system and highly dependent on the
initial conditions, replicate sampling should be employed to reduce the risk of
false negative results. Thus, to improve the reliability of PCR detection (33), two
PCR samples are withdrawn after 6–9 h enrichment and processed as follows.

1. Withdraw 70 µL directly from the enrichment culture for PCR detection, use 5 µL
as the PCR template.

2. Withdraw 1.0 mL of the cell suspension, transfer to an Eppendorf tube and cen-
trifuge at 7000g for 5 min.

3. Remove 930 µL of supernatant leaving a 70-µL sample. Vortex mix this suspen-
sion and use 5 µL as the PCR sample.

3.3. Multiplex PCR Assay

3.3.1. General Remarks (see Note 3 and Note 4)

The pathogenesis of Y. enterocolitica makes use of both chromosomal and
plasmid-borne virulence genes that are temperature-dependent (11), and a fully
virulent strain of Y. enterocolitica carries the pYV plasmid. It has been found
that the pYV� Y. enterocolitica strains have a degree of DNA homology (34).
An important virulence gene, located on the pYV plasmid, is yadA, which codes
for an outer membrane protein YadA (Yersinia adhesion A). This protein has
several important functions in pathogenesis, including adhesion to epithelial
cells (35) and resistance to attack by polymorphonuclear leukocytes (36).

In Table 2, the sequences of the primers employed are given for the multi-
plex PCR assay. The primer pair P1:P2 codes for a 0.6-kb PCR product origi-
nating from the yadA gene, and the second primer pair Y1:Y2 codes for a 0.3-kb
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PCR product from the chromosomal 16S rRNA gene. The location of the Y1
primer corresponds to the variable V3 region of the 16S rRNA gene, and the
Y2 primer corresponds to the variable V9 region of the same gene according to
the nomenclature (37). A mismatch (C instead of G) was introduced during the
development of the assay, at the second 3´end of the Y2 primer, to avoid detec-
tion of Hafnia alvei. More than 30 Enterobacteriaceae strains have been tested
for specificity, and all were found to be negative. For detection to be consid-
ered positive, the two PCR products originating from both genes must be visu-
alized on the gel (see Fig. 3). The 0.6-kb amplicon defines the virulence, while
the 0.3-kb amplicon confirms the Yersinia origin. The specificity of the assay
has been evaluated (29). It was found that the Y1 and Y2 primers amplified the
region of the 16S rRNA gene for some Y. enterocolitica-like organisms, such
as Y. kristensenii and Y. intermedia.

3.3.2. Preparation of PCR Master Mixture

Each 25-µl reaction will contain the following reagents: 2.5 µL PCR buffer
(10X), 2.5 µL dNTP mixture (0.2 mM of each nucleotide), 1 µL primer Y1
(0.4 µM), 1 µL primer Y (0.4 µM), 1 µL primer P1 (0.4 µM), 1 µL primer P2
(0.4 µM), 0.15 µL Taq DNA polymerase (0.75 U), and 10.85 µL double-
distilled H2O.

Calculate the total amounts of reagents according to the number of amplifi-
cation reactions of the series. Alternative DNA polymerases and PCR mixtures
can also be used (see Note 5).

Use of 5 µL cell suspension as PCR template.

3.3.3. PCR Program

1. The PCR program starts with a denaturation step at 94°C for 5 min.
2. The denaturation is followed by 36 cycles consisting of heat denaturation at 94°C

for 30 s, primer annealing at 58°C for 30 s, and extension at 72°C for 40 s.

Table 2
Sequences and Characteristics of Primers
for the Yersinia enterocolitica Multiplex PCR Detection Assay

GC
Size Content Location of

Primer              Sequence (5'→3') (bp) (%)  TM
a Target gene target gene

   P1 TGT TCT CAT CTC CAT ATG CAT T 22 36 60 yadA pYV plasmid
   P2 TTC TTT CTT TAA TTG CGC GAC A 22 32 58 yadA PYV plasmid
   Y1 GGA ATT TAG CAG AGA TGC TTT A 22 36 60 16S rRNA Chromosomal
   Y2 GGA CTA CGA CAG ACT TTA TCT 21 43 60 16S rRNA Chromosomal

a The theoretical melting temperature is calculated from the formula: TM = (4 × [G�C])�(2 × [A�T])°C.
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3. A final extension step is performed at 72°C for 7 min to complete the synthesis of
all strands.

4. Correct DNA amplification leads to the formation of two PCR products of 0.3
and 0.6 kb, respectively (see Fig. 3).

3.4. Detection of PCR Products by Gel Electrophoresis

After amplification, the PCR products are visualized by agarose gel elec-
trophoresis (38).

1. The 1.0% agarose gel is obtained by adding the agarose to 1x TBE buffer in an
Erlenmeyer flask.

2 Liquify gel by microwave heating.
3. The mixture is allowed to cool, and before it forms a gel, it is stained with 0.5 µg/

mL ethidium bromide.
4. Pour the solution into an appropriate electrophoresis mold to form a gel for analy-

sis in the electrophoresis equipment.
5. Add 2.5 µL of 10x loading buffer to each PCR sample.
6. Add 20 µL of the mixed sample solution to each well in the agarose gel.
7. Run gel electrophoresis at a constant voltage of 100 V for 3 h.
8. Include a DNA Molecular Weight Marker XIV (100-bp ladder) in the gel to

determine the fragment size of the amplicons.
9. An UV table with a computer linkage (Gel Doc 1000 Documentation System) is

used to visualize the PCR products.
10. Molecular Analyst Software is used to analyze the images.

Fig. 3. The figure shows the two PCR products for detection of the heterogeneous
species of Y. enterocolitica. The 0.3-kb product originates from the 16S rRNA gene,
whereas the 0.6-kb amplicon is a PCR product from the plasmid-borne virulence gene
yadA. The latter product is only present in fully virulent strains of Y. enterocolitica.
Multiplex PCR allows discrimination between pathogenic and nonpathogenic mem-
bers of the Y. enterocolitica species.
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4. Notes
1. The YPCE medium is compatible with other Y. enterocolitica assays in both con-

ventional PCR and real-time PCR, but if the brands of reagents or swabs used are
other than those stated in the protocol, it is advisable to screen for assay interfer-
ence. To screen for possible PCR inhibition, 5 µL of the reagent of interest is
added to 5 µL bacterial suspension with a high concentration. The total vol of the
reagent mixture (without sample) is then reduced by omitting 5 µL ultrapure PCR
water. Study the DNA amplification with the multiplex PCR assay as described.

2. If longer enrichment PCR procedures are used, it is recommended that the
samples be diluted prior to PCR analysis. Too high a concentration of cells may
interfere with the PCR amplification. It is, therefore, of importance to optimize
the time of sample withdrawal to the conditions and sample the protocol is to be
applied to.

3. Many other PCR assays for the detection of Y. enterocolitica have been devel-
oped. However, most of these assays detect either pathogenic or nonpathogenic
members.

4. To improve the robustness of the method, it is recommended that DNA amplifi-
cation of an external control be included each time the protocol is performed.

5. To improve the robustness, it is suggested that a DNA polymerase more robust to
PCR-inhibitory components be used (39), or that PCR amplification facilitators
be included in the reaction (40). For instance, Taq DNA polymerase, , which is
an enzyme sensitive to PCR inhibitors, can be replaced by Tth DNA polymerase,
which is more resistant. In addition, amplification facilitators such as 4% (w/w)
glycerol (Merck) or 0.4% (w/w) bovine serum albumin (BSA) (Sigma) can be
added to the reaction mixture.
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