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In this report we describe the development and evaluation of a fluorogenic PCR assay for the detection of
pathogenic Yersinia enterocolitica. The assay targets the chromosomally encoded attachment and invasion gene,
ail. Three primer-probe sets (TM1, TM2, and TM3) amplifying different, yet overlapping, regions of ail were
examined for their specificity and sensitivity. All three primer-probe sets were able to detect between 0.25 and
0.5 pg of purified Y. enterocolitica DNA. TM1 identified all 26 Y. enterocolitica strains examined. TM3 was able
to detect all strains except one, whereas TM2 was unable to detect 10 of the Y. enterocolitica strains tested. None
of the primer-probe sets cross-reacted with any of the 21 non-Y. enterocolitica strains examined. When the TM1
set was utilized, the fluorogenic PCR assay was able to detect <4 Y. enterocolitica CFU/ml in pure culture and
10 Y. enterocolitica CFU/ml independent of the presence of 108 CFU of contaminating bacteria per ml. This set
was also capable of detecting <1 CFU of Y. enterocolitica per g of ground pork or feces after a 24-h enrichment
in a Yersinia selective broth.

Yersinia enterocolitica is a food-borne pathogen that has
been estimated to cause 3,000 to 20,000 cases of human disease
annually in the United States (14). Clinical manifestations typ-
ically include abdominal pain, fever, diarrhea, and nausea (5,
12). The disease can range from a self-limiting gastroenteritis
to a potentially fatal septicemia (5). Human cases of yersiniosis
have been attributed to consumption of contaminated milk,
water, and tofu, as well as blood transfusions (5). Y. enteroco-
litica strains are found in both aquatic and animal reservoirs (5,
18). However, healthy swine are the only animals known to
harbor human-pathogenic Y. enterocolitica (1). This bacterium
is a fecal commensal of swine and is frequently isolated from
tongues, tonsils, and pig carcasses (13). To accurately monitor
the prevalence of Y. enterocolitica in animals and animal prod-
ucts, rapid, specific, and sensitive methods of identification and
quantification are required. The information generated would
be useful in identifying on-farm management and processing
practices leading to Y. enterocolitica contamination. Modifica-
tion of such practices would ultimately result in the reduction
of Y. enterocolitica transmission from pork products to humans.

PCR is a powerful tool for the detection and identification of
organisms, including pathogenic Y. enterocolitica, in animals
and foods (2, 11, 14, 17, 19, 31). However, conventional PCR
assays typically require lengthy enrichment and DNA extrac-
tion protocols, followed by PCR amplification and gel-based
detection (4, 23). Newer PCR protocols no longer require
gel-based detection but instead rely on cleavage of a fluoro-
genic probe for automated and specific detection of amplicons.
The fluorogenic PCR assay is more specific and sensitive than
conventional PCR for detecting pathogens (2, 7, 9, 10, 17, 29).
In addition, the assays are performed in a 96-well format such
that sampling can be automated, reducing sample-handling
time and minimizing cross-contamination. Furthermore, the
assay is quantitative, allowing for enumeration of the target
present in a given sample.

The fluorogenic PCR assay utilizes the inherent 59 3 39
nuclease activity of Taq DNA polymerase to cleave an unex-
tendable fluorescently labeled probe (consisting of an oligonu-
cleotide with a 59 reporter dye and a 39 quencher dye) (24).
During PCR, the fluorogenic probe anneals to the target DNA
downstream of one of the primers and is cleaved during am-
plification by the 59 nuclease activity of Taq DNA polymerase.
Cleavage releases the fluorescent reporter from the probe and
the attached quencher dye (which suppresses fluorescent emis-
sion of the reporter dye on the intact probe). Once released,
the reporter emits its characteristic fluorescence. Conse-
quently, an increase in reporter fluorescent emission indicates
amplification of target DNA (24).

There are six biotypes of Y. enterocolitica; five of these,
biotypes 1B, 2, 3, 4, and 5, are considered pathogenic in hu-
mans (5). Invariably, strains of these biotypes contain markers
associated with virulence, such as the chromosomally coded ail,
inv, yst, mfl, and irp genes and the pYV virulence plasmid (15).
These are all well-characterized virulence determinants that
have been shown to be required to cause disease in animal
models (5). The sixth biotype, biotype 1A, is considered avir-
ulent because most strains are noninvasive and devoid of the
classical Y. enterocolitica virulence genes (5).

Expression of both plasmid and chromosomal genes is re-
quired for Y. enterocolitica virulence. The pYV plasmid of Y.
enterocolitica carries many of the genes required for pathogen-
esis and appears to be an ideal target for identification of
pathogenic strains using PCR (5). However, this plasmid has
been shown to be difficult to maintain during laboratory cul-
ture, and therefore using it as a target in PCR would increase
the chances of obtaining a false-negative result (21). Conse-
quently, the pYV plasmid is not an ideal DNA target in a
fluorogenic PCR assay.

One of the chromosomal genes required for Y. enterocolitica
virulence is the attachment invasion locus (ail) gene (25). The
ail gene product has been shown to be involved in attachment,
invasion, and serum resistance (5). In addition, Harnett et al.,
Lambertz et al., and Miller et al. have shown that ail is asso-
ciated only with disease-causing strains of Y. enterocolitica and
not with avirulent biotype 1A strains (16, 23, 25). In contrast,
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Grant et al. state that ail sequences are detected, at low fre-
quency, in biotype 1A strains, suggesting that ail may not be
strictly confined to only pathogenic strains (15). However, in
their report they also state that only 8 (4 clinical and 4 non-
clinical) out of 111 biotype 1A strains examined hybridized
with the ail probe and that 6 (2 clinical and 4 nonclinical) of
these 8 strains displayed weak hybridization signals (15). In
addition, the presence of these sequences did not correlate
with an increase in attachment or invasion compared to posi-
tive controls or other 1A strains (15). Therefore, it appears
that ail sequences are limited to only invasive and thus patho-
genic strains of Y. enterocolitica. Accordingly, amplification of
ail-specific sequences from an unknown sample would provide
strong evidence of contamination with pathogenic Y. enteroco-
litica.

In this report we describe the development and evaluation of
primers and probes used in a fluorogenic PCR assay amplifying
regions of the ail locus and thus detecting pathogenic Y. en-
terocolitica. Evaluation of the assay included optimization of
reaction conditions for each of three candidate primer-probe
sets and detection of Y. enterocolitica in ground pork and feces.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in this study are
listed in Tables 1 and 2. The strains listed in Table 1 were obtained from either
the American Type Culture Collection (Manassas, Va.) or the Centers for Dis-
ease Control and Prevention (Atlanta, Ga.). Strain NADC 5571 is a Y. entero-
colitica strain isolated from a yersiniosis case associated with contaminated
chitterlings (Centers for Disease Control and Prevention). DNA from the bac-
terial strains listed in Table 2 was kindly provided by Vijay Sharma, National
Animal Disease Center (NADC), Ames, Iowa. Yersinia strains were grown in
either tryptic soy broth (TSB) (Difco, Detroit, Mich.) or ITC broth (30) over-
night at 30°C with shaking. Yersinia selective agar (Oxoid, Basingstoke, Hamp-
shire, England) supplemented with cefsulodin (15 mg/ml), Irgasan (4 mg/ml), and
novobiocin (2.5 mg/ml) or tryptic soy agar (Difco) was used to enumerate bac-
teria.

Primers and probes. Three independent sets of primers and probes specific for
the Y. enterocolitica ail gene were designed with Primer Express software (PE
ABI Prism, Foster City, Calif.). Each of the primer-probe sets amplified different,
overlapping regions of the ail gene (Fig. 1). Oligonucleotide primers and fluo-
rescently labeled probes were synthesized by Integrated DNA Technologies
(Coralville, Iowa), and each probe was labeled at the 59 end with the fluorescent
reporter dye 6-carboxy-fluorescein and at the 39 end with the quencher dye
6-carboxy-tetramethyl-rhodamine.

Fluorogenic 5* nuclease PCR conditions. PCR conditions were as follows.
Each PCR mixture contained 3.5 mM MgCl2, each deoxynucleoside triphosphate
at a concentration of 0.2 mM, 13 GeneAmp PCR Gold Buffer (150 mM Tris-
HCl [pH 8.0], 500 mM KCl) (PE Applied Biosystems, Foster City, Calif.), 1.25 U
of AmpliTaq Gold DNA polymerase (PE Applied Biosystems), and 5 ml of DNA
template in a total volume of 50 ml. Each of the primers was added at a
concentration of 200 nM. The probe concentrations were as follows: TM1 probe,
25 nM; TM2 probe, 50 nM; and TM3 probe, 100 nM. The thermal cycling
conditions were as follows: 95°C for 10 min and 35 cycles of 95°C for 15 s and
58°C for 1 min followed by an indefinite hold at 25°C.

Data analysis. PCR were performed in a 96-well format with the PE ABI
PRISM 7700 Sequence Detection System (PE Applied Biosystems, Foster City,
Calif.). Sequence Detector software, version 1.6.3 (PE Applied Biosystems), was
used in the data analysis. This software analyzes the data and then determines a
threshold. The threshold is defined as 10 times the standard deviation of the
normalized fluorescent emission of the no-template control reactions. Unknown
samples that cross the threshold are considered positive. According to PE Ap-
plied, Biosystems, a high confidence level is programmed into the analysis soft-
ware such that if three no-template controls are included per microplate, any
unknown sample that crosses the threshold has a 99% confidence level of being
a true positive. The cycle at which a sample crosses the threshold is called the
cycle threshold (Ct) and is defined as the cycle at which the fluorescence emission
exceeds that of the no-template control.

DNA isolation. Genomic DNA was isolated from pure bacterial cultures by a
modified guanidine-silica particle extraction protocol (8). Briefly, 1 ml of bacte-
rial culture was pelleted by centrifugation. The bacterial pellet was resuspended
in 0.5 ml of diatom DNA binding solution (1% diatomaceous earth, 6 mM
guanidine HCl), frozen at 270°C, and thawed at room temperature to lyse the
cells. The samples were centrifuged for 1 min at 14,000 rpm to pellet the diatoms.
The diatom pellet was washed with 95% ethanol, and the DNA was eluted by
adding 50 ml of distilled H2O and then heating (65°C for 10 min). Some DNA
preparations were ethanol precipitated and are referred to below as “clean” or

“pure” preparations, whereas samples that were not ethanol precipitated are
referred to as “crude.” Prepman reagent (PE Applied Biosystems, Foster City,
Calif.) was used to extract bacterial DNA from ground pork and feces according
to the manufacturer’s suggestions. All DNA samples were stored at 220°C. DNA
concentrations were determined spectrophotometrically at 260 nm.

Specificity assay. To determine the specificity of the three candidate primer-
probe sets, DNA from 47 Yersinia (Table 1) and 12 non-Yersinia (Table 2) strains
were prepared and used as templates in PCR. Each Yersinia DNA sample was
normalized to a concentration of 10 ng/ml and was present in reaction mixtures
at a final concentration of 1 ng/ml. The DNA concentrations of the 12 non-
Yersinia strain preparations were not determined. All results are the averages of
two or more assays, and each sample was examined in duplicate. All standard
deviations were within 10% of the mean.

Sensitivity assays. To evaluate the sensitivity of the fluorogenic assay, the
lower limit of purified DNA necessary to generate a fluorescent signal above
background was determined. Y. enterocolitica NADC 5231 and NADC 5560 were

TABLE 1. Summary of Yersinia strains used in this study and
comparison of the specificities of the three candidate

primer-probe sets

Strain Sero-
type Origina

Amplification with:

Species NADC no. TM1 TM2 TM3

Y. bercovieri 5230 ATCC 2 2 2
Y. enterocolitica 5231 ATCC 1 1 1
Y. enterocolitica 5232 ATCC 1 2 1
Y. enterocolitica 5233 ATCC 1 1 1
Y. enterocolitica 5234 ATCC 1 1 1
Y. enterocolitica 5235 ATCC 1 2 1
Y. kristensenii 5236 ATCC 2 2 2
Y. enterocolitica 5237 ATCC 1 1 2
Y. enterocolitica 5559 O:4,32 CDC 1 1 1
Y. enterocolitica 5560 O:8 CDC 1 1 1
Y. enterocolitica 5561 O:9 CDC 1 1 1
Y. enterocolitica 5562 O:18 CDC 1 2 1
Y. enterocolitica 5563 O:20 CDC 1 1 1
Y. enterocolitica 5564 O:21 CDC 1 1 1
Y. enterocolitica 5565 O:13 CDC 1 1 1
Y. enterocolitica 5566 O:5,27 CDC 1 1 1
Y. enterocolitica 5567 O:1,2,3 CDC 1 2 1
Y. enterocolitica 5568 O:2,3 CDC 1 2 1
Y. enterocolitica 5569 O:3 CDC 1 1 1
Y. enterocolitica 5570 O:3H CDC 1 1 1
Y. enterocolitica 5571 CDC 1 2 1
Y. enterocolitica 5610 ATCC 1 1 1
Y. enterocolitica 5611 ATCC 1 1 1
Y. aldovae 5612 ATCC 2 2 2
Y. aldovae 5613 ATCC 2 2 2
Y. aldovae 5614 ATCC 2 2 2
Y. bercovieri 5615 ATCC 2 2 2
Y. frederiksenii 5616 ATCC 2 2 2
Y. frederiksenii 5617 ATCC 2 2 2
Y. frederiksenii 5618 ATCC 2 2 2
Y. intermedia 5619 ATCC 2 2 2
Y. intermedia 5620 ATCC 2 2 2
Y. intermedia 5621 ATCC 2 2 2
Y. kristensenii 5622 ATCC 2 2 2
Y. kristensenii 5623 ATCC 2 2 2
Y. kristensenii 5624 ATCC 2 2 2
Y. mollaretii 5625 ATCC 2 2 2
Y. pseudotuberculosis 8119 ATCC 2 2 2
Y. pseudotuberculosis 8120 ATCC 2 2 2
Y. pseudotuberculosis 8121 ATCC 2 2 2
Y. ruckeri 8122 ATCC 2 2 2
Y. ruckeri 8123 ATCC 2 2 2
Y. enterocolitica 8177 Swine 1 1 1
Y. enterocolitica 8178 Swine 1 2 1
Y. enterocolitica 8179 Swine 1 2 1
Y. enterocolitica 8180 Swine 1 2 1
Y. enterocolitica 8181 Swine 1 2 1

a ATCC, American Type Culture Collection; CDC, Centers for Disease Con-
trol and Prevention.
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used as standards. DNA samples were brought to a concentration of 0.1 mg/ml
and then serially diluted 10-fold to 1 fg/ml, and 5 ml of each dilution was used per
reaction mixture as the template.

The lowest number of Y. enterocolitica cells detectable was determined by
growing strain NADC 5571 overnight in ITC broth and TSB at 30°C with
shaking. Cultures were serially diluted 10-fold in the same media, and 1-ml
aliquots were extracted with the Prepman reagent. DNA preparations were then
examined by using the TM1 set. All results are the averages of two or more
assays, and each sample was examined in duplicate. All standard deviations were
within 10% of the mean. Background fluorescence was determined by using
water as the template.

Spiked pork and feces samples. Ground pork was purchased at a local grocery
store and irradiated at the Iowa State University Irradiation Facility in Ames,
Iowa. Fecal samples were obtained from disease-free swine housed at the
NADC, Ames, Iowa. Five grams of each sample type (pork or feces) was spiked
with 5 ml of 10-fold serial dilutions of Y. enterocolitica NADC 5571, followed by
addition of 45 ml of ITC broth. The spiked samples were mixed and then
incubated at room temperature without shaking for 0, 12, and 24 h. One-milliliter
aliquots were removed from each spiked sample, and the DNA was extracted
with the Prepman reagent. Unspiked pork and fecal samples were used to
determine background fluorescence and were included as controls. All results are
the averages of two or more assays, and each sample was examined in duplicate.
All standard deviations were within 10% of the mean.

RESULTS
Assay optimization. The fluorogenic assay was optimized for

each candidate primer-probe set by testing a range of MgCl2,
primer, and probe concentrations as well as the number of
amplification cycles (data not shown). Optimal conditions were
determined by comparing the Ct of each reaction under dif-
ferent conditions. The Ct is defined as the cycle at which
reporter fluorescence can be detected above the background
fluorescent emission. An optimal primer concentration of 200
nM was determined for each of the three candidate primer
sets. However, the ideal probe concentrations differed, possibly
indicating differences in probe annealing affinities or cleavage
rates. For each primer-probe set the optimum cycle number
was determined to be 35 and the optimum MgCl2 concentra-
tion was 3.5 mM.

Specificity. Twenty-six Y. enterocolitica strains and nine Yer-
sinia spp. (a total of 47 Yersinia strains) were examined (Table
1). Nine of the 11 Yersinia species were represented (Y. pestis
and Y. rohdei were not included), as were all of the predomi-
nant disease-causing serogroups found in North America and
Europe. Each of the candidate primer-probe sets was exam-
ined for its ability to positively identify Y. enterocolitica without
cross-reacting with non-Y. enterocolitica spp. The TM1 set was
the most specific, amplifying all the Y. enterocolitica strains and
none of the non-Y. enterocolitica strains (Table 1). The TM2

set failed to amplify 10 Y. enterocolitica strains, whereas TM3
identified all Y. enterocolitica strains except strain NADC 5237
(Table 1). Despite their inability to detect all Y. enterocolitica
strains, neither TM2 nor TM3 displayed any cross-reactivity
with the non-Y. enterocolitica strains under optimal PCR con-
ditions (Table 1). These data indicate that the possibility of
obtaining false positives with any of the three candidate prim-
er-probe sets in a fluorogenic PCR assay would be negligible.

Since the TM1 set displayed the highest specificity, it was
used in all subsequent specificity experiments. Twelve non-
Yersinia isolates were examined to determine if the TM1 set
would amplify DNA of other bacteria that are commonly
found in swine (Table 2). None of the 12 DNA samples tested
were amplified by the TM1 set, indicating that this primer-
probe set is specific for Y. enterocolitica (Table 2).

Sensitivity. To assess the minimum amount of Y. enteroco-
litica DNA detectable by each of the candidate primer-probe
sets, 10-fold serial dilutions of known concentrations of puri-
fied clean Y. enterocolitica DNA were examined. Each of the
three sets could detect between 0.25 and 0.5 pg of purified Y.
enterocolitica DNA. However, the sensitivity levels dropped
approximately 1,000-fold when crude Y. enterocolitica DNA
was assayed with any of the three primer-probe sets, indicating
that there are residual fluorogenic PCR inhibitors in crude
DNA preparations (data not shown).

The lowest number of Y. enterocolitica cells detectable by the
fluorogenic assay using the TM1 set was determined. Strain
NADC 5571 was grown overnight at 30°C in TSB and ITC
broth and serially diluted 10-fold, and DNA was extracted
from 1-ml aliquots with the Prepman reagent. Five microliters
of each dilution was subjected to fluorogenic PCR. Several
investigators have reported that ITC broth inhibits PCR pre-
sumably because of excess MgCl2. However, no statistically
significant differences in assay sensitivities were observed be-
tween cells harvested from TSB and cells harvested from ITC
broth. The TM1 set detected #4 CFU of Y. enterocolitica/ml
from either TSB or ITC broth.

FIG. 1. Locations and nucleotide sequences of the oligonucleotide primers
and fluorescently labeled probes used in the fluorogenic PCR assay. (A) Relative
locations of the primers and probes used. (B) Ascribed base pair locations based
on GenBank sequences (accession number M29945). Probes were conjugated at
their 59 and 39 ends with the fluorescent dyes 6-carboxy-fluorescein and 6-car-
boxy-tetramethyl-rhodamine, respectively.

TABLE 2. Specificity of the TM1 set

Species Strain Serotype Origin Amplifi-
cation

Escherichia coli 2409 O157:H7 Food 2
Escherichia coli 431 O101 Pig, diarrhea 2
Escherichia coli 912 OX3:H11 Pig, normal 2
Escherichia coli 1477 O149:H10 Pig, diarrhea 2
Proteus vulgaris NAa NA Unknown 2
Klebsiella pneumoniae NA NA Unknown 2
Enterobacter cloacae NA NA Unknown 2
Pseudomonas aeruginosa NA NA Unknown 2
Salmonella enterica

serovar typhimurium
NA NA Unknown 2

Listeria monocytogenes NA 4B Human 2
Campylobacter jejuni 5095 NA Pig feces, ATCCb 2
Campylobacter coli 5096 NA Bovine feces,

ATCC
2

a NA, not available.
b ATCC, American Type Culture Collection.
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Most food and animal products typically harbor diverse bac-
terial populations, and therefore DNA extracted from such
samples would contain a combination of different genomic
DNA. Therefore, the ability of this assay to detect Y. entero-
colitica in the presence of “contaminating” DNA was evalu-
ated. Tenfold serial dilutions of Y. enterocolitica NADC 5571,
ranging in concentration from 106 to 100 CFU/ml, were mixed
with 108 Y. kristensenii NADC 5236 CFU/ml. DNA was ex-
tracted with the Prepman reagent and examined by the fluoro-
genic PCR assay performed with the TM1 set. The fluorogenic
assay was able to detect 10 CFU of Y. enterocolitica/ml inde-
pendent of the presence of 108 non-Y. enterocolitica CFU/ml.

Detection limits of the fluorogenic assay in pork and feces.
Since the fluorogenic assay would be used to screen animal
tissues and meats, the sensitivity of the TM1 set for detecting
Y. enterocolitica in swine feces and ground pork was deter-
mined. Feces and irradiated ground pork were spiked with
10-fold serial dilutions of known concentrations of Y. entero-
colitica NADC 5571 and enriched in ITC broth. Aliquots were
removed at selected intervals in order to determine the mini-
mal amount of enrichment time required to detect the lowest
numbers of cells. At zero time, the lower limit of detection in
pork was 19 Y. enterocolitica CFU per 50-ml reaction mixture,
whereas in feces it was 95 CFU per reaction mixture, which
represented a fivefold difference. This may indicate that there
are specific fluorogenic PCR inhibitors in feces that are not
present in ground pork. After 24 h of enrichment, #1 CFU/g
could be detected in both pork and feces, suggesting that after
a short enrichment even extremely low numbers of Y. entero-
colitica cells can be detected by this assay (Fig. 2).

DISCUSSION

The objective of this study was to design a sensitive and
specific fluorogenic PCR assay to detect pathogenic Y. entero-
colitica and to use the assay as a diagnostic tool to screen
animals and meats. Of the three candidate primer-probe sets
examined, the TM1 set was found to be the best suited for use
in the assay.

The TM1 set was the most specific of the three sets exam-
ined, differentiating Y. enterocolitica from a broad spectrum of
bacteria. TM1 amplified 26 Y. enterocolitica strains without
cross-reacting with 12 non-Yersinia strains, some of which are
found in swine, and 21 non-Y. enterocolitica Yersinia spp. More-
over, TM1 was able to detect 10 Y. enterocolitica CFU/ml in the
presence of 108 nontarget bacteria per ml, illustrating the high
level of specificity and sensitivity of this primer-probe set.

The TM1 set was able to detect Y. enterocolitica in pure
culture at a concentration of #4 CFU/ml. Harnett et al. de-
scribed a conventional multiplex PCR targeting the ail, yst, and
virF genes that detects 5 to 10 Y. enterocolitica CFU/ml, thus
demonstrating that conventional PCR can be as sensitive as
fluorogenic PCR (16). However, many investigators who used
conventional PCR assays have reported less sensitive detec-
tion, with the levels of detection typically in the range of 102 to
104 Y. enterocolitica CFU/ml (19, 26, 27, 31).

Currently, there are no reports describing the use of a flu-
orogenic PCR assay to identify pathogenic Y. enterocolitica;
consequently, direct comparison of our assay with another
assay is impossible. However, fluorogenic assays describing
detection of other food-borne pathogens, such as Listeria, Sal-

FIG. 2. Detection of 1 CFU of Y. enterocolitica per g of feces or irradiated ground pork after ITC broth enrichment. Five-gram portions of feces or irradiated ground
pork were spiked with 1 CFU of Y. enterocolitica/g and enriched in ITC broth. At different times 1-ml aliquots were extracted, and 5 ml was used as the template in
the fluorogenic PCR assay performed with the TM1 set. The Ct values were plotted versus enrichment times. Unspiked samples of feces and ground pork were extracted
and used as templates to determine background fluorescence. Ct values of spiked samples that approximate Ct values of unspiked controls were considered negative.
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monella, and Escherichia coli, have been reported. The detec-
tion limits for pure cultures of Salmonella and E. coli have been
determined to be between 2 and 10 CFU per reaction mixture,
and the detection limit for Listeria has been determined to be
50 CFU per reaction mixture (2, 9, 22, 28, 29, 32).

PCR inhibitors found in animal tissues and feces can have
significant, adverse effects on the efficiency and sensitivity of
PCR-based assays. Chen et al. reported detection of 2 Salmo-
nella CFU per reaction mixture when a pure culture was ana-
lyzed (9). However, in order to achieve the same level of
detection in ground beef or ground pork, overnight enrichment
was required (9). We found that sensitivity decreased consid-
erably when Y. enterocolitica was extracted from spiked ground
pork and feces compared to samples extracted from pure cul-
tures grown in ITC broth or TSB. However, sensitivity was
restored when spiked ground pork and feces were enriched in
ITC broth for 24 h. Since the presence of one culturable Y.
enterocolitica cell must be detected in food or feces, it is nec-
essary to include an enrichment step that increases the target
cell number to detectable levels.

The assay also provides a more rapid means of accurately
identifying pathogenic Y. enterocolitica than current methods
provide and is conducive to simultaneous screening of a large
number of samples. Traditional Y. enterocolitica identification
protocols are both time-consuming and laborious (4, 23). They
include 1 to 8 days of cold preenrichment plus a 48-h ITC broth
enrichment followed by plating onto selective agar, PCR of
suspect colonies, and finally gel-based detection of amplicons
(4, 23). Use of the fluorogenic PCR assay would significantly
reduce the amount of time required to identify Y. enteroco-
litica. Cold enrichment would be eliminated, enrichment in
ITC broth would be for only 24 h, and neither plating nor
gel-based detection would be required. This would decrease
sample-processing time to approximately 2 days instead of
more than 6 days.

Another advantage of the fluorogenic PCR assay is that it
allows for quantification of the initial template. We have gen-
erated a standard curve for Y. enterocolitica using highly puri-
fied DNA samples. According to these standards, very low
amounts of pure Y. enterocolitica DNA can be accurately and
reproducibly detected. However, when this clean DNA was
used as a standard in assays to quantify crude DNA prepared
from food or animal samples, the quantitative accuracy was
reduced. A standard curve for which crude DNA was used was
then generated. However, it was concluded that the quality of
DNA varied significantly between samples and that using the
crude standard to evaluate the DNA concentration of an un-
known sample was not accurate and consequently not quanti-
tative. Nevertheless, crude standards could be used as a qual-
itative means of measuring the relative level of Y. enterocolitica
contamination in animals or foods.

The fluorogenic assay has been compared to other detection
methods in a field study. Various tissue samples from 300
market-weight hogs and 350 processed pork samples were ex-
amined by three methods: the fluorogenic PCR assay, conven-
tional culturing techniques, and a multiplex PCR assay. Boya-
palle et al. found that the fluorogenic Y. enterocolitica assay was
three- to fourfold more sensitive than the multiplex PCR assay
and ninefold more sensitive than the culturing method for
detecting Y. enterocolitica in both hogs and processed pork
samples (6). The results demonstrate that the fluorogenic assay
is a useful tool for sensitive and accurate detection of Y. en-
terocolitica.

Some unexpected results worth noting were encountered
while this assay was being developed. First, each of the primer-
probe sets amplified DNA from different Y. enterocolitica

strains (having the same DNA concentration per reaction mix-
ture) with different efficiencies. Harnett et al. observed similar
discrepancies while developing a multiplex PCR-based assay
using primers derived from the same regions of the ail gene
(16). Beer and Miller have shown that there are at least two ail
gene variants between American and non-American Y. entero-
colitica strains (3). Therefore, it is possible that the sequence of
ail targeted in the fluorogenic PCR assay varies slightly in
different Y. enterocolitica strains, especially strains isolated
from different animal origins. This would interfere with primer
and/or probe annealing and thus account for the inconsisten-
cies in amplification and reporter fluorescence emission.

Second, when fluorogenic PCR mixtures containing TM1,
TM2, or TM3 are allowed to amplify for more than 35 cycles,
some of the non-Y. enterocolitica strains generate a positive
signal. Y. pseudotuberculosis has been shown to contain a ho-
mologous ail locus which could explain this result (25). Unfor-
tunately, there is insufficient sequence data for other Yersinia
spp., and whether these species contain ail is unknown. How-
ever, the results obtained during development of this assay
suggest that it is likely that Yersinia spp. other than Y. entero-
colitica and Y. pseudotuberculosis harbor the ail gene or a
version of this gene. Ibrahim et al. have shown that a similar
situation occurs with the yst gene of Y. enterocolitica (19, 20).
Originally it was reported that yst was specific for pathogenic
strains of Y. enterocolitica, but it was later found that Y. kris-
tensenii also harbors a variant form of the yst gene (19, 20).

In summary, the fluorogenic PCR assay described in this
report appears to be a promising tool for rapid, sensitive,
specific, and automated detection of Y. enterocolitica. In addi-
tion, the ability of the assay to accurately identify pathogenic
strains of Y. enterocolitica in diverse sample types should ben-
efit food producers, food processors, food safety regulatory
agencies, and clinical microbiologists.
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