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Detection of Salmonella Enteritidis in Pooled Poultry Environmental
Samples Using a Serotype-Specific Real-Time–Polymerase Chain
Reaction Assay

Abstract
While real-time–polymerase chain reaction (RT PCR) has been used as a rapid test for detection of
Salmonella Enteritidis in recent years, little research has been done to assess the feasibility of pooling poultry
environmental samples with aSalmonella Enteritidis–specific RT PCR assay. Therefore the objective of this
study was to compare RT PCR SalmonellaEnteritidis detection in individual and pooled (in groups of two,
three, and four) poultry environmental drag swab samples to traditional cultural methods. The drag swabs
were collected from poultry facilities previously confirmed positive forSalmonella Enteritidis and were
cultured according to National Poultry Improvement Plan guidelines. Initial, SalmonellaEnteritidis–specific
RT PCR assay threshold cycle cutoff values of ≤36, ≤30, and ≤28 were evaluated in comparison to culture. The
average limit of detection of the RT PCR assay was 2.4 × 103 colony-forming units (CFUs)/ml, which
corresponded to an average threshold cycle value of 36.6. Before enrichment, samples inoculated with
concentrations from 102 to 105 CFUs/ml were detected by RT PCR, while after enrichment, samples
inoculated from 100 to 105 CFUs/ml were detected by RT PCR. Threshold cycle cutoff values were used in
the subsequent field trial from which Salmonella Enteritidis was cultured in 7 of 208 environmental samples
(3.4%). Individual samples were 99.0%, 100%, and 100% in agreement with the RT PCR at threshold cycle
(Ct) cutoff values of ≤36, ≤30, and ≤28 respectively. The agreement for pooled samples also followed the same
trend with highest agreement at Ct ≤ 28 (pool of 2 = 100.0%, pool of 3 = 100.0%, pool of 4 = 100.0%),
midrange agreement at Ct ≤ 30 (pool of 2 = 99.0%, pool of 3 = 100.0%, pool of 4 = 100.0%), and lowest
agreement at Ct ≤ 36 (pool of 2 = 98.1%, pool of 3 = 97.1%, pool of 4 = 98.1%). In conclusion, regardless of
the level of pooling after tetrathionate enrichment, sensitivity was very good, and results would be comparable
to what would have been found with individual culture or individual RT PCR at Ct ≤ 36.
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SUMMARY. While real-time–polymerase chain reaction (RT PCR) has been used as a rapid test for detection of Salmonella
Enteritidis in recent years, little research has been done to assess the feasibility of pooling poultry environmental samples with a
Salmonella Enteritidis–specific RT PCR assay. Therefore the objective of this study was to compare RT PCR Salmonella Enteritidis
detection in individual and pooled (in groups of two, three, and four) poultry environmental drag swab samples to traditional
cultural methods. The drag swabs were collected from poultry facilities previously confirmed positive for Salmonella Enteritidis and
were cultured according to National Poultry Improvement Plan guidelines. Initial, Salmonella Enteritidis–specific RT PCR assay
threshold cycle cutoff values of #36, #30, and #28 were evaluated in comparison to culture. The average limit of detection of the
RT PCR assay was 2.4 3 103 colony-forming units (CFUs)/ml, which corresponded to an average threshold cycle value of 36.6.
Before enrichment, samples inoculated with concentrations from 102 to 105 CFUs/ml were detected by RT PCR, while after
enrichment, samples inoculated from 100 to 105 CFUs/ml were detected by RT PCR. Threshold cycle cutoff values were used in
the subsequent field trial from which Salmonella Enteritidis was cultured in 7 of 208 environmental samples (3.4%). Individual
samples were 99.0%, 100%, and 100% in agreement with the RT PCR at threshold cycle (Ct) cutoff values of #36, #30, and #28
respectively. The agreement for pooled samples also followed the same trend with highest agreement at Ct # 28 (pool of 2 5
100.0%, pool of 3 5 100.0%, pool of 4 5 100.0%), midrange agreement at Ct # 30 (pool of 2 5 99.0%, pool of 3 5 100.0%,
pool of 4 5 100.0%), and lowest agreement at Ct # 36 (pool of 2 5 98.1%, pool of 3 5 97.1%, pool of 4 5 98.1%). In
conclusion, regardless of the level of pooling after tetrathionate enrichment, sensitivity was very good, and results would be
comparable to what would have been found with individual culture or individual RT PCR at Ct # 36.

RESUMEN. Detección de Salmonella Enteritidis en muestras ambientales avı́colas agrupadas, utilizando un ensayo de reacción
en cadena de la polimerasa en tiempo real especı́fico de serotipo.

No obstante que en los años recientes el método de reacción en cadena de la polimerasa en tiempo real (RT-PCR) ha sido
utilizado como una prueba rápida para la detección de Salmonella Enteritidis, se ha realizado poca investigación para evaluar la
viabilidad de agrupar las muestras ambientales avı́colas para realizar un ensayo especı́fico de RT-PCR para Salmonella Enteritidis.
Por lo tanto, el objetivo de este estudio fue comparar el método de RT- PCR para la detección de Salmonella Enteritidis con
muestras de hisopos de arrastre de instalaciones avı́colas individuales y agrupadas (en grupos de dos, tres o cuatro hisopos) con los
métodos de cultivo tradicionales. Los hisopos se obtuvieron de instalaciones avı́colas que fueron previamente confirmadas positivas
para Salmonella Enteritidis y se cultivaron de acuerdo con las especificaciones del Plan Nacional para el Mejoramiento Avı́cola. Se
evaluaron los valores iniciales de corte de los ciclos umbrales de #36, #30, y 28 # del método especı́fico de RT-PCR para S.
Enteritidis en comparación con el cultivo. El lı́mite promedio de detección del ensayo de RT- PCR fue de 2.4 3 103 unidades
formadoras de colonias (UFC)/ml, lo cual corresponde a un valor promedio de ciclo umbral de 36.6. Las muestras inoculadas con
concentraciones de 102 a 105 UFC/ml fueron detectadas por RT-PCR antes del enriquecimiento, mientras que las muestras
inoculadas con concentraciones de 100 a 105 UFC/ml fueron detectadas por la RT PCR después del enriquecimiento. Los valores
de corte de los ciclos umbrales se utilizaron en una prueba de campo posterior donde se cultivó S. Enteritidis en 7 de 208 muestras
ambientales (3.4%). Las muestras individuales mostraron una concordancia de 99.0%, 100%, y 100% con los valores de corte de
los ciclo umbrales (Ct) de #36, #30, y #28, respectivamente. Las muestras agrupadas mostraron la misma tendencia con un mayor
nivel de concordancia con los valores de Ct # 28 (grupo de 2 5 100.0%, grupo de 3 5 100.0%, grupo de 4 5 100.0%), se observó
una concordancia intermedia con un Ct # 30 (grupo de 2 5 99.0%, grupo de 3 5 100.0%, grupo de 4 5 100.0%) y la
concordancia más baja con un Ct #36 (grupo de 2 5 98.1%, grupo de 3 5 97.1%, grupo de 4 5 98.1%). En conclusión,
independientemente del grado de agrupación después de enriquecimiento con caldo tetrationato, la sensibilidad fue muy buena, y
los resultados fueron comparables a lo que se habrı́an encontrado con un cultivo individual o con un procesamiento individual por
RT-PCR con un Ct # 36.

Key words: poultry, drag swab, detection, pooled, real-time polymerase chain reaction, Salmonella Enteritidis

Abbreviations: BGN 5 brilliant green with novobiocin; CFUs/ml 5 colony-forming units per milliliter; FDA 5 Food and Drug
Administration; MSRV 5 modified semisolid Rappaport-Vassiliadis; MIL 5 motility-indole-lysine; NPIP 5 National Poultry
Improvement Plan; NVSL 5 National Veterinary Services Laboratories; RT PCR 5 real-time polymerase chain reaction;
SE 5 Salmonella Enteritidis; Ct 5 threshold cycle; TSI 5 triple sugar iron; TSA 5 trypticase soy agar; TG ROC 5 two-graph
receiver operating characteristic; XLT4 5 xylose-lysine-tergitol
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Salmonella enterica serovar Enteritidis (SE) has emerged in the
past 30 years as a leading cause of human salmonellosis in the United
States (3,15). In 2009 SE represented 19.2% of all laboratory
confirmed Salmonella infections reported through FoodNet, sur-
passing all other serotypes (16). Between 1990 and 2001, 78% of SE
outbreaks with a known source originated from shell eggs (10).
Given the threat that SE presents to public health, new regulations
enacted by the U.S. Food and Drug Administration (FDA) in 2010
made environmental testing mandatory for the majority of producers
(10). If SE is isolated from the environment of chicken houses, then
eggs from SE-positive houses must be tested. Testing eggs for SE
requires a large sample size because only a small proportion of eggs
are contaminated in an infected flock (11). Therefore, environmen-
tal sampling is the primary means by which flocks are monitored for
SE. Environmental (or egg) testing has traditionally been carried out
using bacterial culture, which is the standard by which all other tests
are compared. Culture methods for environmental samples generally
consist of pre-enrichment and selective enrichment steps followed by
plating on selective media, biochemical testing, and serological
testing of Salmonella colonies to confirm suspects (2,20). Bacteri-
ological culturing typically requires 5 to 7 days before results are
obtained. Real-time–polymerase chain reaction (RT PCR) is one
testing method that has been developed to decrease the time required
for testing. Coupled with an enrichment step, results are usually
obtained in only 2 days (4,17). For the detection of Salmonella, most
studies support the conclusion that the sensitivity and specificity of
PCR matches or exceeds that of culture (5,8,13,19).

Salmonella testing using culture-based methods is a significant
cost to producers associated with implementation of the FDA’s Final
Rule and is expected to cost producers an annual $4.6 million in
environmental testing and $9.7 million in egg testing (10). Sample
pooling is one strategy to reduce costs and labor associated with
testing. Egg pooling has been shown to be effective in detecting SE
when combined with RT PCR (17). However, little has been
published considering the use of an SE-specific RT PCR assay for
testing pooled poultry environmental swabs. A pooled, SE-specific
RT PCR assay with its advantages of reduced cost, labor, and testing
time over conventional culture presents a useful option for poultry
environmental testing.

Objectives of this study were to 1) ascertain the limits of detection
for an SE-specific RT PCR test, 2) determine the effect of
enrichment media on sensitivity of the RT PCR test, and 3)
compare detection of SE in individual and pooled poultry
environmental drag swab samples using RT PCR. Pool sizes of
two, three, and four were chosen to compare with individual sample
testing and with culture.

MATERIALS AND METHODS

To examine the validity of an SE-specific RT PCR in pooled samples,
a study was performed that compared detection of SE in individual and
pooled poultry environmental samples using the provisionally approved
National Poultry Improvement Plan (NPIP) modified semisolid
Rappaport-Vassiliadis (MSRV) method as the gold standard (1). RT
PCR results from pool sizes of two, three, and four samples were
compared with single-sample testing and with culture. The limit of
detection for each pool size and effect of enrichment on detection were
performed to assess performance of the SE RT PCR.

Limit of detection study. To determine the lower limit of detection
of the RT PCR assay, a serial dilution study was carried out using three
Group D Salmonella field isolates confirmed as SE by the National
Veterinary Services Laboratories (NVSL), Ames, Iowa. A standard
solution for each of the three SE isolates was prepared by inoculating

overnight growth of organisms into saline to a 0.5 McFarland standard.
Tenfold dilutions of the standard with an estimated range from 1021 to
108 CFUs/ml were prepared and 100 ml spread plated onto sheep blood
agar. Each dilution set was comprised of nine positive dilutions and one
negative control. Dilutions were incubated at 37 C (6 1 C) for 22 hr (6
2 hr), and the number of colony-forming units per milliliter (CFUs/ml)
for each dilution was calculated. An aliquot of each dilution was then
submitted for RT PCR. The limit of detection of the RT PCR was
calculated as the CFUs/ml of the lowest dilution at which a threshold
cycle (Ct) value was detected.

Sensitivity of RT PCR assay with enrichment. To assess the effect
of tetrathionate enrichment on the sensitivity of the RT PCR, dilutions
of the same three SE isolates described above were prepared in tenfold
increments between 100 and 105 CFUs/ml. Two sets of dilutions
containing comparable concentrations of SE were formed with each set
comprising six positive dilutions and one negative control. A 1 ml
aliquot of each dilution and negative control was used to inoculate a
drag swab presoaked in sterilized skim milk. Drag swabs were transferred
to Whirl-Pak bags (Nasco, Fort Atkinson, WI) with the first set
containing no fecal material and the second set containing 5 g of SE-
negative chicken feces. Then 100 ml tetrathionate was added to each
bag. Aliquots of 1 ml were taken from each sample before and after
incubation (37 6 1 C/22 6 2 hr) and frozen at 220 C. All aliquots
were submitted for RT PCR analysis.

Field study. A total of 208 environmental field samples were
collected from three commercial layer houses on the same site. Houses
were previously found to be positive for SE by culture at the ISU VDL.
Each house contained 12 rows of cages with three tiers of cages within
each row. Flocks within each house consisted of adult laying hens. Gauze
drag swabs presoaked with sterilized skim milk were used to sample egg
belt sections from each tier of cages within each row and from fecal
material on support beams directly under the cage section sampled.
Samples were taken every 50 feet along the length of the house. Swabs
were put into Whirl-Pak bags and transported on ice to the ISU VDL
for testing.

Bacterial culture. A 100 ml tetrathionate solution was added to each
Whirl-Pak bag and this enrichment broth incubated at 42 C (6 1 C) for
22 hr (6 2 hr). After incubation, 100 ml of enriched tetrathionate
solution was injected under the surface of MSRV media (Difco BD,
Franklin Lakes, NJ). The media were incubated for 42 C (6 1 C) for
22 hr (6 2 hr) and observed for a halo of motility around the
inoculation site. Positive suspects were plated onto brilliant green with
novobiocin (BGN) agar and xylose-lysine-tergitol (XLT4) agar (both
Difco) for further testing. If negative, samples were incubated for an
additional 42 C (6 1 C) for 22 hr (6 2 hr) in the event the Salmonella
in question was weakly motile. Regardless, if growth was present on the
MSRV plate with or without motility at 48 hr, the sample was cultured
further on BGN and XLT4 media.

Table 1. Threshold cycle (Ct) values for three Salmonella Enteritidis
(SE) isolates serially diluted (3 3 1021 to 108) and tested using SE-
specific RT PCR.

Average dilution
concentration (CFU/ml) Isolate 1 Isolate 2 Isolate 3 Average Ct

3 3 108 17.43 17.34 17.22 17.33
3 3 107 22.29 22.41 22.17 22.29
3 3 106 25.54 26.20 24.82 25.52
3 3 105 28.71 28.80 28.76 28.76
3 3 104 31.70 32.69 31.42 31.94
3 3 103 35.46 35.39 37.03 35.96
3 3 102 37.30 — — 37.30A

3 3 101 — — — —
3 3 100 — — — —
3 3 1021 — — — —

AOnly one isolate tested positive at 102 CFUs/ml. Therefore the Ct

value does not represent the average of the three isolates.

Detection of Salmonella Enteritidis using a pooled RT PCR 23



After plating onto BGN and XLT4, suspects were incubated at 37 C
(6 1 C) for 22 hr (6 2 hr). From those plates, five suspects were
selected per sample and were inoculated into triple sugar iron (TSI) and
motility-indole-lysine (MIL) media (both Difco) and incubated at 37 C
(6 1 C) for 22 hr (6 2 hr). Suspects were plated onto trypticase soy agar
(TSA) with 5% sheep blood agar (Remel Products, Lenexa KS) and then
serogrouped using an agglutination test using poly ‘‘O,’’ poly ‘‘H’’
antisera (Difco), and O:9 antisera (Statens Serum Institut, Copenhagen,
Denmark). All isolates testing positive for Group D were sent to NVSL
for serotyping and SE confirmation.

Sample pooling. After incubation, 1 ml aliquots were removed from
the enrichment broth of field environmental samples for RT PCR
analysis. Sets of pooled samples were prepared from these aliquots so
that each individual sample was represented once and randomly assigned
to a pooled set of 2, 3, or 4 samples (208 individual, 104 pools of two,
70 pools of three, and 52 pools of four). Two uninoculated, negative
samples were used to make 70 pools of three. Random allocation was
determined using statistical software (SAS version 9.2; SAS Institute
Inc., Cary, NC).

Real-time polymerase chain reaction. DNA preparation. DNA was
purified, from enriched samples, using a commercially available DNA
extraction kit (PrepSEQH nucleic Acid Extraction; Applied Biosystems,
Foster City, CA) and a magnetic particle processor (KingFisher 96;
Thermo Electron Corporation, Hudson, NH).

RT PCR. A commercial kit (TaqManH Salmonella Enteritidis
Detection Kit; Applied Biosystems, Foster City, CA) was used to
perform the real-time PCR. Ct cutoff values were not included in the
protocol because the kit was considered a screen test with culture
confirmation recommended for PCR-positive samples. The kit contains
primers and a TaqManH labeled probe (FAMTM dye) that specifically
target and amplify Salmonella Enteritidis. An internal positive control
(VICH dye) is also included to monitor assay validity and determine the
presence of inhibition. Total reaction volume was 30 ml, which consisted
of 12 ml of extracted DNA, 15 ml of 23 Environmental Master Mix 2.0,
and 3 ml Salmonella Enteritidis 103 Assay Mix. PCR was performed in a
real-time PCR instrument (ABITM 7500 Fast Real-Time PCR System;
Applied Biosystems, Foster City, CA) using the following program: 1
cycle of 10 min at 95 C, and 40 cycles of 15 sec at 95 C and 1 min at
60 C. Amplification plots were viewed and analyzed using the default
settings in Sequence Detection Software version 1.7 (Applied
Biosystems). A sample exhibiting a sigmoidal curve with a Ct before
the end of the run in both the FA and VIC dye sets was considered
positive.

Analysis. Field study. The total number of culture-positive and RT
PCR–positive samples were determined. RT PCR results from field
environmental samples that had threshold cycle values (Ct) less than 40
were grouped by culture results (positive or negative) and the mean Ct

values compared. A two-sample t-test was conducted using SAS

Table 2. Average threshold cycle (Ct) values of three trials for sample with diluted inoculations (log 100 to 105 CFUs/ml) tested using SE-
specific RT PCR before and after enrichment with tetrathionate.

Average dilution
concentration (CFU/ml)

Drag swab/no feces Drag swab with feces

Before enrichment After enrichment Before enrichment After enrichment

Log 105 28.76 15.68 26.67 17.33
Log 104 32.41 15.13 29.60 16.77
Log 103 35.44 15.30 33.67 18.93
Log 102 — 15.62 35.45A 23.17
Log 101 — 15.60 — 19.77
Log 100 — 15.38 — 24.67
Negative control — — — —

AOnly two of three samples tested positive at this concentration level. Therefore the average is only for those two isolates.

Fig. 1. Chart of RT PCR cutoff values from individual samples. Black triangles (m) indicate that Salmonella Enteritidis was detected in the
sample by culture. Black squares (&) indicate that Salmonella Enteritidis was not detected in the sample by culture.

24 D. R. Adams et al.



statistical software on the mean Ct values for these groups to determine
whether they were statistically different.

Two-graph receiver operator characteristic plots. A two-graph receiver
operating characteristic (TG ROC) curve analysis was carried out using
SAS statistical software to determine the optimal Ct cutoff for each of the
groups (individual, pool of 2, pool of 3, pool of 4) using the RT PCR
and culture results. One method of calculating the Ct cutoff is by using a
TG ROC plot of diagnostic sensitivity vs. diagnostic specificity (7). On a
TG ROC plot, diagnostic sensitivity and diagnostic specificity are
plotted together on the same graph. The diagnostic sensitivity curve
begins at 0% at a low Ct and increases toward 100% as the Ct cutoff is
increased, while conversely the diagnostic specificity curve begins at
100% at a low Ct and decreases to 0% as the Ct cutoff is increased. From
the graph, a Ct cutoff value can be selected that maximizes sensitivity or
specificity or looks for the best combination of the two. When both are
equally valued, the cutoff that gives equal sensitivity and specificity is
selected. On a TG ROC plot, this is associated with the point at which
the curves intersect. Setting a cutoff value resolves the uncertainty
associated with high Ct values and ultimately improves the accuracy of
the RT PCR assay.

Agreement among cutoffs. Analyzed results from limit of detection
study, enrichment study, and TG ROC plots were used to select Ct

cutoff values to test for agreement between RT PCR and culture results
in each of the groups (individual, pool of two, pool of three, pool of
four). Several Ct cutoff values of 36, 30, and 28 were tested for
agreement to determine effect of different cutoff values on sensitivity
and specificity. SAS statistical software was used to test agreement by
calculating percentage agreement and kappa statistics (9). Percentage
agreement was used to calculate the percentage of results that agreed
between culture and individual/pooled RT PCR. Cohen’s kappa was
used to calculate the agreement between culture and individual/pooled
RT PCR that removed the agreement expected by chance alone (9). A
RT PCR–pooled sample was considered culture-positive if it had at least
one culture-positive individual within the pool. In the same manner,
pooled samples were considered RT PCR-positive if they generated a Ct

value below the cutoff and had at least one RT PCR-positive individual
within the pool.

RESULTS

Limit of detection study. The limit of detection of the RT PCR
assay ranged from 2 3 102 to 4 3 103 CFUs/ml (Table 1). When
averaged, the limit of detection for the PCR assay was found to be
2.4 3 103 CFUs/ml. The average Ct values for the three isolates
across all dilutions ranged from 17.2 to detect a concentration of 3
3 108 to 37.3 to detect 3 3 102 SE CFUs/ml. The average Ct value
for the lowest dilution at which a Ct was recorded across all isolates
was 36.6.

Sensitivity of RT PCR assay with enrichment. Before
enrichment, dilutions from spiked samples provided similar results
as in the limit of detection study (Table 2). Fecal-negative samples
inoculated with concentrations from 103 to 105 CFUs/ml were
detected by RT PCR with mean Ct values of 28.76 (3 3 105 CFUs/
ml), 32.41 (3 3 104 CFUs/ml), and 35.44 (3 3 103 CFUs/ml).
Fecal-positive samples inoculated with concentrations from 102 to
105 CFUs/ml were also detected by RT PCR with mean Ct values of
26.67 (5 3 105 CFUs/ml), 29.60 (5 3 104 CFUs/ml), 33.67 (5 3

103 CFUs/ml), and 35.45 (5 3 102 CFUs/ml) with one isolate
negative at this concentration. After enrichment, both fecal-positive
and fecal-negative samples originally inoculated with concentrations
from 100 to 105 CFUs/ml were all detected by both RT PCR and
culture. The mean Ct value for all fecal-negative spiked samples
postenrichment was 15.45 and ranged from 15.1 to 15.9, regardless
of initial concentration. Fecal-positive spiked samples had a Ct value

range of 17.33 (5 3 105 CFUs/ml) to 24.67 (5 3 100 CFUs/ml).
Negative controls did not generate Ct values.

Field study. Of the 208 samples collected from commercial layer
houses, SE was detected by culture in 7 (3.4%) samples. A Ct value
was obtained in 20 (9.6%) samples with RT PCR testing (Fig. 1).
The 7 culture-positive samples had a mean Ct value of 20.0 (Ct range
15.7–24.3), while those 13 positive by RT PCR but culture-negative
had a mean Ct value of 37.2 (Ct range 32.9–39.4). The difference
between means was 17.2 cycles (95% CI 14.9–19.4, P , 0.0001).

Optimum cutoff values from TG ROC plots. On the TG ROC
plots, the curves for sensitivity and specificity intersected at 100%
for each individual and pooled sample set (Fig. 2). Because the point
of intersection was at 100% for sensitivity and specificity curves, all
cutoff values determined from the TG ROC plot were the optimum
cutoff for their respective group of samples. In the individual
samples, sensitivity and specificity reached 100% at a Ct value of
24.3. Likewise, the pools of two, three, and four all reached 100%
sensitivity and specificity at Ct values of 27.3, 24.3, and 27.9,
respectively.

Agreement among cutoffs. Agreement between individual and
pooled RT PCR results versus culture results varied at different Ct

cutoff levels (Table 3). When no Ct cutoff (#40) was applied, the
percentage agreement between culture and RT PCR among
individual samples was 93.8% (k 5 0.49). For pooled samples,
the percentage of agreement with culture was 97.1% (k 5 0.81),
95.7% (k 5 0.80), and 98.1% (k 5 0.91) for the pools of two,
three, and four, respectively. Various cutoff values were examined to
assess the level of agreement between culture and RT PCR.
Agreement with RT PCR for individual samples was 99% (k 5

0.87) at a Ct cutoff of 36, 100% (k 5 1.00) at a Ct cutoff of 30, and
100% (k 5 1.00) at a Ct cutoff of 28. For pooled samples with at
least one culture-positive sample at Ct , 36, agreement was 98.1%
(k 5 0.87), 97.1% (k 5 0.86), and 98.1% (k 5 0.91) for pools of
two, three, and four, respectively. Likewise at Ct , 30, agreement
was 99.0% (k 5 0.93), 100% (k 5 1.00), and 100% (k 5 1.00). At
a cutoff of 28, all sets of individual and pooled samples had 100%
(k 5 1.00) agreement between culture and RT PCR.

DISCUSSION

The results of the enrichment study suggested that the detection
limit of the RT PCR assay was markedly improved using the
tetrathionate enrichment. Without enrichment a bacterial load of
approximately 103 CFUs/ml was needed to be reliably detected by
RT PCR. However, after enrichment, samples inoculated with as
little as 1 CFU/ml were detectable. All fecal-negative samples
initially inoculated with SE at concentrations between 100 and 105

CFUs/ml and subsequently enriched in tetrathionate had a similar Ct

value existing within the range of 15.1 and 15.9. This indicates that
the enrichment promoted SE growth to a point that likely saturated
the PCR reaction in all samples. Fecal-positive inoculated samples
had higher Ct values after enrichment at each concentration than the
fecal-negative samples with a range between 17.3 and 24.7 but still
had Ct values markedly lower than samples tested prior to
enrichment. For comparison, nonenriched samples containing
approximately 108 CFUs/ml of SE gave Ct values that averaged
17.3 while those containing approximately 106 CFUs/ml of SE gave
Ct values that averaged 25.5. Considering the fact that fecal-negative
enriched samples gave Ct values between 15.1 and 15.9 and fecal-
positive samples gave Ct values between 17.3 and 24.7, it appears
that enrichment favored the growth of SE within each sample to a
minimum of 106 CFUs/ml and potentially higher than 108 CFUs/
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ml regardless of the initial level of inoculum. At this level, RT PCR
and culture are able to easily confirm the sample as positive. Nam et
al. documented the same observation, noting that the detection limit
of their RT PCR assay improved from 103 to 104 CFUs/ml to 10
CFUs/ml of inoculum after enrichment (14). The addition of
chicken feces to the sample did not appear to affect the RT PCR
assay on samples tested before enrichment but may have been a cause
for the increased Ct values found on samples tested after enrichment.
It is known that feces contain bile salts and complex polysaccharides,
which could potentially inhibit SE growth and/or the RT PCR
causing the increased Ct values observed after enrichment (12).

Among the positive samples in the field study, there appeared to
be two distinct populations. One population had low Ct values (Ct

range 15.7–24.3) and consisted of samples that tested positive by
culture and PCR. The second population had distinctly higher Ct

values (Ct range 32.9–39.4) and was composed of samples testing
positive by PCR but negative by culture. The population of culture-
positive, RT PCR-positive samples (Ct range 15.7–24.3) presented
Ct values in line with level of detection results showing inoculated
samples had similar Ct values (Ct range 15.1–15.9). There are a
number of possible reasons for the detection of SE DNA in PCR-
positive, culture-negative samples. One possible reason is that there
was nonspecific amplification of background nucleic acids or
degradation of the probe-based fluorophore (6,7), that is, a false
positive. Another possibility is that the sample contained dead or
nonviable cells that were unable to grow in culture but were

Fig. 2. Two-graph ROC plot of individual, pool of two, pool of three, and pool of four samples. Optimal cutoff values at 100% sensitivity and
specificity were 24.3 for individual samples (A), 27.3 for pool of 2 (B), 24.3 for pool of 3 (C), and 27.9 for pool of four (D).
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detectable by PCR (18), that is, a false positive when compared to
‘‘gold standard’’ by the NPIP test.

To maximize the level of agreement between culture and RT PCR
among individual and pooled samples, the optimum Ct cutoff was
determined using a TG ROC plot. Cycle threshold cutoff values
selected from the TG ROC plot improved the level of agreement
between bacterial culture for Salmonella and SE-specific RT PCR to
100% in all individual and pooled sample sets. These cutoff values
improved the agreement by eliminating the population of samples
that tested PCR-positive but culture-negative. All samples in the
population that tested positive by both culture and RT PCR were
unaffected by the cutoff. While the true SE status of PCR-positive,
culture-negative samples is unknown, their weak Ct values and

failure to detect SE by culture after enrichment suggest that they are
unlikely to contain viable SE.

Fig. 2. Continued.

Table 3. Percentage of agreement between samples, individual or
pooled, that were positive by culture testing and RT PCR at various
levels of cutoff values.

Agreement No cutoff Ct # 36 Ct # 30 Ct # 28

Individual 93.8% 99.0% 100.0% 100.0%
Pool of 2 97.1% 98.1% 99.0% 100.0%
Pool of 3 95.7% 97.1% 100.0% 100.0%
Pool of 4 98.1% 98.1% 100.0% 100.0%

Detection of Salmonella Enteritidis using a pooled RT PCR 27



Optimum cutoff values determined from the TG ROC plots
differed among each individual and pooled sample set and were
calculated separately; however, this method would be impractical in
regular diagnostic use. Therefore, establishing a standard cutoff value
is preferable. There was a high agreement (.93%) between culture
and RT PCR for all individual and pooled sample sets. The percentage
agreement among individual and pooled samples increased as the Ct

cutoff decreased from 36, to 30, and finally to 28. These results are in
accord with a similar study conducted using a PCR assay based on the
Salmonella invA gene (18). At a cutoff of 28, the percentage agreement
between culture and RT PCR results was 100% for all sample sets.
The cutoff level of 30 had only one discordant sample. This
discordant sample had a Ct of 28.13, which is a midrange value. The
true SE status of this sample is hard to determine since it has the lowest
Ct value among the PCR-positive, culture-negative samples but
approaches the highest Ct value of the PCR-positive, culture-positive
samples. The ambiguity of this sample prevents the total rejection of
30 cycles as a plausible cutoff. In a practical setting, a cutoff value
cutoff of #36 would be acceptable using the protocol employed in
this study. It is likely that some samples would be considered positive
by RT PCR and negative by culture at this level. However, it is
expected that culture confirmation would still be used to determine
the final status of RT PCR-positive samples.

In conclusion, the agreement between individual and pooled
sample sets was similar across cutoff values. Given these results, it
can be concluded from this study that RT PCR testing of pooled
samples is equivalent to RT PCR testing of individual samples and
individual testing by culture. Sample pooling was effective in
detecting SE in each pool of two, three, and four. Enrichment was
an important step in improving the detection limit of the RT PCR
assay and thus in increasing its sensitivity. With enrichment, any SE
present was amplified to an easily detectable low Ct value regardless
of initial concentration. High Ct values therefore are questionable in
regard to their correlation to positive culture results. Cutoff values
can be selected that improve the correlation to culture status of SE-
specific RT PCR results by eliminating results above the Ct cutoff.
Following enrichment in tetrathionate, RT PCR testing of pooled
samples created by combining two, three, and four individual
samples was equivalent to culture testing of individual samples and is
potentially useful as a detection test of poultry environments.
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