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Abstract
The bacterial genera Escherichia, Salmonella, Shigella, Vibrio, Yersinia and Francisella include
important food safety and biothreat agents causing food-related and other human illnesses
worldwide. We aimed to develop rapid methods with the capability to simultaneously and
differentially detect all six pathogens in one run. Our initial experiments to use previously reported
sets of primers revealed non-specificity of some of the sequences when tested against a broader
array of pathogens, or proved not optimal for simultaneous detection parameters. By extensive
mining of the whole genome and protein databases of diverse closely and distantly related
bacterial species and strains, we have identified unique genome regions, which we utilized to
develop a detection platform. Twelve of the specific genomic targets we have identified to design
the primers in F. tularensis ssp. tularensis, F. tularensis ssp. novicida, S. dysentriae, S.
typhimurium, V. cholera, Y. pestis, and Y. pseudotuberculosis contained either hypothetical or
putative proteins, the functions of which have not been clearly defined. Corresponding primer sets
were designed from the target regions for use in real-time PCR assays to detect specific biothreat
pathogens at species or strain levels. The primer sets were first tested by in-silico PCR against
whole genome sequences of different species, sub-species, or strains and then by in vitro PCR
against genomic DNA preparations from 23 strains representing six biothreat agents (E.coli
O157:H7 strain EDL 933, Shigella dysentriae, Salmonella typhi, Francisella tularensis ssp.
tularensis, Vibrio cholera, and Yersinia pestis) and six foodborne pathogens (Salmonella
typhimurium, Salmonella saintpaul, Shigella sonnei, Francisella novicida, Vibrio parahemolytica
and Yersinia pseudotuberculosis). Each pathogen was specifically identifiable at the genus and
species levels. Sensitivity assays performed using purified DNA showed the lowest detection limit
of 640 fg DNA/µl for F. tularensis. A preliminary test done to detect Shigella organisms in a milk
matrix showed that 6–60 colony forming units of the bacterium per milliliter of milk could be
detected in about an hour. Therefore, we have developed a platform to simultaneously detect
foodborne pathogen and biothreat agents specifically and in real-time. Such a platform could
enable rapid detection or confirmation of contamination by these agents.
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1. Introduction
Food-borne pathogens cause millions of clinical illnesses every year and cost billions of
dollars to manage and control. Intentional contamination of food in the form of a biological
attack is an even more alarming prospect given that no standards or established routines
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exist to test food for these threats (Kennedy, 2008). Intentional contamination could involve
among many food products, contamination of water, milk, and other beverages that are
distributed from bulk storage or processing sites, not necessarily at the source of the starting
product. This has the potential to result in disastrous and far-reaching effects, including
direct morbidity and/or mortality, disruption of food distribution, loss of consumer
confidence in government and the food supply, business failures, trade restrictions, and
ripple effects on the economy (Busta and Shaun, 2011). Therefore, from both food safety
and biothreat points of view, it is imperative that food and drink contaminations are detected
well before they reach the consumer level.

In the past decades the Polymerase Chain Reaction (PCR) has been transformed into a
powerful tool to detect pathogens with extremely high sensitivity and specificity. While the
main drawback of PCR still remains to be the inability to distinguish between live and dead
organisms, the potential for non-specific detection could also be high if the target sequences
are not specific or of contamination of the reactions or rooms occur (He et al., 1994; Lantz et
al., 2000; Wright and Wynford-Thomas, 1990). Moreover, biological sample preparation
strategies are needed to remove non-specific inhibitors. Multiplexing the PCR for the
detection of multiple pathogens or targets is currently employed to enable the testing of
samples for multiple pathogens in a single run. Several multiplex or simultaneous PCR
systems for the detection of food-borne and other infectious pathogens are also being
developed (Fukushima et al., 2010; Jothikumar and Griffiths, 2002; Skottman et al., 2007;
Wilson et al., 2005). Despite the advantages, when multiplexing PCR, optimal reaction
conditions for the multiple sets of primers have to be identified for all the potential targets to
be detected (Markoulatos et al., 2002; McKillip and Drake, 2004).

Pathogenic bacteria of the genera Escherichia, Shigella, Francisella, Salmonella, Vibrio and
Yersinia contain species or strains that are considered biothreat agents that, if intentionally
introduced into the food supply system, could result in high morbidities, mortalities and
severe economic losses. These bacteria therefore constitute organisms of interest in food
defense strategies against potential bioterrorism. Molecular diagnostic techniques for the
detection of the individual genera or a combination of some of these agents have been
developed by various research groups (Pohanka and Skladal, 2009; Song et al., 2005;
Versage et al., 2003). However, the progress towards a rapid, fully multiplexed, sensitive
and specific real-time PCR platform for the detection of all the six agents is not yet
satisfactory.

In an attempt to establish a molecular detection platform amenable to real-time PCR, we
first tested several previously reported PCR-primers for their validity for the detection of a
wide range of pathogenic and non-pathogenic, as well as related or-unrelated species or
strains. While some of the primers or gene targets reported in the literature were further used
for our real-time assays, in silico validation of many of the primers against a wide array of
bacterial genomes revealed cross reactivity or amplicon sizes not compatible with
simultaneous real-time PCR detection of multiple pathogens. Therefore, we utilized whole-
genome data mining, text-mining, in silico target and amplicon analysis, and in vitro
validation using DNA sequences from representative bacteria. We have identified very
specific molecular targets for reliable identification of the six food biothreat agents, and
developed a platform with simultaneous detection capability. Interestingly, many of targets
we identified have putative functions or code for hypothetical proteins, digressing from the
traditional use of previously known gene targets or known pathogenicity-associated
molecular detection tools.
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2. Materials and Methods
2.1. Bacterial species and DNA preparation for PCR

The bacterial strains used in this study are listed in Table 1. Laboratory level 2 organisms
consisted of Shigella dysentriae, Shigella sonnei, and Salmonella enterica ssp. enterica
serovar Saintpaul were grown aerobically at 37°C on tryptic soy agar supplemented with 5
% horse blood and tryptic soy broth, the exceptions to this is Vibrio vulnificus, which was
grown at 30°C. One ml of culture was collected by centrifugation at 10,000-× g, and pellet
re-suspended in sterile 1XPBS solution. DNA was extracted according to the manufacturer’s
protocol recommended for bacterial DNA extraction (Wizard genomic DNA purification kit,
Promega). Genomic DNAs of strains, F. tularensis subspecies novicida KM145 and Y.
pestis ZE 94–2122 were obtained from Biodefense and Emerging Infections Research
Resources Repository (BEI Resources). Genomic DNAs of all organisms listed on Table 1,
except for F. tularensis subspecies novicida strain U112 and F. tularensis subspecies
tularensis strain Schu S4, were purchased from ATCC collection (Manassas, VA). The
genomic DNA of the two Francisella subspecies, F. tularensis subspecies novicida U112 and
F. tularensis subspecies tularensis Schu S4 were kindly provided by Dr. Karl Klose,
University of Texas at San Antonio (UTSA) STCEID.

2.2. Genomic and expressed gene data mining
Completed genome sequence data of all of the select agents, including incomplete genome
sequence for S. enterica subsp. enterica serovar Saintpaul strain SARA 23 were retrieved
from the NCBI (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) microbial genome-
sequencing database. Most recently published references of comparative genomics of every
select agent were used in target region selection. A BLAST search was used in the selection
of specific amino acid sequences of all the organisms used in this study. Specific primers
were designed from genes and coding regions specific to the agent of interest. These primers
were then analyzed in silico for specific binding across the genome sequence of similar
species. For more stringency assessment we used V-NTI Advanced-11 (Invitrogen, USA)
for the design and modification of primers having a 3` end similarity with the closely related
species. All available whole genome sequence and partial sequences from prokaryote
genome database of the NCBI were used for the in silico validation of the specific primers.

2.3. Comparative genomic analysis
In search for a specific region, a BLAST analysis was performed for all the species
containing a coding sequence of > 500 aa. Further COBALT alignment analysis was used to
localize more specific regions for species under question. Once the specific amino acid
sequence was localized, we used the nucleotide sequence of this sequence for specific
primer design.

2.4. Primer design and preliminary analysis
The primers underwent rigorous testing before the experimental validation. This included
oligo-dimer, hair-loop formation and successful standardization of all primers to similar
melting temperatures, which is one of the requirements for the simultaneous use of these
primers. Primers fulfilling the required criteria were further analyzed for possible binding to
a different location within the same whole genome sequence using V-NTI motif search
analysis.

2.5. In silico PCR
In silico PCR validations were performed using both http://insilico.ehu.es/PCR/ and V-NTI.
Only primers giving specific amplifications were selected for further validation using
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conventional and real time PCR assay. Primers that showed the most specificity to the target
molecule were ordered from Integrated DNA technologies (IDT, IA).

2.6. In vitro PCR and analysis
All PCR reactions were set up in an isolated PCR station (AirClean Systems, NC) that was
UV-sanitized daily and after each use. Initial conventional PCR was performed to validate
the specificity of the primers for respective organisms. DNA from 23 strains representing
major biothreat agents and closely related foodborne pathogens were used for the validation
(Table 1). Single target PCR was performed in a 25 µl final volume containing 0.2 µM of
forward and reverse primers, 12.5 µl of Pwo Master mix containing 1.25 U of Pwo enzyme,
2 mM MgCl2 and 0.2 mM dNTPs (Roche Diagnostics, Mannheim Germany). The PCR
amplification profile for this initial assay consists of 10 min at 95 °C, followed by 30 cycles
of 15 seconds at 95 °C, 15 seconds at 60 °C, and 15 seconds at 72 °C using Master cycler
pro (Eppendorf, Humburg, Germany). Presences of single band were analyzed using gel
electrophoresis.

2.7. Real-time PCR
Real time PCR assay was performed using Brilliant III Ultra-Fast SYBR Green QPCR
Master Mix (Agilent Technologies) for final validation & verification. A specific
amplification was obtained with all the primers used to amplify the respective organisms. A
reaction volume of 20 µl containing 500 nM of forward and reverse primers, 10 µl of 2X
Brilliant III Ultra-Fast SYBER Green master mix, 0.3 µl ROX reference dye, 1 µl of DNA
template, nuclease free H2O added to the final volume was used for the real-time PCR.
Cycling conditions consisted of one cycle of segment 1, 2 min at 95 °C; followed by 27
cycles of segment 2, 10 seconds at 95 °C, 30 seconds at 60 °C; completed by one melting
curve cycle of 1 min at 95 °C, 30 seconds at 65 °C, and 30 seconds at 95°C.

2.8. Sensitivity assay
Sensitivity of the real-time PCR assay was determined by five-fold serial dilution of the
DNA samples (initial DNA concentrations were 2.5 ng/µl for E. coli O157:H7 strain
EDL933, 2 ng/µl for Francisella tularensis, 2.6 ng/µl for Shigella dysentriae, 3.7 ng/µl for
Salmonella typhi, 3 ng/µl Vibrio cholerae and 3.8 ng/µl for Yersina pestis) in nuclease free
double distilled H2O from each of the bacterial species. One microliter of each of the DNA
dilutions were used in real time PCR assay mixture. The assay was performed as described
above.

2.9. Sensitivity assay in food Matrix
Milk (450 µl) was inoculated with 7.5 × 108 CFU of Shigella dysentriae (attenuated strain)
culture suspension and diluted serially up to 10−8. After the dilution, bacteria in each aliquot
were immediately concentrated by centrifugation at 12,000 RPM (13,400 × g) for 2 min.
Whole genomic DNA was extracted from all of the serially diluted tubes according to the
PrepMan Ultra Sample Preparation protocol (Applied Biosystems, CA). The DNA was
detected using ShD1 primers by real-time PCR. In parallel, bacterial cultures were initiated
to determine the CFU of bacteria in those dilutions.

3. Results
3.1. Bacterial Species, Design of primers and in silico validation

The list of strains of bacterial species included in this study to establish the PCR detections
is given in Table 1. DNA from these organisms were either purchased or donated through
specific agreements. Initially, we aimed at developing a simultaneous foodborne pathogen
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detection platform using published primer sequences. Some of the sequences were found to
be not highly specific when tested against a wide array of organisms in silico. Others were
not suitable for simultaneous or multiplex detection of the pathogens in the current study.
Therefore, we designed an entirely new set of primers or modified the existing sequences to
develop our detection system. To this end, we used text mining, genomic data mining,
sequence analysis and comparison tools. Specific primers Typhi-vipR-ST2-F and R were
adapted from the work done by Jin et al. (2008) modified by removing G from the 3'end of
the forward primer and CT from the 5'end. The list of primers designed or used in this study
is shown in Table 2. During the process of selection, the primers were initially validated for
unique site recognition and strength of complementarities by using the genomic DNA of
each organism as a template.

After the primers were designed, we tested the specificity of the primers by performing
virtual (in silico) PCR using the publicly accessible tool at http://insilico.ehu.es/PCR/.
Examples of pre-validation in silico PCR are shown in Fig. 1. Additionally, we further tested
the strength of complementarities and the uniqueness of the binding sites for each primer
using the Vector NTI software package (Invitrogen, Carlsbad, CA). Reference genomic
DNA sequences of each of the organisms to be detected were uploaded to the program and
the designed primers were run along the entire genomic sequence. Validated primers with
100% complementary binding at a unique site were selected for each organism. These
primers were in turn tested for cross reactivity with other genomic DNA sequences,
especially against those phylogenetically closely related bacteria.

3.2. Conventional PCR and gel electrophoresis analysis for the specificity of the primers
Following in silico analysis and validation, we tested the primers using DNA isolated from
strains of species of the foodborne pathogens. Each PCR experiment was designed so that
the primers are tested against their template DNA and DNA from the maximum number of
closely related species. In parallel, genus inclusive primers were designed and PCR was
performed to verify that the target species as well as other members of the genus could be
detected. Genus inclusive primers gave an additional quality control to minimize cross
reactivity with other genera or species within the genus. PCR products were resolved on 1.5
% agarose gels; the gels were stained with GelRed (Biotium, Hayward, CA) and
photographed using AlphaImager (Cell Biosciences, Santa Clara, CA). As shown in Fig. 2,
our species-specific primers gave very specific detection that discriminated each of the
target species, whereas the genus-inclusive primers distinctively identified other members of
the genus simultaneously with the target. Therefore, these conventional PCR data provided
strong evidence that the primers were very specific, and yielded products of the expected
size under the experimental conditions employed. Only a minor cross reactivity of the
Escherichia genus specific primers with Vibrio cholera was noticed in this assay. However,
the size of the product was larger than expected and also the intensity of the band was weak.

3.3. Validation of the detection of foodborne bacterial pathogens DNA by real-time PCR
The conventional PCR method was employed as described above to visualize the PCR
products and determine the specificity of our detection. However, as conventional PCR is
time consuming and labor intensive, it is not practical to use it for the detection of pathogens
in a high throughput platform. Therefore, we wanted to determine the suitability of our
primers and the PCR system in a real-time setup. PCR conditions were selected so that a
species-specific primer was used to detect DNA from target and other bacteria arrayed on
96-well plates. The average amount of DNA concentration used per well was 2 ng/µl. On the
array, one well was designated for DNA from one bacterial species or strain. While DNA
was added to the designated wells, a primer solution was aliquoted to all the 23 wells on the
array corresponding the different species listed on Table 1. A positive curve was expected to
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be generated only from the wells containing primers and the target DNA in the same well. In
a parallel array of 23 wells, genus-inclusive primers were also aliquoted to all the wells
containing DNA from the target species as well as other bacteria, including members of the
genus. Positive curves were anticipated only from wells designated to the members of the
same genus. As shown in Fig. 3, single curves were generated with all of the primers we
tested. Since we did not multiplex the PCR, the multiple curves shown in Fig. 3 were
generated by merging data from the corresponding single curves originating from parallel
simultaneous detection of different strains of the same species.

3.4. Evaluation of the sensitivity of real-time PCR for the detection of DNA from foodborne
pathogens

To evaluate the sensitivity of our real-time assay, we serially diluted 1:5 the DNA from each
of the major pathogen and performed real-time PCR detection on each of the dilutions. One
microliters of each of the dilution was used in a 20 µl total PCR reaction volume and the
PCR was run for 27 amplification cycles. At the end of the run, 4 µl aliquots from each of
the wells were resolved on a 2 % agarose gel and visualized by GelRed staining (Biotium®).
As shown in Fig. 4, the sensitivity of the assay was variable between the organisms used;
e.g., starting with 3.8 µg/µl DNA, a 230 fg/µl dilution was detectable for Y. pestis DNA
while 640 fg/µl of diluted F. tularensis DNA was reliably detected for both species at
threshold cycles below 27. The overall detection range varied between 234 fg/µl (Y. pestis)
and 1.18 pg/µl (S. typhimurium). The gel electrophoregrams also showed generation of
bands of the correct size as well as visible limits of the serial dilution under conditions of the
experiment. Therefore, under these conditions, we were able to achieve a high sensitivity of
detection combined with the high specificity described above.

3.5. Evaluation of the application of the real-time PCR detection for bacteria in food matrix
Finally, to preliminarily evaluate if our real-time detection approach would be compatible
with DNA isolated from bacteria in a food matrix, we spiked commercially available
skimmed milk with 7.5×108 attenuated S. dysentriae bacteria (ATCC) and serially diluted
1:10 the suspension in a total of 500 µl volumes. Immediately after the serial dilution, tubes
were centrifuged to concentrate the bacteria and total DNA was isolated as described in
materials and methods. Parallel cultures were also initiated from each dilution to count
colony-forming units. As shown in Fig. 5, we were able to detect DNA isolated from milk
spiked with Shigella organisms with an approximate detection limit of 6–60 colony forming
units per ml of milk in less than one hour of experiment time.

4. Discussion
We have developed a PCR-based real-time detection platform for simultaneous, rapid,
sensitive and differential molecular detection of six primary biothreat agents, namely,
Escherichia, Salmonella, Shigella, Vibrio, Yersinia and Francisella. Through extensive
genomic data mining, text mining and multiple layer validation, we have identified 26 new
target sequences (Table 2), which enabled us to design the platform with improved
specificity. Some of these targets have a well-known functions such as stx2A (shiga toxin
subunit A from E. coli O157:H7), fusA (Elongation factor A from F. tularensis ssp.
tularensis), ipaH (invasive plasmid antigen from Shigella species), invC (invasion protein
from Salmonella species), rpoB (DNA-directed RNA polymerase subunit beta, from Vibrio
species). However, others have hitherto unknown functions such as in RloF gene from S.
enterica ssp. enterica s. Saintpaul with putative functions, or hypothetical proteins such as
pdpD (pathogenicity determinant protein D from F. tularensis ssp. tularensis). Moreover, we
preliminarily evaluated the utility of the platform using milk as a food matrix into which
Shigella organisms were spiked.
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One of the known challenges in multiplexed or simultaneous PCR-based molecular
detections is the need for optimization of the reaction conditions such as annealing
temperatures optimal for all primer sets, avoiding primer dimers, generation of compatible
amplicon sizes, and adjustment for different amplification efficiencies (Edwards and Gibbs,
1994). In this study, we have identified PCR conditions that are suitable for the
amplification of 105 bp to 371 bp fragments from all the six pathogens under the same
reaction conditions. Moreover, the specificities of the primers were tested and validated
against a broad array of potential biothreat agents and related species or strains, which do
not pose threat. For example, the Francisella tularensis ssp tularensis detection primers used
in this study, designed from a hypothetical protein gene pdpD2, were tested against four
other strains, Francisella subspecies (holartica, novicida, and mediasiatica) and the closely
related F. philomiragia ssp philomiragia, and showed reactivity only to the F. tularensis ssp
tularensis. On the other hand, F. tularensis ssp novicida primers based on another gene for
hypothetical protein pdpD were specific to the subspecies, without detecting any of the other
F. tularensis subspecies. Despite the degree of specificity we achieved with these primers,
our E. coli O157:H7 primers EC1 and EC2 still in-silico cross detected the non-O157 E. coli
such as O111 and O103, strains that evolved parallel to the O157 strain (Ogura et al., 2009).
However, since such non-O157 strains also possess pathogenic potential (Reid et al., 2000),
the ability of our primers to detect non-O157 strains may be a desirable feature in the
investigation of E. coli outbreaks.

Because of their close evolutionary relationship, differentiation of Escherichia from Shigella
species poses a big challenge (Jin et al., 2002; Pupo et al., 2000). In our study, even
challenging was the distinction among Shigella species, especially Shigella sonnei from
other members of the genus. After extensive comparative genome analysis, we identified the
gene for rhsA protein in rhs element as target for the specific identification of S. sonnei.
Similarly, Salmonella enterica ssp enterica s. typhimurium was identifiable by targets in the
genes for putative inner membrane protein and putative DNA repair ATPase. On the other
hand, while Vibrio parahemolyticus was identifiable using the hemolysin gene VP1729,
Vibrio cholerae was identifiable using the gene for phosphotyrosine protein phosphatase
VC0916 as a target.

Our primers based on the genes for putative phage-related membrane protein (YPO2127)
and the hypothetical protein YpAngola A2197 were able to detect all Y. pestis strains except
the biovar Microtus strain 91001. Lack of identification of this organism using our present
assay would not be a major problem since there has been so far no evidence that human
plaque can arise from Microtus strains (Zhou et al., 2004). Furthermore subcutaneous
inoculation of strains from serovar Microtus has demonstrated no virulence (Song et al.,
2004). The genes for YPTS_2284 and YPTB2194 hypothetical proteins were also specific
targets for the identification of Y. pseudotuberculosis isolates. These two regions were
selected from a set of 67 refined species-specific genes (Mark Eppinger et al., 2007). While
the targeting of hypothetical proteins for detection of the bacteria may not directly correlate
with the hitherto known pathogenicity or virulence of the organisms, genetic studies may
reveal the significance of these gene products in bacterial biology or host interaction, or
even pathogenicity. The identification of these genomic regions as specific to the particular
species or even sub species is an important step in advancing pathogen detection techniques
by providing additional targets.

We were able to verify our in silico results by in vitro differential identifications under
identical PCR conditions. In previous studies other groups had also developed multiplexed
PCR assays to simultaneously detect multiple food borne pathogens (Fukushima et al., 2010;
Jothikumar and Griffiths, 2002; Skottman et al., 2007; Wilson et al., 2005). While our
approach is similar in some aspects, for the first time we have combined into one assay the
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detection of primary biothreat agents of bioterrorism potential, and identified highly specific
targets capable of discriminating a broad range of pathogens or related bacteria. In this
study, we did not multiplex the primers or DNA in a single tube. With added future
improvements for even more rapid differential detection and multiplexing capabilities, our
assay platform provides a strong foundation to strengthen national and international food
defense strategies as a promising component of primary detection or confirmatory platforms.

Through this study, we also have designed highly specific primers that yielded PCR assays
with high sensitivity and low detection limits. For example to the detection limit for F.
tularensis in this study are comparable to or better than some other reports (Sellek et al.,
2008; Svensson et al., 2009), although different sources of DNA and procedures of detection
may influence the detection limits.

Food matrices provide a critical challenge in amplification-based pathogen detection
approaches. Improved pre-analytical sample processing techniques are needed to reduce the
time needed to arrive at diagnosis and decision-making (Benoit and Donahue, 2003;
Dwivedi and Jaykus, 2011). Previous studies have shown immunomagnetic separation
method to provide better concentration of bacteria from food matrices such as chicken meat
(Taha et al., 2010). In milk, a combination of the two techniques, i.e. immunomagnetic
separation and polymerase chain reaction, provided a detection of 1–10 CFU of salmonellae/
ml, after a selective pre-enrichment incubation of 12–16 hrs. However, a decreased
sensitivity of 10–100 CFU/ml was observed after 8–10 h of pre-enrichment period
(Mercanoglu Taban et al., 2009). In this study we have performed a preliminary test to
evaluate the use of real-time PCR for detection of S. dysentriae spiked in milk. Using
centrifugation to concentrate the bacteria serially diluted in milk, we were able to detect
about 6–60 CFU/ml of milk matrix, without an enrichment step. According to CDC, 10–100
organisms of S. dysentriae are considered the minimum infectious dose with possible
secondary transmission (Sobel et al., 2002).

Caution is needed in correlating the CFU findings with PCR detection limits, because in
general, PCR does not discriminate between live and dead organisms. Therefore, any
correlation between our DNA detection limit and the observed CFU per dilution may not be
direct. For example, if there is a time lapse between sample collection and PCR analysis, the
CFU could underestimate the degree of contamination of the food matrix. Alternatively,
sterilized products containing non-viable bacteria or their DNA may still yield positive data.
Although our studies using food matrix are still preliminary, we were able to detect
organisms in a milk matrix with reasonable sensitivity. Further work is needed to improve
recovery of pathogen DNA from such matrices and improve the sensitivity. Ultimately the
findings of this study will contribute to an effective means of identifying high impact
pathogenic agents in human food supply systems before the agents reach the consumer.
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Fig. 1.
Specific in silico validation performed using our primers 1a. Pre-validation of ST1-F-m-2/
R-m-2 primers for S. enterica ssp. enterica s. Typhi 1. S. enterica subsp. enterica s.
Typhimurium LT2, 2. S. enterica ssp. enterica s. Typhi, 3. S. enterica subsp. enterica s.
Typhi Ty2, 4. S. enterica subsp. enterica s. Paratyphi A str. ATCC 9150, 5. S. enterica
subsp. enterica s. Choleraesuis str. SC-B67, 6. S. enterica subsp. enterica s. Paratyphi B str.
SPB7, 7. S. enterica subsp. arizonae s. 62:z4, z23:--8. S. enterica subsp. enterica s. Newport
str. SL254, 9. S. enterica subsp. enterica s. Heidelberg str. SL476, 10. S. enterica subsp.
enterica s. Schwarzengrund str. CVM19633, 11. S. enterica subsp. enterica s. Agona str.
SL483, 12. S. enterica subsp. enterica s. Paratyphi A str. AKU_12601, 13. S. enterica subsp.
enterica s. Dublin str. CT_02021853, 14. S. enterica subsp. enterica s. Gallinarum str.
287/91, 15. S. enterica subsp. enterica s. Enteritidis str. P125109, 16. S. enterica subsp.
enterica s. Paratyphi C strain RKS4594; 1b. Pre-validation of FT1-F/R, primers for F.
tularensis ssp. tularensis, 1- Francisella tularensis subsp. tularensis Schu4, 2 - Francisella
tularensis subsp. holarctica, 3 - Francisella tularensis subsp. tularensis FSC 198, 4 -
Francisella tularensis subsp. holarctica OSU18, 5 - Francisella tularensis subsp. novicida
U112, 6 - Francisella tularensis subsp. tularensis WY96-3418, 7 - Francisella tularensis
subsp. holarctica FTNF002-00, 8 - Francisella philomiragia subsp. philomiragia ATCC
25017, 9 - Francisella tularensis subsp. mediasiatica FSC147
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Fig. 2.
(A and B). Validation of the specificity of the primers by conventional PCR and gel
electrophoresis to detect biothreat agents (A) and major foodborne pathogens (B): A. a.
detection of E. coli O157:H7 using the EC2 primers and a genus inclusive primer (right
panel) b. detection Francisella using F. tularensis ssp tularensis (FT2, left panel) and genus
inclusive primers (F. tularensis and F. novicida shown in the right panel); c. detection of
Shigella using S. dysentriae primers (ShD1, left panel) and genus inclusive (S. dysentriae
and S. sonnei shown in the right panel) primers d. detection of Salmonella using the ST2
primers for Salmonella typhimurium (left panel) and genus-inclusive primers (S. typhi, S.
typhimurium, S. saintpaul, and S. braenderup shown in the right panel); e. detection of V.
cholerae using VC1 primers (left panel) and Vibrio genus inclusive primers (V. cholerae, V.
parahemolyticus, and V. vulnificus (right panel); f. detection of Yersinia using YP1 primers
for Y. pestis (left panel) or genus inclusive primers (three different Y. pestis strains, two Y.
pseudotuberculosis strains, and Y. enterocolitica (right panel)). B. Validation of specificity
of primers to major foodborne pathogens: a. detection of Shigella sonnei using rhs-y-
Sonnei-F/R, b. detection of Salmonella enterica ssp. enterica serovar Typhimurium using
STM-F-M/R-M, c. detection of Vibrio parahemolyticus using VpH1-F/R, d. Salmonella
enterica ssp. enterica serovar Saintpaul using SS2-F-n/R-n; e. Francisella tularensis ssp
novicida using FN2-F-m/R-m; and f. Yersinia pseudotuberculosis using YPs1-F-M/R.
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Fig. 3.
Validation of the specificity of the primers against DNA from 23 foodborne pathogens and
related bacterial species (listed in table 2) by real-time PCR: Detected were a. E. coli (left
panel 0157:H7, right panel 0157:H7, HB101, and ATCC 1175 strains with genus-inclusive
primers) b. Shigella (left panel S. dysentriae, middle panel S. sonnei, right panel S.
dysentriae and S. sonnei with genus inclusive primers) c. Francisella (right panel F.
tularensis ssp tularensis, middle panel two strains of F. tularensis ssp. novicida, and right
panel all Francisella with genus inclusive primers) d. Salmonella (panels from left to right:
1st S. typhi, 2nd S. enterica ssp enterica s. Saintpaul, 3rd S. enterica ssp enterica s.
Typhimurium, 4th all Salmonella with genus inclusive primers, e. Vibrio (left panel V.
cholerae, middle panel V. parahemolyticus, right panel all Vibrios with genus inclusive
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primers f. Yersinia (left panel Y. pseudotuberculosis, middle panel Y. pestis, and right panel
all Yersinia with genus inclusive primers). PCRs using genus inclusive primers and those on
multiple strains of the same species e.g. Y. pestis (f) were run separately, and the
amplification plots were merged. The highest number of cycles used for all the plots is 27.
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Fig. 4.
Sensitivity of the real-time PCR assay to detect six major foodborne pathogens: Aliquots of
DNA from E. coli O157:H7 (a), S. dysentriae (b), F. tularensis ssp. tularensis (c), S. enterica
ssp enterica s. Typhi (d), V. cholerae (e), and Y. pestis (f), were serially five-fold diluted and
analyzed by real-time PCR to determine the lowest detection limit of the assay. At the end of
the 27 cycles of PCR, aliquots of the reactions were also resolved by agarose gel
electrophoresis to examine the PCR products and intensity from each dilution (lower inset
panels).
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Fig. 5.
Sensitive detection of Shigella dysentriae in milk using real-time PCR assay: Attenuated S.
dysentriae bacteria (7.5 × 108 CFU) were serially 10-fold diluted in milk as described in
materials and methods. Bacteria suspended in each of the 500µl serial dilution volumes were
concentrated, and genomic DNA was isolated. The DNA was detected using ShD1 primers
by real-time PCR. In parallel, bacterial cultures were initiated to determine the CFU of
bacteria in those dilutions. The real time PCR assay was able to detect DNA isolated from at
least 3–30 CFU/500µl (6–60 CFU/ml) of S. dysentriae in milk.
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Table 1

List of organisms used in the validation of specific PCR

Species/ Strain
CDC

category Origin

Genus Escherichia

Escherichia coli O157:H7 EDL933 B ATCC

Escherichia coli 1175 ATCC

Genus Francisella

Francisella tularensis ssp. tularensis Schu S4 A Dr. Karl Klose (UTSA, STCEID

Francisella tularensis ssp. novicida U112 Dr. Karl Klose (UTSA, STCEID

Francisella tularensis ssp. novicida KM145

Francisella tularensis ssp. philomiragia ATCC

Genus Salmonella

Salmonella enterica subsp. enterica serovar Braenderup ATCC (®BAA-664™) ATCC

Salmonella enterica serovar typhimurium LT2 ATCC® (700720D-5™) B ATCC

Salmonella enterica serovar typhi Ty2 ATCC (®700931™) B ATCC

Salmonella enterica subspecies enterica serovar Saintpaul 127 ATCC (®9712™) B ATCC

Genus Shigella

Shigella dysentriae ATCC (®11456a™) B ATCC

Shigella sonnei ATCC (®11060™) B ATCC

Genus Vibrio

Vibrio cholerae ATCC (®39315™) B ATCC

Vibrio parahaemolyticus EB 101 ATCC (®17802™) ATCC

Vibrio vulnificus Type strain Bio-group 1 ATCC (®27562™) ATCC

Genus Yersinia

Yersinia pestis A1122 BEI (NR-15) A

Yersinia pestis KIM10+ BEI (NR-642) A BEI

Yersinia pestis ZE 94–2111 A ATCC

Yersinia pseudotuberculosis P62 ATCC (29910) B BEI (NR-804)

Yersinia pseudotuberculosis NCTC 10275 ATCC (29833) B ATCC

Yersinia enterocolitica Billups-1803-68 ATCC (23715) BEI (NR-204)

Yersinia enterocolitica WA ATCC (27729) ATCC
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