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Abstract

A real time polymerase chain reaction (PCR) assay was developed and evaluated to detect the presence of the thermostable

direct hemolysin gene (tdh), a current marker of pathogenicity in Vibrio parahaemolyticus. The real time PCR fluorogenic

probe and primer set was tested against a panel of numerous strains from 13 different bacterial species. Only V.

parahaemolyticus strains possessing the tdh gene generated a fluorescent signal, and no cross-reaction was observed with tdh

negative Vibrio or non-Vibrio spp. The assay detected a single colony forming unit (CFU) per reaction of a pure culture

template. This sensitivity was achieved when the same template amount per reaction was tested in the presence of 2.5 Al of a
tdh negative oyster:APW enrichment (oyster homogenate enriched in alkaline peptone water overnight at 35 jC). This real

time technique was used to test 131 oyster:APW enrichments from an environmental survey of Alabama oysters collected

between March 1999 and September 2000. The results were compared to those previously obtained using a streak plate

procedure for culture isolation from the oyster:APW enrichment combined with use of a non-radioactive DNA probe for

detection of the tdh gene. Real time PCR detected tdh in 61 samples, whereas the streak plate/probe method detected tdh in 15

samples. Only 24 h was required for detection of pathogenic V. parahaemolyticus in oyster:APW enrichments by real time

PCR, whereas the streak plate/probe method required 3 days and was more resource intensive. This study demonstrated that

real time PCR is a rapid and reliable technique for detecting V. parahaemolyticus possessing the tdh gene in pure cultures and

in oyster enrichments.
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1. Introduction

A current pathogenicity marker of Vibrio parahae-

molyticus, a leading cause of gastroenteritis from

seafood (Mead et al., 1999), is the thermostable direct

hemolysin gene (tdh) (Thompson and Vanderzant,

1976; DePaola et al., 1990; Kaysner et al., 1990;

Nishibuchi et al., 1992; DePaola et al., 2000). Previous

methods for the detection of V. parahaemolyticus and

tdh have been restricted to labor and time intensive

testing of individual isolates by phenotypic assays,

(Thompson and Vanderzant, 1976; Kaysner et al.,

1996), which restricts the number of isolates that can
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be obtained and tested from a given sample. This may

result in an underestimation of the prevalence of

pathogenic (tdh positive) V. parahaemolyticus in sea-

foods. With the development of molecular techniques,

DNA probes can now be used to detect the tdh gene in

colonies on a spread plate (McCarthy et al., 2000). This

results in a sharp increase in detection of pathogenic V.

parahaemolyticus in oysters as more colonies that are

suspect are tested (Jones and DePaola, 2001 ASM

abstract).

An alternative approach for the detection of patho-

genic Vibrio spp. has been to use polymerase chain

reaction (PCR)-based methods to test food and envi-

ronmental enrichment samples for specific virulence

genes, including the cholera toxin gene (ctx) of Vibrio

cholerae (Koch et al., 1993; DePaola and Huang,

1995), and the tdh and thermostable related hemolysin

genes (trh) of V. parahaemolyticus (Tada et al., 1992;

Bej et al., 1999; McCarthy and Blackstone, 2000). One

challenge presented by the use of PCR-based methods

is the presence of PCR inhibitors that are prevalent in

oysters (Lees et al., 1994). Therefore, these methods

often necessitate labor intensive DNA extraction and

purification procedures (Bej et al., 1999; McCarthy

and Blackstone, 2000) or extensive sample dilution

during the enrichment process (DePaola and Huang,

1995).

While conventional PCR-based methods are highly

sensitive and specific, they require post-PCR detec-

tion procedures, such as gel electrophoresis. Real time

PCR eliminates the need for post-PCR processing by

measuring the accumulation of PCR amplicons during

each cycle of PCR in real time, thus decreasing

analytical time and labor. In addition, because fluo-

rescence increases in direct proportion to the amount

of specific amplicons, real time PCR can be used for

quantitation (Fortin et al., 2001; Kimura et al., 2000;

Lyon, 2000; Nogva et al., 2000). Since fluorogenic

probes target gene-specific sequences internal to the

primer sites, real time PCR imparts an added degree of

specificity compared to conventional PCR-based

methods.

This study examined the sensitivity and specificity

of a real time PCR assay developed on the Smart Cyc-

lerR system by Cepheid (Sunnyvale, CA) for the de-

tection of the V. parahaemolyticus tdh gene, and

evaluated its performance in the detection of tdh in

environmental oysters compared to a modification of

the BAM streak plating method (utilizing a DNA probe

to detect the tdh gene) (Elliot et al., 1995).

2. Materials and methods

2.1. Preparation of pure culture DNA templates for

analysis by real time PCR

The bacterial strains listed in Table 1 were grown

overnight at 35 jC in alkaline peptone water (APW)

(1% peptone, 1% NaCl) with shaking. A 1-ml aliquot

of each overnight bacterial culture was boiled in a snap

cap tube for 15 m. Cellular debris was pelleted by

centrifugation at 16,000� g for 30 s and the resulting

APW supernatant was used as a crude DNA template

for PCR (APW was not found to inhibit the PCR).

Equal volumes of crude DNA template from each of the

individual strains (other than the tdh positive strains)

were combined to form the DNA pools for the respec-

tive species, while the 42 tdh positive strains, were

assayed individually. A 2.5-Al aliquot from each DNA

pool or a 1.0-Al aliquot from the tdh positive cultures

was used as template in the real time PCR assay

described below.

Table 1

Specificity of real time PCR tdh assay tested against pooled bacterial

DNA

Pooled species Number

tested

tdh

genotypea
Number testing

positive by real

time PCR

Aeromonas hydrophila 2 � 0

Bacillus subtilis 2 � 0

Escherichia coli 2 � 0

Listeria monocytogenes 5 � 0

Salmonella spp. 2 � 0

Vibrio alginolyticus 2 � 0

Vibrio cholerae 20 � 0

Vibrio fluvialis 16 � 0

Vibrio hollisae 7 + b 0

Vibrio metschnikovii 15 � 0

Vibrio mimicus 10 � 0

Vibrio vulnificus 20 � 0

Vibrio parahaemolyticusc 12 � 0

Vibrio parahaemolyticusd 42 + 42

a Determined by alkaline phosphatase DNA probe.
b Five strains tdh positive; DNA probe and real time PCR

conditions optimized to avoid detection.
c tdh negative strains.
d tdh positive strains.
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2.2. Primers and fluorogenic probe for the detection

of tdh positive V. parahaemolyticus by real time PCR

Primer Express Software from Applied Biosystems

(Foster City, CA) was used to design oligonucleotide

primers and a fluorogenic probe targeting a specific

conserved 75 base pair region of the V. parahaemo-

lyticus tdhS gene (V. parahaemolyticus tdhS, Gen-

Bank Accession Number D90101). The forward

primer: 5V-AAA CAT CTG CTT TTG AGC TTC

CA-3V; and the reverse primer: 5V-CTC GAA CAA

CAA ACA ATATCT CAT CAG-3V, were synthesized
by Invitrogen (Baltimore, MD). The fluorogenic

probe: 5V-FAM-TGT CCC TTT (T)CC TGC CCC

CGG-3V was provided by the Centers for Disease

Control Core Synthesis Facility (Atlanta, GA). FAM

represents the fluoroscein reporter and (T) is the

nucleotide attachment site of the TAMRA quencher

molecule to the oligonucleotide.

2.3. Real time PCR assay for the detection of tdh

positive V. parahaemolyticus

Real time PCR amplification was run in a 25-Al
volume using the following reaction components

(final concentrations shown): 1� PCR Amplifica-

tion Buffer [10� buffer consisted 200 mM Tris–

HCl (pH 8.4) and 500 mM KCl] (Invitrogen), 9 mM

MgCl2 (additional optimization showed that the

MgCl2 concentration could be reduced to 6 mM

with equivalent results), 200 nM of each of the

dNTPs (Roche, Indianapolis, IN), 300 nM of each

of the primers described above, 50 nM fluorogenic

probe described above, 1.25 U Platinumk Taq

polymerase (Invitrogen), and either 1.0 or 2.5 Al of
template (see Sections 2.1, 2.4 and 2.6)). Real time

PCR thermal cycling was run using the Smart

CyclerR system from Cepheid utilizing the following

parameters: 94 jC initial hold for 2 m to denature

the DNA and activate the hot start Taq polymerase,

followed by 50 cycles of amplification, with each

amplification cycle consisting of denaturation at 94

jC for 10 s followed by a combined primer anneal-

ing/extension step at 60 jC for 12 s. The accu-

mulated fluorescence in each Smart CyclerR reaction

tube was measured at the end of each amplification

cycle by the instrument, with positive samples gen-

erating a signal of at least 30 fluorescent units above

baseline within 50 cycles. A positive control of

TX2103 (tdh positive clinical strain isolated during

a 1998 outbreak in Texas) and a negative control

(dH2O as template in the reaction) were prepared for

each PCR master mix.

2.4. Standard curve for real time PCR assay

A 6-h mid-log phase culture in APWof the V. para-

haemolyticus TX 2103 strain was diluted serially ten-

fold (with the highest dilution at 10� 8) in sterile phos-

phate-buffered saline (PBS) (137 mM NaCl, 2.7 mM

KCl, 4.3 mM Na2HPO4�7H2O, 1.4 mM KH2PO4, pH

7.3F 0.2). Duplicate spread plates of each dilution

were spread plated onto T1N3 media (1% tryptone,

3%NaCl, 2% agar), and a 1-ml aliquot of the 6 h culture

and each serial dilution were used to prepare DNA

template by boiling (Section 2.1) as described above.

Viable plate counts were obtained after an overnight

incubation at 35 jC. Aliquots (1.0 Al) of each boiled

cell dilution were used as template for real time PCR, in

order to produce a standard curve for examination of

the sensitivity and linearity of the assay over the

template dilution range. To produce the standard curve,

the log value of the calculated number of cells added to

each reaction tube (derived from plate counts) was

plotted vs. the cycle threshold (Ct) value. The Ct value

may be defined as ‘‘the first cycle at which there is a

significant increase in fluorescent signal over the back-

ground signal or a specified threshold’’ (Smart CyclerR
Operator Manual, 2001, Cepheid). Inhibition of the

PCR reaction by oyster homogenate was tested using a

standard curve with a pure culture template (as

described above), except an additional 2.5 Al from a

tdh negative oyster enrichment was also added to each

reaction tube. This oyster enrichment was previously

tested by DNA probe and real time PCR and was found

to be negative for tdh (Sections 2.6 and 2.7). The

difference in Ct values between the tdh template alone

added to the reaction, and the tdh template added along

with oyster enrichment showed the inhibitory effect of

oyster homogenate (Fig. 2).

2.5. Preparation of oyster samples

Sample collection, preparation, and enrichment

conditions were as previously described (Nordstrom

and DePaola, 2002). Briefly, a sample comprised of

G.M. Blackstone et al. / Journal of Microbiological Methods 53 (2003) 149–155 151



10–12 oysters (200–250 g) was diluted 1:1 in APW

and blended for 90 s. A 50-ml aliquot of blended

oyster homogenate was added to 200 ml of APW

(resulting in a final 1:10 dilution of oyster homoge-

nate) and enriched overnight at 35 jC. For each

sample, a 10-ml aliquot of oyster enrichment (1:10

oyster in APW incubated overnight at 35 jC) was

frozen at � 20 jC until utilized for analysis by real

time PCR. Thiosulfate–citrate–bile salts–sucrose

(TCBS) plates, a selective and differential agar were

then streaked from the 1:10 oyster enrichment and

incubated overnight at 35 jC. The next day up to 48

suspect green (sucrose negative) colonies were picked

and each was inoculated into 100 Al of APW in a 96-

well plate. The 96-well plate was then incubated 4–6 h

and replicated to a VVA plate [a differential agar

(Kaysner and DePaola, 2001)], using a 48 prong

replicator (Boekel Scientific, Feasterville, PA).

2.6. Analysis of oyster samples for the presence of tdh

positive V. parahaemolyticus by real time PCR

After first thawing, the oyster:APW enrichment at

room temperature, template for the real time PCR

assay was prepared by boiling 1 ml of the enrich-

ment for 15 m and then briefly centrifuging in a

tabletop centrifuge to pellet the cellular debris; 2.5 Al
of the supernatant was used as template for real time

PCR.

2.7. Analysis of oyster samples for the presence of tdh

positive V. parahaemolyticus by the streak plate/probe

method

The colonies on the VVA plate were lifted using

Whatman 541 filters. This allowed testing of 48 sus-

pect colonies for the presence of the tdh gene using

the colony lift and DNA hybridization procedure

previously described by McCarthy et al., 2000 (Fig.

1). Briefly, the colonies on the filters were lysed using

an alkaline lysis solution, and then fixed to the filter

by drying in a microwave. The filters were then

treated with Protinase K, washed in a salt solution

and then hybridized with an alkaline phosphatase

labeled DNA probe specific for the tdh gene. The

hybridized filter was then washed to remove any un-

bound probe, and then placed in a NBT/BCIP color

development solution. Isolates were recovered from

colonies which gave a positive signal with the tdh

DNA probe. These isolates were then tested with

APIR (bioMérieux, Durham, NC) to ensure they were

V. parahaemolyticus.

Fig. 1. Schematic of the microbiological sample preparation for analysis by real time PCR and the streak plate/probe method. The total time

required for real time PCR is < 24 h and the streak plate/probe method requires about 72 h.
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3. Results

3.1. Real time PCR assay specificity, sensitivity, and

standard curve

Pooled DNA from bacterial strains, shown by DNA

probe to lack the tdh gene, was tested by real time

PCR. None of the pools produced a signal from the tdh

real time assay. Only bacterial strains possessing the

tdh gene produced a fluorescent signal (Table 1).

Using boiled tenfold serial dilutions of DNA in PBS

as template, detection of a single colony forming unit

(CFU) was obtained within 38 cycles (Fig. 2). The

standard curve showed a linear relationship between

the log cell numbers and Ct values across at least six

orders of magnitude (105 to 100 cells per reaction) with

a strong correlation coefficient (r2 = 0.99) (Fig. 2). The

addition of 2.5 Al tdh negative oyster enrichment

supernatant inhibited the assay by an average of 4.6

Ct values at each dilution; however, detection of a

single tdh positive CFU still occurred within 45 cycles

(Fig. 2).

3.2. Analysis of oyster samples for the presence of tdh

positive V. parahaemolyticus by real time PCR and by

streak plating/DNA probe

A total of 131 oyster enrichment samples was tested

for the presence of tdh positive strains of V. para-

haemolyticus by both real time PCR and the streak

plate/probe method. Twelve samples tested positive by

both methods, while 67 samples tested negative by

both methods. Forty-nine samples tested positive by

PCR that were negative by DNA probe, while three

samples tested negative by PCR that were positive by

DNA probe (Table 2). A significantly higher detection

rate ( p< 0.05, McNemar’s analysis; Fleiss, 1981) was

obtained with real time PCR.

4. Discussion

Recently, real time PCR has been shown to be

useful in the detection of pathogenic bacteria in food

products (Kimura et al., 2000; Lyon, 2000; Nogva et

al., 2000; Fortin et al., 2001). This is the first report

demonstrating the efficacy of real time PCR for the

detection of pathogenic (tdh positive) V. parahaemo-

lyticus in oyster enrichments. The primer set and probe

sequences used were selected from regions of the V.

parahaemolyticus tdh gene sequence that are highly

specific to this gene, and were located downstream

from the region targeted by the DNA probe used in the

streak plate/probe method. Use of the fluorescent

probe in real time PCR provided an additional level

of assay specificity that was demonstrated using a

variety of non-vibrio species as well as numerous

Fig. 2. Standard curves showing the log cell number plotted vs. the

real time PCR cycle threshold for 10 fold dilutions of boiled V.

parahaemolyticus cells diluted to 1 CFU per reaction. The assay

showed a linear relationship between the log cell number and Ct

value across at least six orders of magnitude (105 to 100 cells per

reaction) with a strong correlation coefficient (r2 = 0.988). The

addition of 2.5 Al tdh negative oyster enrichment supernatant

inhibited the assay by an average of 4.6 Ct values at each dilution;

however, detection of a single tdh positive CFU was still achieved.

(.) Cells in PBS only; (E) cells in PBS plus oyster enrichment.

Table 2

Detection of tdh gene in 131 oyster enrichments by real time PCR

and by streak plate/probe method

Enrichments

positive by the

streak plate/

probe method

Enrichments

negative by the

streak plate/

probe method

Totals

Enrichments

positive by real

time PCR

12 49 61

Enrichments

negative by real

time PCR

3 67 70

Totals 15 116 131
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other vibrio species including V. hollisae, V. mimicus,

and V. cholerae non-O1, of which certain strains can

contain hemolysin genes with close homology to tdh

(Nishibuchi and Kaper, 1995). McCarthy et al.

reported that hybridization modifications were

required in order to eliminate detection of tdh positive

V. hollisae with the DNA probe, and that the two

species were indistinguishable when using conven-

tional PCR. None of the strains from these related

vibrio species or any other non-vibrio bacterial species

tested generated a real time amplification signal. A

single CFU in the real time PCR reaction provided

adequate target for detection of the tdh gene within 1 h.

The dynamic range of detection (105 to 100) demon-

strates that the assay retains its sensitivity over a broad

range of template DNA concentrations. While the PCR

reaction was delayed four to five cycles when running

the oyster enrichment matrix (compared to PBS), no

extraction or purification steps were required in order

to obtain a single CFU limit of detection. In addition,

since no post-PCR detection procedures were required,

the real time PCR procedure was much more rapid

(1 vs. 4 h) than conventional methods.

The strong correlation (r2 = 0.99) between the num-

ber of initial tdh targets (CFU) in the PCR reaction and

the associated Ct values illustrates the quantitative

potential for real time PCR. While this is not relevant

to the screening of enrichments, real time PCR may be

useful in the quantitation of high V. parahaemolyticus

levels initially present in environmental or seafood

samples. In addition, sample concentration of unen-

riched samples prior to the assay may aid in utilizing

real time PCR for the rapid detection and possible

quantitation of pathogenic V. parahaemolyticus and

other organisms from seafood samples, an area we are

currently exploring.

The detection rate of tdh in the oyster enrichments

was significantly higher ( p < 0.05) with real time PCR

(47%) than with the streak plate/probe method (11%),

and was considerably higher than was observed in

previous oyster surveys (DePaola et al., 1990, 2000;

Kaysner et al., 1990; Cook et al., 2001). The higher

detection rate might be attributed to the testing of a

greater number of potential tdh positive cells by real

time PCR than by the testing of colonies (each repre-

senting only a single cell from the enrichment) with the

DNA probe. In an oyster:APW enrichment, V. para-

haemolyticus levels typically reach 108 cells per ml

(unpublished results). Thus, a 2.5-Al portion of the

enrichment used as PCR template, would test greater

than 105 V. parahaemolyticus cells in a single reaction.

The ability to replicate only six columns of a 96-well

plate (resulting in a maximum of 48 colonies onto a

standard petri dish) limits the practical testing of cells

by the streak plate/probe method. In addition, since the

oyster enrichment used for the streak plate/probe

method is plated onto TCBS, a selective and differ-

ential medium, the growth of some strains of V. para-

haemolyticus (possibly possessing the tdh gene) may

have been inhibited as compared to the non-selective

APW enrichment which was tested by real time PCR.

Recently, a modification of the streak plate/probe

method allowed the testing of approximately 1000

colonies per sample, and improved the rate of detec-

tion to near 50% (Nordstrom and DePaola, 2002).

However, spread plating with colony lift and filter

hybridization is still much more resource intensive

than real time PCR.

The storage of oyster:APWenrichments at � 20 jC
before boiling and analysis by PCR may have

adversely affected the real time PCR reaction. For

some samples, an increase in Ct values was observed

after prolonged storage at � 20 jC (>3 months) (data

not shown); this was possibly the result of degradation

of the target DNA during freezing/thawing, perhaps by

DNase activity. An underestimation of the prevalence

of tdh in these samples may have resulted from this

target DNA degradation. This might offer an explan-

ation as to why the real time assay did not detect tdh in

three of the samples that tested positive by the streak

plate/probe method. Boiling of the enrichments before

freezing appears to increase the sensitivity of the real

time assay, probably by denaturation/damage of any

DNA-degrading enzymes. Avariation in levels of PCR

inhibitors from sample to sample may be another

possible explanation for why real time PCR did not

detect tdh in these three samples. These hypotheses

will require further experimentation for validation. It is

worth noting that the species identification of all

isolates recovered was determined by APIR to be V.

parahaemolyticus; however, for the three samples

which were positive by probe and negative by PCR,

a culture was recovered from only one sample. This

isolate was confirmed as V. parahaemolyticus.

This study demonstrated that the real time PCR

assay is a highly specific (detected only tdh positive V.
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parahaemolyticus strains), sensitive (1 CFU per reac-

tion limit of detection), rapid (time taken was < 24 h

for total assay and < 1 h for detection), and efficient

method for the detection of pathogenic V. parahaemo-

lyticus in oyster enrichments.
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