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Multipurpose assessment for the quantification
of Vibrio spp. and total bacteria in fish and
seawater using multiplex real-time polymerase
chain reaction
Ji Yeun Kim and Jung-Lim Lee*

Abstract

BACKGROUND: This study describes the first multiplex real-time polymerase chain reaction assay developed, as a multipurpose
assessment, for the simultaneous quantification of total bacteria and three Vibrio spp. (V. parahaemolyticus, V. vulnificus and V.
anguillarum) in fish and seawater. The consumption of raw finfish as sushi or sashimi has been increasing the chance of Vibrio
outbreaks in consumers. Freshness and quality of fishery products also depend on the total bacterial populations present.

RESULTS: The detection sensitivity of the specific targets for the multiplex assay was 1 CFU mL−1 in pure culture and seawater,
and 10 CFU g−1 in fish. While total bacterial counts by the multiplex assay were similar to those obtained by cultural methods, the
levels of Vibrio detected by the multiplex assay were generally higher than by cultural methods of the same populations. Among
the natural samples without Vibrio spp. inoculation, eight out of 10 seawater and three out of 20 fish samples were determined
to contain Vibrio spp.

CONCLUSION: Our data demonstrate that this multiplex assay could be useful for the rapid detection and quantification of Vibrio
spp. and total bacteria as a multipurpose tool for surveillance of fish and water quality as well as diagnostic method.
© 2014 The Authors. Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
Vibrios are opportunistic human and fish pathogens present in
marine and estuarine environments worldwide.1,2 Vibrio infec-
tions are usually associated with the consumption of seafood
or exposure of wounds to inhabited seawater.2 The incidence
of Vibrio infections has increased by 43% between 2006 and
2012 in the US.3 While consumption of raw oysters has been a
major cause of Vibrio infections in several countries, such as the
US,4,5 increasing the occasions of eating raw or undercooked
finfish has also increased the possibility of Vibrio infection and,
in some Asian countries, are considerably associated with con-
sumption of finfish.6 In one case, fish-balls contaminated with
Vibrio parahaemolyticus caused a food poisoning outbreak in
Thailand.7 In Japan, sashimi and sushi, raw fish foods, were
major causes of infection and occupied 26% and 23% of V.
parahaemolyticus outbreaks in humans, respectively.8 In the US,
the sushi industry has been growing by 1.6% annually through
2008–2013 and current numbers of sushi restaurants total
4135.9

At least 14 species of pathogenic Vibrio have been reported.
Vibrio parahaemolyticus and V. vulnificus are the leading cause
of illness due to seafood.2 According to the Centers for Disease
Control and Prevention (CDC), 112 cases of V. parahaemolyticus

and 25 cases of V. vulnificus infections occurred in 2012 and
constituted 75% of all Vibrio spp. illnesses combined.3 Vibrio
parahaemolyticus may cause acute gastroenteritis and sep-
ticemia; especially in people with liver or immune deficiencies.10

V. parahaemolyticus carries the thermolabile hemolysin (tlh)
gene which has been used as a species-specific marker for V.
parahaemolyticus.11,12 Vibrio vulnificus is recognized as a highly
invasive bacterium and leads to septicemia in immunocompro-
mized individuals13,14 as it has the highest mortality rate, greater
than 50% for primary septicemia, and has led to approximately 40
deaths from seafood in the US annually.15 Some virulence genes
of V. vulnificus, i.e. vvhA, vvpE, and rtxA1, have been reported
but their mechanisms of action are not fully understood.13 Vibrio
anguillarum causes vibriosis with lethal hemorrhagic septicemia
in fish and shellfish that result in substantial economic losses in
aquaculture farming worldwide16 as it has a homologue of V.
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cholerae EI Tor hemolysin17 and a virulence factor of V. cholerae
and V. vulnificus such as vah1 and rtxA, respectively.18 – 20

A rapid method for the detection and quantification of vibrio
pathogens is crucial in aquaculture for the detection of infected
fish and to monitor seafood quality in marine environments.
Although Vibrionaceae have generally been detected using
selective medium, like thiosulfate citrate bile salts sucrose agar
(TCBS),21 – 23 this method does not indicate the species of Vibrio.
Conventional polymerase chain reaction (PCR) assays provide
rapid, specific, and sensitive analysis of targeted vibrios, but
cannot make quantitative measurements.24 – 26 In comparison to
conventional PCR, a current real-time PCR method is quantitative,
more rapid, and about 100 times more sensitive.27,28

High bacterial populations in and on aquaculture products affect
their quality, shelf-life,29 and suggests the possibility of increased
numbers of potential human pathogens.30 The goal of the current
study was to develop and evaluate a multiplex real-time PCR assay
that would provide a rapid, sensitive, and quantitative method for
the detection of V. anguillarum, V. parahaemolyticus, V. vulnificus,
and total bacteria in fish fillets and seawater. While there exist
methods to detect V. cholerae, V. parahaemolyticus, and V. vulnificus
using multiplex real-time PCR,31,32 there are no methods to detect
V. anguillarum and the other Vibrio spp. at the same time. Moreover,
this study is the first attempt at multiplex real-time PCR to detect
and quantify Vibrio spp. and total bacteria simultaneously. We
describe a four-target multiplex real-time PCR assay using the
Taqman system. This assay includes novel primers and probes for
species-specific target genes, namely, tlh for V. parahaemolyticus,
toxR for V. anguillarum, vvhA for V. vulnificus, and detection of a
universal target, 16S rDNA for total bacteria.

MATERIALS AND METHODS
Bacterial cultures and DNA template preparation
For the optimization of multiplex real-time PCR and generation of
standard curves, V. anguillarum HB155721 (Carolina Biological Sup-
ply Co., Burlington, NC, USA), V. parahaemolyticus O1:Kuk, and V.
vulnificus MLT1009 (U.S. Department of Agriculture – Agricultural
Research Service, Dover, DE; USDA-ARS) were used. Mixed bacteria
from sea bass were used to generate a total bacterial sample, which
was prepared by overnight culture at 29∘C in tryptic soy broth
(TSB; Carolina Biological Supply Co.) with shaking (130 rpm). A 1:50
dilution of V. anguillarum and a 1:100 dilution of V. vulnificus were
maintained in TSB supplemented with additional 20 g L−1 NaCl
(TSB+) and incubated for 4–5 h at 29∘C with shaking (130 rpm) to
achieve an early-exponential phase culture. A 1:100 dilution of V.
parahaemolyticus overnight culture was incubated for 2–3 h under
the same conditions as the other Vibrio species. A 1:100 dilution of
total bacteria was cultured for 4–5 h at 29∘C in TSB. Vibrio cultures
in 8.5 g L−1 saline buffer were spread at ten-fold dilutions on tryptic
soy agar supplemented with 20 g L−1 NaCl (TSA+) and incubated
for 24 h at 29∘C. Decimal diluted total bacterial culture was plated
on TSA and cultured for 3 days at 29∘C to determine the CFU mL−1

of each strain.
Approximately 1× 107 CFU mL−1 of diluted bacterial cultures

(1 mL) were centrifuged for 5 min at 10 000× g and the super-
natant was discarded. The pellets were suspended in 400 𝜇L of
TZ buffer (20 g L−1 Triton X-100 and 2.5 mg mL−1 sodium azide
in 0.1 mol L−1 Tris-HCl, pH 8.0) and boiled for 10 min.30,33 Cell
debris were discarded by centrifugation for 5 min at 10 000× g
and supernatants containing crude DNA extract were transferred
to a fresh tube. Twenty microliters of Quick-Precip Plus Solution

(EdgeBio, Gaithersburg, MD, USA) and 800 μL of absolute ethanol
(Fisher Scientific, Fair Lawn, NJ, USA) were added to the super-
natants to precipitate genomic DNA. After centrifugation (5 min,
13 000× g), the pellets were washed with 700 mL L−1 ethanol and
dried at room temperature. The pelleted DNA was dissolved in
nuclease-free water.

Design and evaluation of primers and probes for multiplex
real-time PCR
At least six ORF sequences of each species-specific target gene, tlh,
toxR and vvhA, were obtained from GenBank and aligned using the
Clustal W program. To detect total bacteria, universal primers and
a probe were designed using the conserved regions of 16S rDNA
following the alignment of 32 sequences from a host of bacteria
based on Bergey’s Manual of Determinative Bacteriology.34 The 16S
rDNA sequences (GenBank accession numbers in parentheses)
were aligned using Clustal W for the following strains arranged by
differentiation via Gram stains and cell morphology:

• Gram-positive cocci: Staphylococcus (GQ911564.1), Micrococ-
cus (JQ726627.1), Peptococcus (AB644260.1), Streptococcus
(EU156766.1), Peptostreptococcus (AY359243.2), Enterococcus
(AB681177.1)

• Gram-positive bacilli: Listeria (JF967624.1), Erysipelothrix
(AB685261.1), Bacillus (JQ905096.1), Clostridium (GQ911558.1),
Streptomyces (AB184358.1), Lactobacillus (AB680529.1),
Eggerthella (HQ455039.1)

• Gram-negative cocci: Veillonella (HM007566.1)
• Gram-negative bacilli: Acinetobacter (EF672504.1), Bru-

cella (JN571438.1), Bordetella (AB682670.1), Bacteroides
(HE608159.1), Haemophilus (EU909679.1), Pasteurella
(HE800437.1), Francisella (JQ277265.1), Eikenella (JN713283.1),
Cardiobacterium (M35014.1), Streptobacillus (JQ087393.1), Vib-
rio (AY292952.1), Campylobacter (GQ167677.1), Aeromonas
(JQ781582.1), Alcaligenes (FJ151629.1), Chromobacterium
(FJ753567.1), Escherichia coli (JQ904752.1), and Salmonella
(JQ074173.1).

The Primer3 program (http://biotools.umassmed.edu/bioapps/
primer3_www.cgi) was used to design oligonucleotide primers
and TaqMan probes targeting highly conserved regions of each
genes. The PriDimerChecking program was used to check dimer-
ization among primers and probe and the species-specific primers
and probes were validated for high specificity by Blast analysis
(NCBI). The primer and probe sequences are listed in Table 1.

Optimization of multiplex real-time PCR
Primers, probe concentrations, and the real-time PCR protocol
including annealing temperatures, reaction times, and cycling
numbers were optimized for the multiplex detection and quan-
tification of the 16S rDNA, tlh, toxR, and vvhA genes using the
StepOnePlus real-time PCR platform (Applied Biosystems, Foster
City, CA, USA). For comparison of PCR performance, the real-time
PCR was conducted using three types of commercial real-time PCR
master mixes. Those were IQ Multiplex Powermix (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA), Express qPCR Supermix Univer-
sal (Invitrogen, Carlsbad, CA, USA), and Premix Ex Taq (TaKaRa Bio
Inc., Shiga, Japan) and they were randomly represented as master
mix A, B and C, respectively. The optimal reaction mixture com-
ponents for a 25 μL volume were 12.5 μL of 2X master mix, 800
nmol L−1 each of the toxR forward and reverse primers and probe;
200 nmol L−1 each of the 16S rDNA forward and reverse primers

wileyonlinelibrary.com/jsfa © 2014 The Authors. J Sci Food Agric 2014; 94: 2807–2817
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Table 1. Primer and probe sequences used in this study

Name (accession #) Start Sequence Modification

16S-F (JQ904752.1)a 226 5′-cccagatgggattagcttgt-3′ –
16S-R 331 5′-tctggaccgtgtctcagttc-3′ –
16S-P 270 5′-cgacgatccctagctggtctgaga-3′ 5′ ROX to 3′ BHQ2
tlh-F (GU971655.1) 237 5′-ctactggtggagctccgttt-3′ –
tlh-R 354 5′-cgtaatgtctgcgttctcgt-3′ –
tlh-P 277 5′-accaacacgtcgccaaacgttatc-3′ 5′ JOE to 3′ BHQ1
toxR-F (AJ299739.1) 162 5′-acactgcaaagcaaattgatg-3′ –
toxR-R 295 5′-tgatgggcgtattcacaact-3′ –
toxR-P 212 5′-tggctcttctattgactagccctgca-3′ 5′ TAMRA to 3′ BHQ2
vvhA-F (JF718659.1) 273 5′-ccaagtttggggcctagata-3′ –
vvhA-R 365 5′-actgtgagcgttttgtctgc-3′ –
vvhA-P 315 5′-agtggcatccgatcgttgtttgac-3′ 5′ FAM to 3′ BHQ1

a This accession number represents 32 alignment species to design 16S rDNA primers.

and probe; and 50 nmol L−1 each of the tlh and vvhA forward
and reverse primers and probe. The remainder of the reaction vol-
ume consisted of DNA template and nuclease-free water. The opti-
mal cycling parameters consisted of a 95∘C initial denaturation
hold for 2 min followed by 35 cycles of amplification, with each
cycle consisting of denaturation at 95∘C for 15 s and a combined
annealing/extension step at 60∘C for 50 s. For negative control,
nuclease-free water was added to the reaction mixture as a tem-
plate for every real-time PCR assay and fluorescence was read at
the end of each amplification cycle.

Generation of standard curves
For the determination of detection and quantitative capabilities
from fish and seawater samples, standard curves of the four
target genes (16S, tlh, toxR, and vvhA) were generated during
multiplex real-time PCR amplification. DNA templates of each
strain were prepared from a ten-fold dilution series of three Vibrio
spp. and total bacteria in 8.5 g L−1 saline buffer. The dilution series
for the PCR assay were run in triplicate for three independent
experiments. The standard curves were determined by plotting
the Ct values against the log CFU reaction−1 and the slope was
generated by linear regression of plotted points.

Specificity and sensitivity test
The multiplex real-time PCR assay was tested for specificity against
a panel of 37 bacterial strains including 11 Vibrio spp., three Bacil-
lus spp., two E. coli strains, three Pseudomonas spp., and 18 other
strains (Table 2). These strains were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA), Carolina Bio-
logical Supply Co., the USDA-ARS, and the previous study.35 The
sensitivity of the multiplex assay from artificially inoculated sea-
water and fish samples was tested from log 5 to log 0 CFU mL−1 as
well as from log 3 to log 0 CFU g−1, respectively.

Fish sample collection and processing
In total, 30 fish were used for this study. Ten fish fillet samples
were purchased from local retail or fresh fish markets in Dover,
Delaware, USA. Samples consisted of sea bass (Centropristis striata),
cod fish (Gadus morhua), flounder (Paralichthys), and haddock
(Melanogrammus aeglefinus). The fish fillets were cut into small
pieces and 25 g were put into stomacher bags (Interscience, St.

Nom, France). A low level (Log 2 CFU g−1) of each Vibrio culture
in PBS was added to fish samples and were maintained for 1 h in
the refrigerator (4∘C). In the stomacher bags, 75 mL of PBS was
added and the fish samples were homogenized using a Bag Mixer
(Interscience) for 10 min. Ten milliliters of each homogenized fish
fillet were centrifuged at 150× g for 5 min to remove larger pieces.
Each supernatant was re-centrifuged at 5000× g for 10 min and
the supernatants were discarded. The pellets were resuspended
in 1 mL of PBS and used for quantitative detection of Vibrio spp.
and total bacteria by the plate count method and by multiplex
real-time PCR.

In addition, 20 fish fillets were obtained from aquaculture facility
at Delaware State University (DSU) and local retail sources in Dover,
Delaware, USA. The fillets used in this study were: sea bass (Cen-
tropristis striata), cod fish (Gadus morhua), flounder (Paralichthys),
haddock (Melanogrammus aeglefinus), hybrid striped bass (Morone
Chrysops×Morone saxatilis), mummichog (Fundulus heteroclitus),
and tilapia (Oreochromis mossambicus). The processing was the
same as above excluding the inoculation of Vibrio spp.

Seawater collection and processing
A total of 15 different seawater samples were collected from Febru-
ary to November of 2013. Artificial seawater was made according
to instructions of the manufacturer (Instant Ocean sea salt; Aquar-
ium System Inc., Blacksburg, VA, USA) and autoclaved at 121∘C
for 17 min. Fourteen seawater samples were collected at differ-
ent locations and on different days. Four Atlantic Ocean water
samples were collected from the Indian River inlet, Delaware.
Four Delaware Bay seawater samples were collected from Bow-
ers beach, Delaware. Six aquaculture seawater samples were col-
lected from the aquaculture facility at DSU. Within 24 h of col-
lection, water samples were vacuum filtered through Whatman
#40 filter paper (Whatman, Buckinghamshire, UK) to remove algae,
debris, and grit. One artificial seawater and 4 natural seawater fil-
trates were artificially inoculated with low levels (Log 2 CFU mL−1)
of Vibrio cultures (V. anguillarum, V. parahaemolyticus, and V. vul-
nificus in phosphate-buffered saline; PBS) and maintained for 1 h
at room temperature. Both of the five Vibrio-inoculated and 10
non-inoculated seawater were used for quantitative detection of
Vibrio spp. and total bacteria by the plate count method and mul-
tiplex real-time PCR.

J Sci Food Agric 2014; 94: 2807–2817 © 2014 The Authors. wileyonlinelibrary.com/jsfa
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Table 2. Bacterial strains used to test the specificity of multiplex real-time polymerase chain reaction (PCR)

Real-time PCR results (+/−)

Species Strain Source 16S tlh toxR vvhA

Vibrio anguillarum HB155721 Carolina + − + −
Vibrio anguillarum – USDA-ARS + − + −
Vibrio cholerae 01 – USDA-ARS + − − −
Vibrio fischeri – USDA-ARS + − − −
Vibrio harveyi – USDA-ARS + − − −
Vibrio mimicus ATCC 33654 ATCC + − − −
Vibrio parahaemolyticus O1:Kuk – USDA-ARS + + − −
Vibrio parahaemolyticus O3:K6 – USDA-ARS + + − −
Vibrio vulnificus 15 USDA-ARS + − − +
Vibrio vulnificus MLT 367 USDA-ARS + − − +
Vibrio vulnificus MLT1009 USDA-ARS + − − +
Aeromonas sobria D36 Hickey et al.35 + − − −
Bacillus cereus # 5056 USDA-ARS + − − −
Bacillus cereus HB154870 Carolina + − − −
Bacillus subtilis HB154921 Carolina + − − −
Clostridium butyricum HB154965 Carolina + − − −
Enterococcus faecalis HB155600 Carolina + − − −
Escherichia coli DH5a ATCC67876 ATCC + − − −
Escherichia coli O157:H7 – USDA-ARS + − − −
Lactococcus lactis HB155610 Carolina + − − −
Photobacterium kishitanni – USDA-ARS + − − −
Pseudomonas aeruginosa ATCC 10145 ATCC + − − −
Pseudomonas fluorescens ATCC 13525 ATCC + − − −
Pseudomonas putida 155265 Carolina + − − −
Salmonella enteritidis HB155350A Carolina + − − −
Salmonella enteritidis SA 36 USDA-ARS + − − −
Salmonella heidelberg SA 42 USDA-ARS + − − −
Salmonella montevideo SA 40 USDA-ARS + − − −
Salmonella newport SA 41 USDA-ARS + − − −
Salmonella typhimurium HB155351A Carolina + − − −
Salmonella typhimurium SA 34 USDA-ARS + − − −
Serratia marcascens SM51 USDA-ARS + − − −
Shewanella algae ATCC 51192 ATCC + − − −
Shewanella baltica NCTC 10735 USDA-ARS + − − −
Shewanella baltica D10 Hickey et al.35 + − − −
Staphylococcus aureus ATCC 12598 ATCC + − − −
Staphylococcus aureus HB155554A Carolina + − − −

ATCC, American Type Culture Collection; USDA-ARS, US Department of Agriculture – Agricultural Research Service.

Quantification of Vibrio spp. and total bacteria from
the samples by culture-dependent bacterial enumeration
The processed seawater and fish samples were serially diluted
ten-fold in PBS and spread on TCBS (Difco, Sparks, MD, USA) and
TSA plates. The TCBS plates were incubated for 24 h at 29∘C and
the TSA plates were cultured for 3 days at 29∘C. The colonies on the
TCBS plates were enumerated to quantify Vibrio spp. and those on
the TSA were counted to quantify total bacteria.

Quantification of Vibrio spp. and total bacteria using
multiplex real-time PCR
The processed water samples were vacuum filtered through
polyethersulfone membrane filters (0.22 μm pore size, 25 mm
diameter; Whatman) and the filters were put into microcentrifuge
tubes to extract bacterial DNA. Fish samples described above
were centrifuged at 13 000× g for 5 min and the pellets were

used for template DNA preparation. Two hundred microliters of
2× TZ buffer was added to microcentrifuge tubes containing a
filter from the water samples or resuspended pellets from the
fish samples. Six percent Chelex solution (Bio-Rad) was added
and the microcentrifuge tubes were vortexed for 2 min. The
tubes were boiled for 10 min, centrifuged at 10 000× g for 5 min,
and the supernatants were retained. The following precipitation
processes of genomic DNA were the same as the DNA template
preparation from the pure culture and the multiplex real-time PCR
assay were decribed above. Quantification of Vibrio spp. and total
bacteria were evaluated using the strandard curves as previously
described.

Statistical analysis
The T-test was used to determine statistically significant differ-
ences between the Ct values resulted from multiplex real-time PCR

wileyonlinelibrary.com/jsfa © 2014 The Authors. J Sci Food Agric 2014; 94: 2807–2817
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assays for PCR optimization. The SPSS 12.0K for windows software
(SPSS Inc., Chicago, IL, USA) was used to explore the statistical sig-
nificance of results obtained. A confidence interval at the 95% level
(P < 0.05) was considered in all cases.

RESULTS
Optimization of the PCR assay
Blast analyses showed that the three specific TaqMan probes and
pairs of primers designed in this study were highly specific for
detection and quantification of Vibrio spp. This study assessed
three different manufacturers’ PCR master mixes for optimization
of multiplex real-time PCR. Among them, 16S target (ROX dye) was
not consistently detected in the PCR mixture using master mix
C, whereas, master mix B showed lower Ct values compared with
master mix A (Table 3). Therefore, master mix B was chosen for this
multiplex assay.

Primer and probe concentrations were optimized for the detec-
tion of low numbers of bacteria as well as maximization of primer
and probe efficiencies. While the Ct value of the 16S rDNA gene
was higher with reduced primer and probe concentrations, the Ct
values of tlh and vvhA were not significantly different even with
lower concentrations of primer and probe in the multiplex assay
(Table 3). Therefore, the concentration of 16S primers and probe
was fixed at 200 nM and primer and probe concentrations of tlh
and vvhA were reduced to 50 nM (Table 3). ToxR was best detected
with primers and probe at 800 nM (Table 3). The relative fluores-
cence curve of toxR was retarded at primer and probe concentra-
tions up to 400 nM (Fig. 1A). As shown in Table 3, toxR amplification
signal was influenced by the ratio of final concentration of tlh and
toxR primers and probes. When the molar ratios of tlh and toxR
were higher than 1:4 (tlh:toxR), toxR was not detected. In addition,
the lower ratio of tlh/toxR (1:16) gave the lowest Ct value for toxR
targets (Table 3).

To optimize the annealing/extension temperature, we per-
formed temperature gradient assays from 56 to 64∘C. The lowest
temperature used for 16S, tlh and vvhA targets (56∘C) produced
the lowest Ct values (Table 4). On the other hand, toxR targets were
lowest at 60∘C in the PCR mixture using master mix B. Additionally,
the amplification curves of toxR were not suppressed at 60 and
62∘C when master mix B was used (Fig. 1B).

The real-time PCR reaction time was optimized for rapid detec-
tion. The Ct values of all four targets showed no significant dif-
ferences (P > 0.05) with denaturation for 15–20 s and anneal-
ing/extension for 50 s to 1 min. Ct values with combined anneal-
ing/extension for 40 s were the least desirable with the highest
Ct values detected (16S, 24.94± 0.33; tlh, 19.66± 0.37; toxR, not
detected; vvhA, 24.80± 0.18, used master mix B). The optimal con-
ditions for the multiplex real-time PCR in a 25 μL reaction volume
requires the following: 800 nmol L−1 of each primer and probe for
toxR, 200 nmol L−1 of each of primer and probe for the 16S rDNA,
and 50 nmol−1 of each primers and probe for tlh and vvhA forward.
The optimal cycling parameters consisted of a 95∘C hold for 2 min
for the initial denaturation followed by 40 cycles of DNA amplifica-
tion, for each cycle followed by denaturation at 95∘C for 15 s and a
combined annealing/extension step at 60∘C for 50 s.

Standard curve
In order to verify the sensitivity of the method and the consistency
of quantitative measurement, DNA was prepared from a 10-fold
diluted pure cultures of Vibrio spp. and in total bacteria to be
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Figure 1. Multiplex real-time PCR amplification curves of a toxR target obtained from (A) different primers and probe concentration, (curve a) 800 nM,
(curve b) 400 nM, and (curve c) 200 nM of toxR primers and probe; and (B) different annealing and extension temperature.; annealing and extension
temperatures at (curve a) 60∘C, (curve b) 62∘C, (curve c) 58∘C, and (curves d and e) 56 and 64∘C.

analyzed using the multiplex real-time PCR. The three standard
curves of specific targets obtained from each Vibrio strain in the
range of log 0 to log 5 CFU per PCR assay and the standard curve
of 16S was generated in the range of log 0.6 to log 5.6 CFU per
reaction (Fig. 2). The standard curves of specific targets showed
excellent correlations of linear regression with r2 coefficients: tlh,
toxR, and vvhA were 0.990, 0.997, and 0.993, respectively, from
three independently performed experiments and the coefficient
for the 16S standard curve was 0.978.

Specificity and sensitivity of PCR
The multiplex real-time PCR assay was tested for specificity against
37 bacteria (Table 2). Vibrio anguillarum was positive for toxR
and 16S but negative for the other specific targets and V. para-
haemolyticus generated Ct values for only tlh and 16S. Additionally,
V. vulnificus showed positive results for vvhA and 16S and negative
for the two other targets. No positive amplification signals were
obtained with any of the other species for tlh, toxR and vvhA tar-
gets but all other strains were positive for a 16S target.

This multiplex assay detected 1 CFU mL−1 of pure cultured V.
anguillarum, V. parahaemolyticus and V. vulnificus and 4 CFU mL−1

of total bacteria. Also, the detection limits of Vibrio spp. were 1 CFU

mL−1 in seawater and 10 CFU g−1 in fish and sensitivities of total
bacteria were 4 CFU mL−1 in seawater and 40 CFU g−1 in fish.

Quantification of Vibrio spp. and total bacteria in fish
and seawater
Multiplex real-time PCR was applied to a total of 30 fish and
15 water samples, 10 Vibrio spp. inoculated fish and five water
samples, and 10 non-inoculated natural water and 20 fish samples.
The results were compared with bacterial counts by a plate count
method. Overall, for seawater and fish samples, total bacterial
counts were similar between TSA plates and 16S real-time PCR,
whereas Vibrio counts on TCBS were comparatively lower than
the total Vibrio spp. counts for the three targets as determined by
multiplex real-time PCR.

Total bacteria and Vibrio spp. were detected in all Vibrio spp.
inoculated samples using both plate count and multiplex real-time
PCR methods. Fish I-e (6.57± 0.06 vs. 6.61± 0.07 Log CFU g−1; TSA
vs. 16S PCR) and seawater I-b (3.54± 0.16 vs. 3.69± 0.04 Log CFU
mL−1; TSA vs. 16S PCR) showed the closest similarity among total
bacteria counts between the two methods (Table 5). The sum of
three Vibrio spp. counts detected by real-time PCR were higher
than the number of colonies on TCBS. However Vibrio counts of
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fish I-a were exceptionally higher on TCBS (4.33±0.09 Log CFU g−1)
than real-time PCR (Table 5).

In the natural samples without Vibrio spp. inoculation, clos-
est data between the two methods were fish 3 (6.21± 0.19 vs.
6.20± 0.02 Log CFU g−1; TSA vs. 16S PCR), fish 17 (3.61± 0.09 vs.
3.60± 0.21 Log CFU g−1; TSA vs. 16S PCR), and seawater sample 3
(2.95± 0.07 vs. 2.92± 0.03 Log CFU mL−1; TSA vs. 16S PCR, Table 6).
While Vibrio spp. was detected in fish 3, 13, 15, and seawater 3
through 10 from the multiplex real-time PCR assay, Vibrio spp.
also was detected in fish 1, 5, 8, and seawater 3, 4 and 9 by the
culture-dependent method. At the species level, V. parahaemolyti-
cus was detected from seawater 4 and 9, V. anguillarum was pos-
sessed in seawater 3, and V. vulnificus was quantified in fish 3, 13,
15, seawater 4–10 (Table 6).

DISCUSSION
This study presents a rapid and reliable method for the simulta-
neous quantification of pathogenic Vibrio spp. and total bacteria
using a multiplex real-time PCR assay. Rapid detection and quan-
tification of Vibrio spp. becomes more crucial in the US due to the
increase of Vibrio spp. infection from seafood.3 Also, the manage-
ment of the number of total bacteria is very important to maintain
the quality of seafood for both of seafood manufacturer and con-
sumers. The enumeration of specific Vibrio spp. in seafood or the
environment is more challengeable when they exist at low levels.

We tested three different manufacturer’s real-time PCR master
mix for efficient multiplex assays and one of the master mixes
could not detect a 16S target. While a 16S target was detected by
ROX fluorescence dye in this study, ROX was assigned to a passive
reference dye as a default value in the StepOne Plus real-time
PCR system. Though we manually operated the ROX channel as
a reporter dye, the system could not detect the 16S target with
a probe labeled ROX dye in master mix C PCR mixture, but could
detect the 16S target in the PCR mixture using the other two
master mixes.

Cross-talk between the fluorescence dyes having close emission
wavelengths is a concern in a multiplex real-time PCR assay. In this
study, the amplification signal of a toxR target represented by a
TAMRA reporter dye was interfered by tlh and 16S having reporter
dyes JOE and ROX, especially tlh (JOE) signal strongly suppressed
the amplification curve of toxR. This could be explained by the
emission wavelengths of the two fluorescence dyes being quite
proximate as the wavelength of JOE is about 548 nm and that of
TAMRA is 576 nm.36 In addition, the relative fluorescence intensity
of JOE was 10 times higher than that of TAMRA (data not shown),
when the same concentration of primer and probe were used.
In order to reduce this signal interference, the ratio of primer
and probe concentrations were optimized and we demonstrated
that the limiting of the concentration of tlh primer and probe
permitted the detection of a toxR target. Consequently, there was
no signal interference at the concentration ratio of 1:16 (tlh:toxR).

The three probe and primer sets for the detection of the three
Vibrio spp. were designed to detect species-specifically and to
avoid the amplification of other Vibrio spp. The target genes,
tlh and vvhA, for detection of V. parahaemolyticus and V. vulnifi-
cus were clarified by their species-specificity in many previous
reports.11,12,31,37,38 The ToxR gene used for detection of V. anguil-
larum was verified using the universal presence in V. anguillarum
but not detected in various other genus and species including 34
Vibrio spp.39 In this study, the specific targets were successfully
amplified without any false positives. Universal primer and probe
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Figure 2. Standard curves of four targets: (A) 16S, (B) tlh, (C) toxR, and (D) vvhA for quantification, plotting Ct values and Log CFU. Pure cultured Vibrio
anguillarum, V. parahaemolyticus, and V. vulnificus were used ranges from Log 0 CFU to Log 5 CFU and total bacteria was used ranged from Log 0.6 CFU to
Log 5.6 CFU.

Table 5. Quantification of Vibrio spp. and total bacteria in Vibrio spp. inoculated seawater and fish samples by culture methods and multiplex
real-time polymerase chain reaction (PCR) assay

Total bacteria (Log CFU ml−1 or g−1)a Vibrio spp. (Log CFU ml−1 or g−1)

Culture plate Real-time PCR Culture plate Real-time PCR

Sample TSA 16S TCBS tlh toxR vvhA

Fish I-a 7.90± 0.05b 8.21± 0.18 4.33± 0.09 2.98± 0.07 2.90± 0.08 2.75± 0.07
Fish I-b 5.85± 0.21 5.93± 0.03 1.98± 0.03 2.21± 0.05 2.13± 0.11 1.95± 0.08
Fish I-c 6.06± 0.15 6.13± 0.09 1.59± 0.16 2.13± 0.30 1.85± 0.01 2.86± 0.04
Fish I-d 8.55± 0.09 8.29± 0.05 2.61± 0.32 2.88± 0.06 2.64± 0.10 2.78± 0.08
Fish I-e 6.57± 0.06 6.61± 0.07 1.39± 0.12 2.00± 0.03 1.84± 0.44 2.71± 0.03
Fish I-f 6.61± 0.09 6.44± 0.18 2.70± 0.00 2.22± 0.02 2.56± 0.37 2.05± 0.19
Fish I-g 6.76± 0.14 6.92± 0.01 2.00± 0.00 2.99± 0.01 2.99± 0.03 2.42± 0.01
Fish I-h 6.93± 0.05 7.76± 0.02 2.14± 0.34 2.45± 0.01 2.53± 0.09 2.61± 0.08
Fish I-i 5.50± 0.14 6.17± 0.09 1.93± 0.04 2.02± 0.26 2.65± 0.23 1.93± 0.08
Fish I-j 5.65± 0.07 5.89± 0.08 1.89± 0.16 2.55± 0.03 1.82± 0.04 2.15± 0.09
Artificial seawater 2.47± 0.20 2.33± 0.04 2.02± 0.03 1.96± 0.20 1.49± 0.04 2.14± 0.01
Seawater I-a 4.20± 0.10 4.56± 0.03 1.83± 0.16 2.66± 0.24 1.07± 0.34 2.96± 0.04
Seawater I-b 3.54± 0.16 3.69± 0.04 2.52± 0.06 2.59± 0.13 2.98± 0.09 2.78± 0.03
Seawater I-c 3.43± 0.24 3.65± 0.13 2.07± 0.16 2.59± 0.13 2.56± 0.20 2.23± 0.00
Seawater I-d 4.65± 0.07 4.48± 0.09 2.15± 0.32 2.91± 0.02 1.97± 0.19 2.08± 0.06

a Fish, Log CFU g−1; seawater, Log CFU ml−1.
b Mean± standard deviation.
TCBS, thiosulfate citrate bile salts sucrose; TSA, tryptic soy agar.
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Table 6. Quantification of Vibrio spp. and total bacteria in natural seawater and fish samples by culture methods and multiplex real-time polymerase
chain reaction (PCR) assay

Total bacteria (Log CFU ml−1 or g−1)a Vibrio spp. (Log CFU ml−1 or g−1)

Culture plate Real-time PCR Culture plate Real-time PCR

Sample TSA 16S TCBS tlh toxR vvhA

Fish 1 7.81± 0.05b 8.30± 0.01 3.64± 0.08 ND ND ND
Fish 2 5.77± 0.40 5.99± 0.04 ND ND ND ND
Fish 3 6.21± 0.19 6.20± 0.02 ND ND ND 1.70± 0.13
Fish 4 8.55± 0.10 8.32± 0.08 ND ND ND ND
Fish 5 6.64± 0.04 6.66± 0.06 1.00± 0.00 ND ND ND
Fish 6 6.31± 0.19 6.65± 0.07 ND ND ND ND
Fish 7 6.84± 0.08 7.13± 0.05 ND ND ND ND
Fish 8 6.93± 0.04 7.61± 0.03 1.45± 0.21 ND ND ND
Fish 9 5.45± 0.21 5.84± 0.10 ND ND ND ND
Fish 10 5.59± 0.16 5.89± 0.02 ND ND ND ND
Fish 11 4.49± 0.04 4.83± 0.28 ND ND ND ND
Fish 12 4.01± 0.05 4.06± 0.03 ND ND ND ND
Fish 13 4.19± 0.03 4.21± 0.08 ND ND ND 1.99± 0.14
Fish 14 4.17± 0.01 4.39± 0.03 ND ND ND ND
Fish 15 4.52± 0.03 4.70± 0.10 ND ND ND 1.81± 0.07
Fish 16 4.35± 0.05 4.72± 0.13 ND ND ND ND
Fish 17 3.61± 0.09 3.60± 0.21 ND ND ND ND
Fish 18 3.56± 0.03 3.31± 0.21 ND ND ND ND
Fish 19 3.60± 0.03 3.51± 0.23 ND ND ND ND
Fish 20 3.32± 0.00 3.20± 0.02 ND ND ND ND
Seawater 1 4.67± 0.01 4.50± 0.01 ND ND ND ND
Seawater 2 2.70± 0.00 3.00± 0.15 ND ND ND ND
Seawater 3 2.95± 0.07 2.92± 0.03 1.24± 0.34 ND 1.99± 0.32 ND
Seawater 4 3.85± 0.21 4.17± 0.16 1.10± 0.17 1.17± 0.27 ND 0.3 6± 0.16
Seawater 5 4.10± 0.03c 4.14± 0.15 ND ND ND 2.22± 0.09
Seawater 6 4.07± 0.01 4.13± 0.13 ND ND ND 2.37± 0.12
Seawater 7 3.87± 0.01 3.21± 0.03 ND ND ND 1.88± 0.02
Seawater 8 3.92± 0.09 3.57± 0.18 ND ND ND 2.04± 0.12
Seawater 9 4.19± 0.07 3.59± 0.10 2.69± 0.21 1.49± 0.12 ND 3.02± 0.00
Seawater 10 3.08± 0.09 2.79± 0.13 ND ND ND 1.66± 0.05

a Fish, Log CFU g−1; seawater, Log CFU ml−1.
b Mean± standard deviation.
ND, not detected; TCBS, thiosulfate citrate bile salts sucrose; TSA, tryptic soy agar.

were also designed for the quantification of total bacteria. All
experimental species showed positive results, the range of Ct
values was variable between 19 and 27.

For the quantification of the bacterial levels in food or envi-
ronmental samples by PCR assay, proper DNA sample prepara-
tion is crucial. To eliminate PCR inhibitors and prepare effective
genomic DNA extractions with simple and fast methods, we evalu-
ated several DNA extraction methods: (1) boiling with a TZ buffer,
(2) boiling with chelex-100 solution, (3) boiling with a TZ buffer
and chelex-100 solution, and (4) commercial DNA extraction kits
for food or seawater (data not shown). In the previous studies, TZ
buffer enhanced the yield of genomic DNA and extracted DNA
from low levels of bacterial numbers.33 Chelex-100 is a specialized
resin that chelates metal ions and other contaminants as well as it is
often used for DNA extraction in preparation for PCR.40 Chelex-100
has been applied to prepare bacterial DNA from fishes as well
as seawater due to its excellent chelating effects, especially in
seawater.41 – 44 Also, additional DNA clean up processes were tried
using a DNA cleaning column or precipitation solution. Through

assessment of those approaches in this study, a combination
method using TZ buffer, chelex-100 solution, and further precip-
itation was the most effective DNA preparation for the multiplex
real-time PCR assay. When using this DNA preparation method, the
specific targets were detected up to 1 CFU mL−1 in seawater and
10 CFU g−1 in fish.

The total bacterial populations in fish and seawater quantified
by a culture method and multiplex real time PCR assay was
similar and indicates that both methods have a close correlation.
Nutritionally rich bacterial media, TSA, was used for total bacterial
cultivation from fish and seawater samples. The number of colony
on TSA may generally represent actual bacterial counts. Therefore
the multiplex real-time PCR assay would be very practical to
enumerate total bacteria in fish and seawater. The total numbers
of the three Vibrio spp. by multiplex real-time PCR assay was
consistently higher than those of TCBS plates. TCBS agar is highly
selective for the isolation of V. cholerae and V. parahaemolyticus,
and other Vibrio spp.,45 but has some limitations. Viable but injured
bacteria in environments will not grow on TCBS agar because of
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selective agents;46,47 however, those bacteria could be recovered
on non-selective rich media. In addition, some Vibrio spp. such as
V. hollisae and V. metschnikovii may not grow on TCBS agar.48 In our
preliminary test, V. parahaemolyticus and V. vulnificus strains used
in this study were grown on TCBS agar except for V. anguillarum
strain; results indicated that V. anguillarum inoculated in fish and
seawater could not be detected on TCBS agar. Also, when Vibrio
spp. in artificial seawater, which was sterile before Vibrio spp.
inoculation, were spread on TSA+ as well as TCBS plates, the
colony counts on TSA+ were higher than on TCBS agar and were
approximate to the number of Vibrio spp. quantified by this PCR
assay. Especially, when the low levels, Log 1 CFU g−1, of Vibrio
spp. inoculated in fish samples, TCBS agar did not detect the
vibrios. Vibrio spp. counts on TCBS agar must be under-estimated
in contrast to the actual numbers of Vibrio spp. From the results
obtained in this study, the quantification of Vibrio spp. in fish and
seawater by this multiplex real-time PCR assay might be more
accurate than the culture methods.

Temperature is considered the critical factor concerning Vibrio
spp. abundance and distribution in seawater.49,50 Our study also
showed the level of Vibrio spp. had a high correlation with water
temperature; Vibrio spp. were not detected in seawater samples
1 or 2, which were collected in early spring, but were present in
other seawater samples, which were collected from early summer.

In a few fish samples, some colonies were counted on TCBS,
but the specific Vibrio spp. were not detected by the multiplex
real-time PCR assay (e.g. fish 1). TCBS agar may support growth of
some other genus and there was a report that only 11.9–47.9%
of strains on TCBS agar were identified as Vibrio spp. in aquatic
samples.51 Therefore, the strains on TCBS are considered to be
other species or genus with exception of the three tested Vibrio
spp.; which supports the application of this PCR assay for high
detection specificity. Meanwhile, V. vulnificus was detected in a fish
or seawater sample by the PCR assay but was not detected by the
agar media. This could be caused by the detection limit of the PCR
assay as it was more sensitive than the culture method or the V.
vulnificus might be non-culturable on agar media.

CONCLUSION
To the best of our knowledge, our study describes the first multi-
plex real-time PCR assay for the simultaneous detection of these
three species. Furthermore, this assay quantified total bacteria in
the seafood and seawater samples at the same time. To prevent
pathogenic Vibrio infection to humans and fish, their presence
in seafoods and seawater should be accurately monitored and
total bacteria counts could be used as an indicator for measuring
the quality of fishery products.52 This multiplex real-time PCR
assay will facilitate the rapid surveillance of fishes and seawater
for Vibrio spp. and total bacteria as well as could be applicable, as
diagnostic method, to outbreak situations.

ACKNOWLEDGEMENT
This project was supported by 1890 Capacity Building Grants
Program (Grant no. 2011-38821-30923) from the USDA National
Institute of Food and Agriculture.

REFERENCES
1 Austin B and Austin DA, Bacterial Fish Pathogens, in Diseases in Farmed

and Wild Fish, 4th edition. Springer, Praxis Publishing, Chichester, pp.
24–163 (2007).

2 Iwamoto M, Ayers T, Mahon BE and Swerdlow DL, Epidemiology of
seafood-associated infections in the United States. Clin Microbiol Rev
23:399–411 (2010).

3 CDC, Incidence and trends of infection with pathogens transmitted
commonly through food-borne diseases active surveillance net-
work, 10 U.S. sites, 1996–2012. MMWR 62:283–287 (2013).

4 CDC, Outbreak of Vibrio parahaemolyticus infections associated with
eating raw oysters – Pacific Northwest, 1997. MMWR 47:457–462
(1998).

5 CDC, Outbreak of Vibrio parahaemolyticus infection associated
with eating raw oysters and clams harvested from Long Island
Sound – Connecticut, New Jersey, and New York, 1998. MMWR
48:48–51 (1999).

6 FAO/WHO, Risk assessment of Vibrio parahaemolyticus in seafood:
Interpretative Summary and Technical report, Microbiological Risk
Assessment Series No. 16. Food and Agriculture Organization,
Rome, pp. 147–181 (2011).

7 Tangkanakul W, Tharmaphornpilas P, Datapon D and Sutantayawalee
S, Food poisoning outbreak from contaminated fish-balls. J Med
Assoc Thai 83:1289–1295 (2000).

8 Ministry of Health and Welfare, Japan, Ten-year Summary of Outbreaks
due to V. parahaemolyticus in Japan 1989 –1999. Ministry of Health
and Welfare, Tokyo (2000).

9 IBISWorld, Sushi Restaurants in the US: Market Research Report.
[Online]. (2013). Available at: www.ibisworld.com/industry/sushi-
restaurants.html [accessed on 29 October 2013].

10 Su YC and Liu C, Vibrio parahaemolyticus: A concen of seafood safety.
Food Microbiol 24:549–558 (2007).

11 McCarthy SA, DePaola A, Cook DW, Kaysner CA and Hill WE, Evalua-
tion of alkaline phosphatase- and digoxigenin-labeled probes for
detection of the thermolabile hemolysin (tlh) gene of Vibrio para-
haemolyticus. Lett Appl Microbiol 28:66–70 (1999).

12 Taniguchi H, Hirano R, Kubomura S, Higashi K and Mizuguchi Y,
Comparison of the nucleotide sequences of the genes for the
thermostable direct hemolysin and the thermolabile hemolysin for
Vibrio parahaemolyticus. Microb Pathog 1:425–432 (1986).

13 Jones MK and Oliver JD, Vibrio vulnificus: Disease and pathogenesis.
Infect Immun 77:1723–1733 (2009).

14 Scallan E, Hoekstra RM, Angulo, FJ, Tauxe RV, Widdowson MA, Roy
SL, et al., Foodborne illness acquired in the United States – major
pathogens. Emerg Infect Dis 17:7–15 (2011).

15 Bross MH, Soch, K, Morales R and Mitchell RB, Vibrio vulnificus infection:
diagnosis and treatment. Am Fam Physician 76:539–544 (2007).

16 Actis LA, Tolmasky ME and Crosa JH, Vibriosis in Fish Diseases and
Disorders, Viral, Bacterial, and Fungal Infections, vol. 3, 2nd edition,
ed. by Woo PTK and Bruno DW. CABI International, Wallingford, pp.
570–605 (2011).

17 Hirono I, Masuda T and Aoki T, Cloning and detection of the hemolysin
gene of Vibrio anguillarum. Microb Pathog 21:173–182 (1996).

18 Lee JH, Kim MW, Kim BS, Kim SM, Lee BC, Kim TS, et al., Identification
and characterization of the Vibrio vulnificus rtxA essential for cyto-
toxicity in vitro and virulence in mice. J Microbiol 45:146–152 (2007).

19 Liu M, Alice AF, Naka H and Crosa JH, The HlyU protein is a positive reg-
ulator of rtxA1, a gene responsible for cytotoxicity and virulence in
the human pathogen Vibrio vulnificus. Infect Immun 75:3282–3289
(2007).

20 Olivier V, Queen J and Satchell KJ, Successful small intestine coloniza-
tion of adult mice by Vibrio cholerae requires ketamine anesthesia
and accessory toxins. PLoS One 8:e7352 (2009).

21 Alsina M, Martínez-Picado J, Jofre J and Blanch AR, A medium for pre-
sumptive identification of Vibrio anguillarum. Appl Environ Microbiol
60:1681–1683 (1994).

22 Bolinches J, Romalde JL and Toranzo AE, Evaluation of selective media
for isolation and enumeration of vibrios from estuarine waters. J
Microbiol Methods 8:151–160 (1998).

23 Farmer III JJ and Hickman-Brenner FW, The genera Vibrio and Pho-
tobacterium in the prokaryotes, in A Handbook on the Biology of
Bacteria: Ecophysiology, Isolation, Identification, Applications, ed. by
Balows A, Truper HG, Dworkin M and Harder W. Springer-Verlag,
New York, pp. 2952–3005 (1992).

24 Paillard C, Gausson S, Nicolas JL, le Pennec JP and Haras D, Molecular
identification of Vibrio tapetis, the causative agent of the brown ring
disease of Ruditapes philippinarum. Aquaculture 253:25 (2006).

25 Pang L, Zhang XH, Zhong Y, Chen J, Li Y and Austin, B, Identification
of Vibrio harveyi using PCR amplification of the toxR gene. Lett Appl
Microbiol 43:249–255 (2006).

wileyonlinelibrary.com/jsfa © 2014 The Authors. J Sci Food Agric 2014; 94: 2807–2817
Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



2817

Simultaneous quantification of Vibrio spp. and total bacteria in fish and seawater www.soci.org

26 Saulnier D, Avarre JC, Le Moullac G, Ansquer D, Levy P and Vonau V,
Rapid and sensitive PCR detection of Vibrio penaeicida, the putative
etiological agent of Syndrome 93 in New Caledonia. Dis Aquat Organ
40:109–115 (2000).

27 Campbell MS and Wright AC, Real-time PCR analysis of Vibrio vulnificus
from oysters. Appl Environ Microbiol 69:7137–7144 (2003).

28 Lyon WJ, TaqMan PCR for detection of Vibrio cholerae O1, O139,
non-O1, and non-O139 in pure cultures, raw oysters, and synthetic
seawater. Appl Environ Microbiol 67:4685–4693 (2000).

29 Gram L and Melchiorsen J, Interaction between fish spoilage bacteria
Pseudomonas sp. and Shewanella putrefaciens in fish extracts and on
fish tissue. J Appl Bacteriol 80:589–595 (1996).

30 Lee JL and Levin RE, Use of ethidium bromide monoazide for quantifi-
cation of vialble and dead mixed bacterial flora from fish fillets by
polymerase chain reaction. J Microbiol Methods 67:456–462 (2006).

31 Messelhausser U, Colditz J, Tharigen D, Kleih W, Holler C and Bush
U, Detection and differentiation of Vibrio spp. in seafood and fish
samples with cultural and molecular methods. Int J Food Microbiol
142:360–364 (2010).

32 Tebbs RS, Brzoska PM, Furtado MR and Petrauskene OV, Design
and validation of a novel multiplex real-time PCR assay
for Vibrio pathogen detection. J Food Protect 74:939–948
(2011).

33 Abolmaaty A, Vu C, Oliver J and Levin RE, Development of a new lysis
solution for releasing genomic DNA from bacterial cells for DNA
amplification by polymerase chain reaction. Microbios 101:181–189
(2000).

34 Holt JG, Krieg NR, Sneath PHA, Staley JT and Willians ST, Bergey’s Man-
ual of Determinative Bacteriology, 9th edition. Williams & Wilkins, Bal-
timore (1994).

35 Hickey ME, Besong SA, Kalavacharla V and Lee JL, Identification
of extracellular DNase-producing bacterial populations on catfish
fillets during refrigerated storage. Food Sci Biotechnol 22:87–92
(2013).

36 Johansson MK, Choosing reporter–quencher pairs for efficient
quenching through formation of intramolecular dimers in fluores-
cent energy transfer nucleic acid probes, in Designs and Protocols,
Methods in Molecular Biology, vol. 335, ed. by Didenko VV. Humana
Press Inc., Totowa, NJ, pp. 17–29 (2006).

37 Kirs M, Depaola A, Fyfe R, Jones JL, Krantz, J, Van Laanen A, et al., A
survey of oysters (Crassostrea gigas) in New Zealand for Vibrio para-
haemolyticus and Vibrio vulnificus. Int J Food Microbiol 147:14-9-153
(2011).

38 Nordstrom JL, Vickery MCL, Blackstone GM, Murray SL and Depaola A,
Development of a multiplex real-time PCR assay with an internal

amplification control for the detection of total and pathogenic
Vibrio parahaemolyticus bacteria in oysters. Appl Environ Microbiol
73:5840–5847 (2007).

39 Okuda J, Nakai T, Chang PS, Oh T, Nishino T, Koitabashi T, et al., The
toxR gene of Vibrio (Listonella) anguillarum controls expression of
the major outer membrane proteins but not virulence in a natural
host model. Infect Immun 69:6091–6101 (2001).

40 Walsh PS, Metzger DA and Higuchi R, Chelex 100 as a medium
for simple extraction of DNA for PCR-based typing from forensic
material. BioTechniques 10:506–513 (1991).

41 Malorny B, Paccassoni E, Fach P, Bunge C, Martin A and Helmuth R,
Diagnostic real-time PCR for detection of Salmonella in food. Appl
Environ Microbiol 70:7046–7052 (2004).

42 Pai SC, Pre-concentration efficiency of chelex-100 resin for heavy met-
als in seawater Part 2. Distribution of heavy metals on a chelex-100
column and optimization of the column efficiency by a plate simu-
lation method. Anal Chim Acta 211:271–280 (1988).

43 Sinigalliano CD, Kuhn DN and Jones RD, Amplification of the amoA
gene from diverse species of ammonium-oxidizing bacteria and
from an indigenous bacterial population from seawater. Appl Env-
iron Microbiol 61:2702–2706 (1995).

44 Wiklund T, Madsen L, Bruun MS and Dalsgaard I, Detection of Flavobac-
terium psychrophilum from fish tissue and water samples by PCR
amplification. J Appl Microbiol 88:299–307 (2000).

45 Kobayashi T, Enomoto S, Sakazaki R and Kuwahara S, A new selec-
tive isolation medium for the Vibrio group (modified Nakanishi’s
medium – TCBS agar). Jpn J Bacteriol 18:387–392 (1963).

46 Amy PS, Pauling C and Morita RY, Starvation–survival of a marine
Vibrio. Appl Environ Microbiol 45:1041–1048 (1983).

47 Oliver JD, Nilsson L and Kjelleberg S, Formation of nonculturable
𝜄89 vulnificus cells and its relationship to the starvation state. Appl
Environ Microbiol 57:2640–2644 (1991).

48 Hardy Diagnostics, TCBS (thiosulfate citrate bile salts sucrose) agar.
Hardy user group observer ver. 7.0, Santa Maria, CA, USA (2013).

49 Blackwell KD and Oliver JD, The ecology of Vibrio vulnificus, Vibrio
cholerae, and Vibrio parahaemolyticus in North Carolina estuaries. J
Microbiol 46:146–153 (2008).

50 Kaspar CW and Tamplin ML, Effects of temperature and salinity on the
survival of Vibrio vulnificus in seawater and shellfish. Appl Environ
Microbiol 59:2425–2429 (1993).

51 Uchiyama H, Distribution of Vibrio species isolated from aquatic envi-
ronments with TCBS agar. EHPM 4:199–204 (2000).

52 Lerke P and Farber L, Direct bacterial count as a rapid freshness test for
fish fillets. J Appl Microbiol 17:197–201 (1969).

J Sci Food Agric 2014; 94: 2807–2817 © 2014 The Authors. wileyonlinelibrary.com/jsfa
Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


