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INTRODUCTION

Worldwide production of the Pacific cupped oyster
Crassostrea gigas currently surpasses that of most
other aquatic animals, making it a leading species in
global aquaculture. Aquaculture production of C.
gigas was estimated to be worth in excess of 3.3 bil-
lion USD per annum (FAO 2012). Almost the entire
production (>80%) takes place in China, with re -
ported production of 3.5 million t annually, although
other countries including Japan, Korea, and France
all produce in excess of 100 000 t yr–1 (FAO 2012). In
Eu rope, France is the biggest producer, followed by
Ireland and the United Kingdom, with the latter 2

countries collectively producing less than 10 000 t yr–1

(FAO 2012).
Recent worldwide C. gigas mortality events have

significantly impacted upon global production, de -
spite the continued overall growth in C. gigas aqua-
culture. The emergence in 2008 of a highly virulent
new genotype of the species Ostreid herpesvirus
(OsHV-1), named the OsHV-1 micro-variant (OsHV-
1 µVar) caused catastrophic mortalities in spat ani-
mals across the world (Segarra et al. 2010, Martenot
et al. 2011, Jenkins et al. 2013, Morrissey et al. 2015).
Vibrio aestuarianus, a marine bacterium, has also
emerged recently as an increasingly harmful patho-
gen to C. gigas aquaculture. Owing to the ubiquitous
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nature of vibrios in marine ecosystems, it also carries
the potential to impact C. gigas aquaculture globally.
V. aestuarianus has already become in creasingly
associated with large aquaculture mortality events in
France (Gay et al. 2004, Saulnier et al. 2010), and also
appears to be implicated with C. gigas mortalities in
Ireland. Furthermore, empirical studies have already
proven that the V. aestuarianus francensis isolated in
France, causes high mortality rates when used for
challenges in the laboratory (Labreuche et al. 2006,
Garnier et al. 2007, 2008). The potential economic
impacts caused by V. aestuarianus to C. gigas aqua-
culture are considerably high; although detected in
spat, juvenile and market size oysters characterise V.
aestuarianus-related mortality events (Saulnier et al.
2009, 2010).

The requirement for rapid, sensitive and highly
specific diagnostics for aquaculture is paramount to
limiting infection and disease transmission. Classical
diagnostic approaches used for vibrio identification
can be labour intensive and time consuming. Typi-
cally, such methods involve isolation of vibrios with
selective growth media (DiSalvo et al. 1978, Tison &
Seidler 1983) and characterisation of metabolic path-
ways using API® analysis (Smith et al. 1972). The
presence of a highly divergent phenotype, as found
in V. aestuarianus, can limit the effectiveness of these
traditional identification methods (Garnier et al.
2007). Furthermore, the variable size of oyster pro-
duction animals can make diagnostic sampling from
oyster haemolymph for pure selective microbial cul-
ture extremely problematic, particularly when deal-
ing with small oysters.

Molecular technologies can overcome many of
the limitations faced by using traditional diagnostic
techniques and facilitate aquaculture with rapid,
sensitive, timely warning and monitoring tools for
bacterial and other pathogens (Monis & Giglio
2006). Amongst the many molecular technologies
available, certain forms of real-time polymerase
chain reaction (PCR), albeit relatively expensive
and more technically demanding than microbial
culture, offer many advantages: assay discrimina-
tion capability, assay sensitivity, and importantly,
vastly expedited sample test results that can help
limit spread of disease. Furthermore, the availabil-
ity of an extensive molecular database provided by
the National Centre for Biotechnology Information
(NCBI) greatly en hances comparative sample and
isolate analysis, generating a progressive resource
for molecular diagnostic assay development. These
benefits make the use of molecular technologies,
especially PCR amplification techniques, a leading

strategy to use in the reaction against the debili-
tating threat posed by pathogens to the aquacul-
ture of C. gigas.

Real-time PCR utilising an oligonucleotide hydro -
lysis probe enables rapid targeted results with mini-
mal post-assay analysis. The oligonucleotide probe
chemistry is reliant upon a proximity quenching prin-
ciple, whereby a 3’ quenching molecule prevents
emission from a 5’ fluorescent reporter molecule,
each of which are located on opposite ends of the
probe (Heid et al. 1996). Exonuclease hydrolysis by
Taq DNA polymerase during PCR amplification
releases the 5’ fluorescent reporter molecule from the
quen cher, resulting in highly specific PCR amplifica-
tion fluorescence (Andersen et al. 2006). Quenching
chemistries also limit non-specific PCR fluorescent
amplification results, a significant im provement com-
pared with conventional PCR and real-time PCR that
use DNA intercalating dye chemistries such as SYBR
green I.

Real-time hydro lysis probes that use TaqMan®

minor groove binder (MGB) chemistry have signifi-
cant performance advancements compared with
standard hydrolysis probes. Most important are the
increased hybridisation specificity and binding
between target DNA and the much shorter Taq-
Man® MGB oligonucleotide probe, which can also
improve PCR amplification efficiency (Kutyavin
2000). Short TaqMan® MGB probes also minimise
background fluorescence and amplification signal
noise, which im proves assay precision, since the
reporter molecule is more efficiently quenched by
increased proximity to the quencher. These benefits
and others, such as robust performance, and the rel-
ative ease in assay design and transfer compared
with standard hydrolysis probe PCRs, which often
require modifications to thermal cycling parameters
or reagent chemistry, have meant TaqMan® MGB
chemistries are widely used in diagnostic laborato-
ries (Andersen et al. 2006, Monis & Giglio 2006).

In the last 5 years, standard hydrolysis probe real-
time PCR has become part of the existing detection
methods used in response against V. aestuarianus. In
particular, the central reference laboratory for mol-
lusc diseases, Ifremer, describes the validation of an
assay for detection of the molecular chaperone dnaJ
gene (Saulnier et al. 2009). Chaperone genes are fre-
quently used in studies of species phylogeny discrim-
ination (Nhung et al. 2007) and can provide useful
targets for highly specific PCR assays. The aim of this
research was to use the extensive NCBI Genbank
data available from the existing molecular chaperone
dnaJ gene assay, to develop a highly specific and
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novel TaqMan® primers and MGB probe assay for
detection and quantitation of V. aestuarianus in C.
gigas shellfish. Applied performance of the assay
was subsequently validated using samples taken
from Irish C. gigas aquaculture.

MATERIALS AND METHODS

Bacteria and matrices

Multiple isolates of Vibrio aestuarianus and also a
number of marine vibrio and bacterial species were
used during the validation procedure (Table 1).
These were generally taken from the Marine Insti-
tute, Ireland, sample and strain archives, and most
originate from Crassostrea gigas mortality incidents
in either Ireland or France. Each isolate identity
had previously been confirmed by genetic sequence
identification and phylogenetic analysis of the 16S
ribosomal DNA (Genbank accession no. AJ845023).
V. aestu arianus francensis isolate 01/32 (Genbank
ac ces sion no. AJ845023), Vibrio splendidus isolate
LGP32 and Vibrio crassostreae isolate LGP7 had
previously been provided by the European refer-
ence laboratory for molluscs diseases (Ifremer,
France). Isolates were cultured on Marine agar (BD
Difco) for DNA extraction from colony cultures, and
in Marine broth (BD Difco) for extraction from sus-
pension. C. gigas gill and mantle tissue from juve-
nile and adult oysters, and whole C. gigas spat
were used as matrices during the validation process
of naturally infected tissue.

Nucleic acid extraction and PCR

Bacterial colonies were picked using a loop and
mixed into 200 µl of molecular biology grade water
(Sigma Aldrich) and heated using a thermal cycler
(DNA Engine, Bio-Rad Laboratories) at 98°C for
10 min and stored at −20°C for PCR testing. Bacterial
suspensions were centrifuged at 3000 rpm for 3 min,
and the supernatant discarded prior to DNA extrac-
tion. The DNA mini kit (Qiagen) was used for DNA
extraction from centrifuged bacterial suspension pel-
lets, and also for extraction from 20 mg of dissected
shellfish gill and mantle tissue according to manufac-
turer’s guidelines. Whole oyster spat too small for
fresh tissue dissections were crushed in molecular
grade water (Sigma Aldrich) using a Tissue Lyser II
(Qiagen), and the supernatant used for DNA extrac-
tion from tissue. Purified DNA was eluted in 200 µl
volume and stored at −20°C. All extractions were
completed using an automated extraction method
with Qiacube robots (Qiagen).

Real-time PCR

Real-time PCR primers and TaqMan® Minor groove
binder probe were designed from a dnaJ partial gene
sequence published in Genbank (AB263018) using
Primer Express 3.0 software (Life Technologies). A
58 bp PCR amplicon sequence was compared with
Genbank to theoretically assess primer selectivity.
TaqMan® real-time PCR probe and primer details are
listed in Table 2.

Isolate                                                          Specimen                                                 Sample details

ATCC®35048™                                         Vibrio aestuarianus aestuarianus           Type strain, validation material

01/32                                                           Vibrio aestuarianus francensis               Isolate from France, validation material

02/08; 03/08; S38/12/B; S15/13/C;           Vibrio aestuarianus                                 Crassostrea gigas oyster mortality, Ireland 
S15/13/B; S14/14; S15/14                                                                                          (sampled 2009−2014)

NCIMB 829                                                 Vibrio anguillarum                                  Validation material, Scotland

S4/12/A                                                       Vibrio splendidus                                    Crassostrea gigas oyster mortality, Ireland

LGP32                                                         Vibrio splendidus                                    Isolate from France, validation material

S12/12/C                                                     Vibrio tapetis                                            Crassostrea gigas oyster mortality, Ireland

F70/12/A                                                     Yersinia ruckeri                                       Atlantic salmon sample, Ireland

F28/11/A                                                     Aeromonas salmonicida                          Atlantic salmon sample, Ireland

F97/08/A                                                     Chryseobacterium indologens               Perch sample, Ireland

DSMZ 19142                                               Vibrio tubiashi                                         Validation material, Germany

LGP7                                                           Vibrio crassostreae                                  Isolate from France, validation material

Table 1. Vibrio and bacterial isolates used for selectivity testing of real-time PCR primers and TaqMan® hydrolysis probe for 
Vibrio aestuarianus dnaJ gene
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Preparation of V. aestuarianus standards

Primer 3 software (available at http://primer3.ut.
ee/) was used to generate primers flanking the real-
time PCR 58 bp amplicon of the dnaJ partial gene se-
quence. These primers were used to generate PCR
amplicon to use as the quantitative real-time PCR
standard (see Table 2 for primer details). PCR was
performed in 50 µl reaction volumes using MyTaq
polymerase (Bioline) according to the manufacturer’s
guidelines with a Bio-Rad DNA Engine® thermal cy-
cler. PCR thermal profile consisted of 95°C for 1 min
followed by 40 cycles of 95°C for 15 s, 55°C for 30 s,
72°C for 10 s. PCR amplification products were gen-
erated from V. aestuarianus isolate 01/32 and con-
firmed using a 2% agarose gel stained with ethidium
bromide and visualised under UV light. Successful
amplicon bands were excised from the agarose gel
and pooled prior to sample clean-up using QIAEX II
gel extraction kit (Qiagen). Ligation and Transforma-
tion were performed using Promega pGEM®-T Easy
Vector System with JM109 high efficiency competent
cells. Briefly, purified amplicon DNA was ligated for
18 h at 4°C using T4 DNA Ligase with a thermal cy-
cler (Bio-Rad DNA Engine®). Ligant (2 µl) was added
to ice cold JM109 cells and then incubated on ice for
20 min. Heat shock treatment at 42°C for 45 s was
 applied, followed by 2 min incubation on ice, and
 incubation with Super Optimal Broth SOC (Sigma
Aldrich) at 37°C for 90 min, before finally plating

100 µl of transformants onto LB broth media contain-
ing ampicillin, and IPTG and X-gal (Sigma Aldrich)
with overnight incubation at 37°C. White and
blue/white colonies were screened by colony PCR
for vector insert confirmation using standard M13
forward (-20) and M13 reverse se quencing primers.
Thermal profile and amplicon visualisation as described
already for Bioline MyTaq polymerase. Chosen am-
plicons of correct molecular weight were confirmed
using commercial genetic se quen cing (Se quiserve).
Suitable colonies were grown overnight at 37°C and
harvested from LB broth and purified using GenElute
plasmid purification kit (Sigma Aldrich). Purified
plasmid DNA was quantified using a Nanodrop
(Thermoscientific), and subsequently pre pared as se-
rial dilutions 5.7 × 107 to 5.7 × 103, to be used as stan-
dard curves for real-time PCR of V. aestuarianus.
Standards were stored at −20°C.

Quantitation, sensitivity and matrix testing of
V. aestuarianus DNA by real-time TaqMan® PCR

Each real-time PCR consisted of 5 µl of V. aestuari-
anus DNA added at a range of concentrations to 20 µl
Universal TaqMan® Master Mix (2x) Amp Erase®

UNG (Life Technologies) containing 300 nm primers,
150 nm probe using a 7500 thermal cycler (Life Tech-
nologies). Real-time PCR was completed using a
thermal profile of 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 30
s. Negative template control consisting of molecular
biology grade water was in cluded in each run. For
quantitation, prepared V. aestuarianus standards
were tested in triplicate across multiple orders of
magnitude as previously stated. Results were inter-
preted by linear regression for slope analysis, and the
PCR amplification efficiency (E) calculated according
to: E = [101/(−slope)]−1, using ABI software SDS 7500 v.
2.0.6 (Applied Biosystems). Standard curve data
points were used to determine real-time TaqMan®

PCR quantitation and detection limits through the
assessment of variance (standard deviation) calcu-
lated at each dilution standard. To further assess PCR
sensitivity and en sure it was consistent with ISO
16140 guidelines for limit of detection, required that
95% of 20 tested replicates returned positive amplifi-
cation results. This work was completed following
the assessment of quantitation limit described above,
which helped to identify the dilution standards near-
ing or exhibiting a drop-off in amplification Ct value.
This particular dilution standard was then tested
20 times and the process repeated from 2 other

Primers and          Sequence (5’-3’)
probe

TaqMan® PCR
dnaJ f420            GTGAAGGGACGGGTGCTAAG
dnaJ r456            CCATGACAAGTGCCACAAGTCT
dnaJ p441           FAM-AGGGCACGTCGGC-MGB

Ribosomal 18S
Biva 18S#19.F     ACCTCGGTTCTATTTTGTTGGTTT
Biva 18S#19. R    CCCCCGTCAGTCCCTCTTAA
Biva18S#19.P      VIC-CGGAACACGAGGTAAT-MGB

Conventional 
PCR primers
                               
Plasmid standard  

dnaJ f354            TAGAAGAAGCGGTTCGTGGT
dnaJ r484            CCTGACGCATCTGAACTTGA

Table 2. Real-time PCR primers and TaqMan® hydrolysis
probe nucleotide sequences from the dnaJ gene of Vibrio
aestuarianus and the ribosomal 18S gene of Crassostrea gi-
gas. Conventional PCR primer sequences from the dnaJ
gene, used for generation of plasmid quantitative real-time 

PCR standard
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 prepared sets of V. aestuarianus standards. Oyster
matrix testing was carried out by spiking healthy
oyster tissue DNA extract with V. aestuarianus DNA
standard, and testing a dilution series of spiked oys-
ter tissue samples by real-time TaqMan® PCR. This
process was carried out using spikings of 3 different
oyster samples and the results were interpreted as
per those described for amplification efficiency.

Selectivity and reproducibility validation of
real-time TaqMan® PCR

To empirically assess the selectivity of real-time
PCR primers for V. aestuarianus dnaJ, nucleic acid
from V. aestuarianus and other marine vibrio and
bacterial species that originated from previous (in-
house) aquaculture sample isolations or diagnostics
were tested (see Table 1 for the list of strains and iso-
lates included). DNA extractions from each isolate
were verified by PCR amplification of part of the 16S
ribosomal DNA, accession no. stated previously, to
control against potential failed extractions.

Reproducibility of TaqMan® PCR for V. aestuari-
anus dnaJ was evaluated by testing 6 different C.
gigas oysters in triplicate. These samples were se -
lected from a number of aquaculture sites in Ireland
with previous V. aestuarianus real-time PCR detec-
tions that had been confirmed by microbiological
analysis. Samples were tested across 3 independent
real-time PCR assays on consecutive days. Intra-
assay variance occurring within sample triplicates,
and also inter-assay variance, i.e. the variance in
each of the sample triplicates when compared be -
tween the different PCR assays, were determined
using SD.

Shellfish sample testing analyses

DNA extracts from 2009−2013 archive samples of
C. gigas, sourced from shellfish aquaculture sites
operating in Ireland, were screened for V. aestuari-
anus by TaqMan® real-time PCR. Sampled animals
were inclusive of spat, juveniles and adult C. gigas
oysters. All samples had previously been extracted
for DNA using an automated version of the Qiagen
DNA mini kit following the standard protocol for tis-
sues. Quantitative real-time TaqMan® PCR was car-
ried out as described above. Samples were tested in
batches of approx. 20 individual oysters, but some-
times this number was not always possible. PCR
reactions were carried out in singular with a negative

process control, V. aestuarianus positive and nega-
tive amplification controls in each assay. Ribosomal
18S extraction control (M. Engelsma pers. comm.)
(Table 2) and TaqMan® exogenous internal positive
control for inhibition were tested for approximately
10% of samples in each batch, since pre-existing
control data from these samples following previous
real-time PCR diagnostics had already been attained
in-house. Samples from this survey were deemed
positive for V. aestuarianus by real-time PCR provid-
ing that Ct values were below an empirical cut off
range (limit of quantitation; LOQ) and when control
assay criteria were acceptable.

RESULTS

Selectivity of real-time TaqMan® PCR

Sequence alignments of the real-time TaqMan®

PCR amplicon showed no cross reactivity with other
species when compared using the National Centre for
Biotechnology Information (NCBI) website Basic local
alignment tool (BLAST) analysis program. Partial the-
oretical cross reactivity with Vibrio halioticoli and
other vibrio species was only observed with BLAST
analysis, when comparisons were analysed with more
dissimilar sequence search settings. However, differ-
ences between these sequences occur within the 3’
end terminals of both the forward primer and Taq-
Man® hydrolysis probe, thereby re ducing the likeli-
hood of polymerase initiation. Furthermore, dnaJ
gene sequences of those species with the highest
 percentage BLAST similarity scores: V. halioticoli
(AB263038), V. anguillarum (LK021130), V. brasilien-
sis (AB263022), and V. coralliilyticus (CP 009617)
showed at least 10 nucleotide differences when com-
pared with the TaqMan® PCR amplicon and the V.
aestuarianus (AB263016) sequence using Lasergene
12 (DNASTAR) sequence analysis software. Empi rical
selectivity did not yield any amplification fluorescence
signal from available vibrios, and aquatic bacterial
species isolated at the Marine Institute, Ireland, thus
proving agreement between empirical and  theoretical
results generated using NCBI.

Quantitative real-time TaqMan® PCR
reproducibility

Inter- and intra-assay variance was calculated
using standard deviation of the V. aestuarianus real-
time TaqMan® PCR Ct values. The mean intra-assay
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variances ranged from 0.05− 0.42% from the 6 sam-
ples tested in triplicate (Table 3). Inter-assay variance
ranged from 0.11− 0.29% following 3 consecutive
days of repeat PCR assay testing.

Quantitative real-time TaqMan® PCR sensitivity
and matrix test

Ten-fold serial dilutions of plasmid DNA standards
were tested using the real-time TaqMan® PCR for V.
aestuarianus. Fig. 1 shows amplification and stan-
dard curve plots from an empirical set of standards
typical for the V. aestuarianus real-time TaqMan®

PCR. The ABI software regression analysis data from
3 PCR assays produced a mean amplification effi-
ciency range between 97 and 99%, with correspon-
ding slope values between −3.2 and −3.3. The assay
reliably shows linearity across 7 orders of magnitude
and with an accurate LOQ estimated between ≤5 and
10 plasmid copies according to ISO 16140 guidelines.
Further dilutions below 5 copies produced less con-
sistent results that were not ISO 16140 satisfactory,
but often yielded Ct values across triplicate standard

wells and with a typical Ct value standard deviation
of ≤0.3. Similarly, 10-fold spiked oyster DNA samples
with V. aestuarianus DNA gave amplification effi-
ciency averaging 94% with slope values of −3.6.

Quantitative detection of V. aestuarianus in Irish
shellfish aquaculture sites

All real-time PCR sample assays achieved accept-
able results for amplification and extraction controls,
and no PCR or process contamination was experi-
enced from any of the considered Crassostrea gigas
life stages assessed in this pilot study. Ten sample
sites, either with a history of V. aestuarianus or a
freedom from the pathogen were purposely tested.
These were comprised of 12 sample batches and
were used to assess the suitability for screening C.
gigas for V. aestuarianus DNA using this TaqMan®

PCR assay. Broadly considered, positive and nega-
tive results were recorded at each life stage, showing
typical amplification equivalent to 101 copies per
20 mg of oyster tissue. However, certain sites that
were sampled gave levels as high as 105 copies, from

Sample                      PCR Assay 1                                     PCR Assay 2                                     PCR Assay 3              All assays
                  dnaJ Ct    Mean ± SD    RSD           dnaJ Ct    Mean ± SD    RSD           dnaJ Ct    Mean ± SD   RSD             Mean Ct      RSD
                Replicates                           %           Replicates                           %           Replicates                          %                  ± SD            %

1                  28.55     28.54 ± 0.05    0.16             28.55     28.54 ± 0.05    0.16             28.46     28.48 ± 0.04   0.15          28.52 ± 0.05    0.18
                    28.49                                                  28.48                                                  28.46                                                                         
                    28.58                                                  28.58                                                  28.53                                                                         

2                   26.84     26.81 ± 0.12    0.12             26.81     26.79 ± 0.11    0.11             26.78     26.78 ± 0.13   0.11          26.79 ± 0.03    0.11
                    26.78                                                  26.81                                                  26.81                                                                         
                    26.81                                                  26.76                                                  26.75                                                                         

3                   28.32     28.33 ± 0.01    0.05             28.37     28.29 ± 0.09    0.32             28.30     28.30 ± 0.04   0.14          28.31 ± 0.05    0.19
                    28.32                                                  28.32                                                  28.30                                                                         
                    28.34                                                  28.19                                                  28.26                                                                         

4                   27.85     27.80 ± 0.04    0.14              27.8      27.79 ± 0.05    0.19             27.86     27.82 ± 0.05   0.19           27.8 ± 0.04     0.16
                    27.77                                                  27.84                                                  27.83                                                                         
                    27.79                                                  27.73                                                  27.76                                                                         

5                   28.04     28.00 ± 0.04    0.13             28.07     28.01 ± 0.05    0.17             28.06     28.05 ± 0.05   0.17          28.02 ± 0.05    0.17
                    27.97                                                  28.00                                                  27.97                                                                         
                    28.00                                                  27.97                                                  28.12                                                                         

6                   28.97     28.89 ± 0.07    0.25             28.94     28.88 ± 0.06     0.2              28.83     28.96 ± 0.12   0.42          28.91 ± 0.08    0.29
                    28.83                                                  28.83                                                  29.06                                                                         
                    28.87                                                  28.87                                                  28.99                                                                         

Table 3. Reproducibility of TaqMan® PCR for Vibrio aestuarianus dnaJ from triplicates of 6 individual Crassostrea gigas samples evalu-
ated from intra- and inter-assay variances of 3 PCR assays completed on 3 consecutive days. Sample replicate Ct values, Ct mean ± SD, 

and relative SD (RSD) are shown
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which pathology was observed when
tissue sections were examined by his-
tology (Fig. 2). Some samples also
generated Ct values above the estab-
lished LOQ cut off value, and as a
result were considered negative. PCR
results are shown in Table 4. A num-
ber of real-time PCR sample positives
were confirmed for V. aestu ari anus
DNA by sequencing a PCR amplicon
specific for the 16s rRNA gene, which
is unrelated to the dnaJ gene used in
the TaqMan® PCR.

DISCUSSION

Real-time PCR is becoming increas-
ingly used as a method of choice by
diagnostic laboratories and industry

Aquaculture           MI sample                 C. gigas                   PCR copies 
site                            batch no.                  life stage                  (per 20 mg) 
                                                                                               of C. gigas tissue
                                                                                                             
Dungloe                     S37/09                       Spat                        Negative
Carlingford               S9/09/a                       Spat                        Negative
Castlemaine              S59/10                       Spat                         101 − 103

Woodstown                S20/10             Juvenile <70 mm              101 − 103

Kenmare                    S62/12             Juvenile <70 mm             Negative
Dungarven               S103/12            Juvenile <70 mm                 ≥101

Waterford                  S13/09                    ≥1yr old                          102

Donegal                     S18/09                    ≥1yr old                          101

Castlemaine              S28/13                  Adult 2 yr+                        101

Mannin Bay               S78/10                  Adult 2 yr+                   Negative
Castlemaine              S33/13                  Adult 2 yr+                   101 − 105

Killala                         S71/11                  Adult 2 yr+                   Negative

Table 4. Real-time TaqMan® qPCR results from various Crassostrea gigas pro-
duction life stages sampled in batches of approx. 20 animals from a selection of
Irish aquaculture sites, and tested for amplification of Vibrio aestuarianus dnaJ
gene. S20/10 from Woodstown and S33/13 from Castlemaine were confirmed 

with PCR amplification of ribosomal 16s genetic sequence comparison

Fig. 1. (a) Real-time TaqMan® PCR amplification plot of
Vibrio aestuarianus dnaJ gene standards (10-fold dilutions),
showing change in reporter signal (ΔRn) relative to PCR cy-
cle number. Curves 1−7 show a typical amplification plot
completed in triplicate and inclusive of 6 × 106 − 6 copies per
µl range. (b) Real-time TaqMan® PCR standard curve for
Vibrio aestuarianus dnaJ gene standards (10-fold dilutions) 

used in (a)

Fig. 2. Pathology caused by Vibrio aestuarianus in Crasso -
strea gigas oysters stained with haemotoxylin and eosin. Ar-
rows show regions of (a) haemocyte accumulation in the
connective tissues and (b) haemocytes entering the sinus
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that require rapid and targeted re sults (Monis &
Giglio 2006). This is particularly evident, since more
recent revisions to the World Organisation for Ani-
mal Health (OIE 2014a,b) diagnostic manual(s) for
terrestrial and aquatic diseases show continued
uptake of real-time PCR technologies. The signifi-
cant benefits of using real-time PCR for diagnostic
purposes have been widely discussed, and a multi-
tude of these benefits apply for de tec tion of shellfish
pathogens af fec ting aquaculture. There is a breadth
of current literature detailing the use of real-time
PCR for detection of shellfish diseases, inclusive of
vibrios that impact the shellfish aquaculture industry
(Pepin et al. 2008, Saulnier et al. 2009, Corbeil et al.
2010, Martenot et al. 2011, Jiang et al. 2012). The
detection of Vibrio aestuarianus as a shellfish patho-
gen has newly emerged in the last few years with in -
creasing severity (Azan dégbé et al. 2010, Wendling
et al. 2014), and aquaculture management strategies
to safeguard C. gigas culture stand to benefit from
the rapid and sensitive detection capabilities that
real-time PCR can offer.

The assay design described here is based on the
real-time PCR method by Saulnier et al. (2009) which
targets a 266 bp amplicon from the dnaJ gene of V.
aestuarianus. This new assay uses TaqMan® MGB
real-time PCR chemistry to recognise a significantly
shorter 58 bp target amplicon from the same gene.
Short TaqMan® MGB hydrolysis probe real-time
PCR assays are a widespread and preferred diagnos-
tic choice. This is supported by the vast majority of
real-time PCR methods described in OIE (2014a) that
are designed with Taqman® chemistry. This is due in
part to the performance benefits afforded from im -
proved primer binding with higher melt tempera-
tures. The latter creates an enhanced discriminatory
capacity for short specific sequence hybridisation,
resulting in less tolerance to nucleotide mismatches
and non-specific amplification results (Kutyavin
2000, Andersen et al. 2006, Yao et al. 2006). No cross
reactions were found with this assay when tested
empirically against relevant vibrio and bacterial spe-
cies, or theoretically when tested by BLAST similar-
ity analyses (Altschul et al. 1990). TaqMan® MGB
assays are also recognised for their amplification effi-
ciency due to their shortened amplification targets.
PCR efficiency ranged between 94 and 99% for this
assay, the lower values representing the effect of C.
gigas sample matrix inhibitors. Furthermore, well
designed TaqMan® MGB assays when assayed with
TaqMan® PCR reagents containing AmpErase®

UNG, offer a useful countermeasure to PCR carry-
over contamination within the laboratory (Tetzner et

al. 2007). This further limits the opportunity for false
results and should therefore be favoured in diagnos-
tic laboratories. No contamination or false amplifica-
tion was ob served with this assay at any stage of the
validation and testing of C. gigas tissue samples.

Validation of this TaqMan® MGB real-time PCR
has shown it to be a sensitive and versatile alterna-
tive method for detection of V. aestuarianus in C.
gigas tissue samples, in both quantitative and semi-
quantitative formats. Although Saulnier et al. (2009)
report that the existing standard real-time PCR assay
for V. aestuarianus has similar testing performance,
in our lab this method lacked robustness proving dif-
ficult to adopt in-house, despite attempting various
modifications to reagent chemistry and run condi-
tions. Indicative TaqMan® MGB real-time PCR re -
sults from C. gigas sample testing demonstrated
comparable performance using 2 manufacturer plat-
forms (Life Technologies ABI 7500 and Roche LC96
instruments). Similarly, robust assay performance
was further established through its compatibility
with various reagent chemistries e.g. Taqman®Uni-
versal PCR Master Mix, FastStart Universal Probe
Master (Rox) and FastStart Essential DNA Probes
Master reagents (Roche) (data not included). We also
found the new TaqMan® MGB method to be more
sensitive when testing a selection of aquaculture
samples for V. aestuarianus. However, a comprehen-
sive comparison of the 2 methods was not included in
this study, since it was not possible to attain consis-
tent and satisfactory PCR amplification profiles with
the existing method. This may have been caused by
a difference in laboratory instrumentation compared
to that originally used by Saulnier et al. (2009); ulti-
mately this prevented an accurate and fair compari-
son of the 2 methods.

V. aestuarianus was reliably detected for the first
time from a number of aquaculture sites around Ire-
land using real-time TaqMan® MGB PCR. Positive
results at sites located in Castlemaine, County Kerry,
and Woodstown, County Waterford, were confirmed,
both by microbiological and genetic sequencing.
Most sites that generated positive detections did not
present tissue pathology when examined using his-
tology. Negative results were also found during this
study, consistent with previous site history profiles
for V. aestuarianus detection and isolation. Interest-
ingly, in one sample taken from Castlemaine, V. aes-
tuarianus was initially detected at sub clinical levels
i.e. with no evidence of histopathology. Yet a follow-
up sample tested 2 weeks later from the same oyster
stocks showed a marked increase in real-time Taq-
Man® MGB PCR detection concentration. Certain
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oysters displayed levels that were 4 orders of magni-
tude greater. When these oysters were examined
using hematoxylin and eosin staining with histology,
there was evidence of haemocytic infiltration present
in the sinuses of the oyster, which is symptomatic of
V. aestuarianus infection. This result represents the
first reported symptoms of tissue pathology pre-
sented by V. aestuarianus in Irish C. gigas culture. In
practical terms, these samples effectively demon-
strate the assay detection sensitivity and also impor-
tantly the potential benefit for application of this real
time TaqMan® MGB PCR in V. aestuarianus disease
diagnostics. Early detection and selective screening
using this novel and sensitive assay could become
part of an effective management strategy in response
to limiting the impact of this pathogen on C. gigas
aquaculture sites. Also, early detection of V. aestuar-
ianus in oyster spat may limit the spread of the patho-
gen through movements of in fected stocks. This
assay is currently being used in a comprehensive sur-
vey for V. aestuarianus in Irish shellfish aquaculture
sites, sampling from 2003 through to the present day.
This will purposely test the link between C. gigas
pathology and production mortality associated with
V. aestuarianus.

In conclusion, the results from this assay validation
show the development of an alternative and more
robust quantitative or semi-quantitative real-time
TaqMan® MGB PCR for the rapid, sensitive and spe-
cific detection of V. aestuarianus from C. gigas shell-
fish tissue. Adaptation of this assay within a labora-
tory should involve complete validation to determine
laboratory-specific performance characteristics and
therefore should not rely upon a simple transfer of
the results presented herein.

Acknowledgements. The authors thank a number of mem-
bers of the Fish Health Unit at the Marine Institute Ireland,
including Michelle Geary for preparation and culture of all
bacteriological isolates used in this study, Evelyn Collins for
histological analyses, and Deborah Cheslett for organising
shellfish sample collection.

LITERATURE CITED

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)
Basic local alignment search tool. J Mol Biol 215: 403−410

Andersen CB, Holst-Jensen A, Berdal KG, Thorstensen T,
Tengs T (2006) Equal performance of TaqMan, MGB,
molecular beacon, and SYBR green-based detection
assays in detection and quantification of roundup ready
soybean. J Agric Food Chem 54: 9658−9663

Azandégbé A, Garnier M, Andrieux-Loyer F, Kérouel R,
Philippon X, Nicolas JL (2010) Occurrence and seasonal-
ity of Vibrio aestuarianus in sediment and Crassostrea

gigas haemolymph at two oyster farms in France. Dis
Aquat Org 91: 213−221

Corbeil S, Colling A, Williams LM, Wong FYK and others
(2010) Development and validation of a TaqMan® PCR
assay for the Australian abalone herpes-like virus. Dis
Aquat Org 92: 1−10

DiSalvo LH, Blecka J, Zebal R (1978) Vibrio anguillarum and
larval mortality in a California coastal shellfish hatchery.
Appl Environ Microbiol 35: 219−221

FAO (Food and Agriculture Organization of the United
Nations) (2012) FIGIS. Fish stat (database). FAO, Rome.
http: //data.fao.org/ref/babf3346-ff2d-4e6c-9a40-ef 6a 50
fcd422 (accessed Oct 2014)

Garnier M, Labreuche Y, Garcia C, Robert M, Nicolas JL
(2007) Evidence for the involvement of pathogenic bacte-
ria in summer mortalities of the Pacific oyster Crassostrea
gigas. Microb Ecol 53: 187−196

Garnier M, Labreuche Y, Nicolas JL (2008) Molecular and
phenotypic characterization of Vibrio aestuarianus
subsp. francensis subsp. nov., a pathogen of the oyster
Crassostrea gigas. Syst Appl Microbiol 31: 358−365

Gay M, Berthe FCJ, Le Roux F (2004) Screening of Vibrio
isolates to develop an experimental infection model in
the Pacific oyster Crassostrea gigas. Dis Aquat Org 59: 
49−56

Heid CA, Stevens J, Livak KJ, Williams PM (1996) Real time
quantitative PCR. Genome Res 6: 986−994

Jenkins C, Hick P, Gabor M, Spiers Z and others (2013)
Identification and characterisation of an ostreid herpes -
virus-1 microvariant (OsHV-1 µ-var) in Crassostrea gigas
(Pacific oysters) in Australia. Dis Aquat Org 105: 109−126

Jiang JZ, Zhu ZN, Zhang H, Liang YY and others (2012)
Quantitative PCR detection for abalone shriveling syn-
drome-associated virus. J Virol Methods 184: 15−20

Kutyavin IV (2000) 3’-Minor groove binder-DNA probes
increase sequence specificity at PCR extension tempera-
tures. Nucleic Acids Res 28: 655−661

Labreuche Y, Soudant P, Gonçalves M, Lambert C, Nicolas
JL (2006) Effects of extracellular products from the path-
ogenic Vibrio aestuarianus strain 01/32 on lethality and
cellular immune responses of the oyster Crassostrea
gigas. Dev Comp Immunol 30: 367−379

Martenot C, Oden E, Travaillé E, Malas JP, Houssin M
(2011) Detection of different variants of Ostreid Her-
pesvirus 1 in the Pacific oyster, Crassostrea gigas be -
tween 2008 and 2010. Virus Res 160: 25−31

Monis PT, Giglio S (2006) Nucleic acid amplification-based
techniques for pathogen detection and identification.
Infect Genet Evol 6: 2−12

Morrissey T, McCleary SJ, Collins E, Henshilwood K,
Cheslett D (2015) An investigation of ostreid herpes virus
microvariants found in Crassostrea gigas oyster produc-
ing bays in Ireland. Aquaculture 442: 86–92

Nhung PH, Shah MM, Ohkusu K, Noda M and others (2007)
The dnaJ gene as a novel phylogenetic marker for iden-
tification of Vibrio species. Syst Appl Microbiol 30: 
309−315

OIE (World Organisation for Animal Health) (2014a) OIE man-
ual of diagnostic tests for aquatic animals. www. oie. int/
international-standard-setting/aquatic-manual/ access-
online/ (accessed Oct 2014)

OIE (World Organisation for Animal Health) (2014b) OIE
manual of diagnostic tests and vaccines for terres -
trial animals. www.oie.int/international-standard-setting/

http://dx.doi.org/10.1016/j.syapm.2006.11.004
http://dx.doi.org/10.1016/j.meegid.2005.08.004
http://dx.doi.org/10.1016/j.virusres.2011.04.012
http://dx.doi.org/10.1016/j.dci.2005.05.003
http://dx.doi.org/10.1093/nar/28.2.655
http://dx.doi.org/10.1016/j.jviromet.2012.04.009
http://dx.doi.org/10.3354/dao02623
http://dx.doi.org/10.1101/gr.6.10.986
http://dx.doi.org/10.3354/dao059049
http://dx.doi.org/10.1016/j.syapm.2008.06.003
http://dx.doi.org/10.1007/s00248-006-9061-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=623467&dopt=Abstract
http://dx.doi.org/10.3354/dao02277
http://dx.doi.org/10.3354/dao02253
http://dx.doi.org/10.1021/jf061987c
http://dx.doi.org/10.1016/S0022-2836(05)80360-2


Dis Aquat Org 114: 239–248, 2015248

terrestrial-manual/access-online/ (accessed Oct 2014)
Pepin JF, Riou A, Renault T (2008) Rapid and sensitive

detection of ostreid herpesvirus 1 in oyster samples by
real-time PCR. J Virol Methods 149: 269−276

Saulnier D, De Decker S, Haffner P (2009) Real-time PCR
assay for rapid detection and quantification of Vibrio aes-
tuarianus in oyster and seawater:  a useful tool for epi-
demiologic studies. J Microbiol Methods 77: 191−197

Saulnier D, De Decker S, Haffner P, Cobret L, Robert M,
Garcia C (2010) A large-scale epidemiological study to
identify bacteria pathogenic to Pacific oyster Crassostrea
gigas and correlation between virulence and metallo -
protease-like activity. Microb Ecol 59: 787−798

Segarra A, Pépin JF, Arzul I, Morga B, Faury N, Renault T
(2010) Detection and description of a particular Ostreid
herpesvirus 1 genotype associated with massive mortal-
ity outbreaks of Pacific oysters, Crassostrea gigas, in
France in 2008. Virus Res 153: 92−99

Smith PB, Tomfohrde KM, Rhoden DL, Balows A (1972) API
system:  a multitube micromethod for identification of
Enterobacteriaceae. Appl Microbiol 24: 449−452

Tetzner R, Dietrich D, Distler J (2007) Control of carry-over
contamination for PCR-based DNA methylation quan-
tification using bisulfite treated DNA. Nucleic Acids
Res 35: e4

Tison DL, Seidler RJ (1983) Vibrio aestuarianus:  a new spe-
cies from estuarine waters and shellfish. Int J Syst Bacte-
riol 33: 699−702

Wendling CC, Batista FM, Wegner KM (2014) Persistence,
seasonal dynamics and pathogenic potential of Vibrio
communities from Pacific oyster hemolymph. PLoS ONE
9: e94256

Yao Y, Nellåker C, Karlsson H (2006) Evaluation of minor
groove binding probe and Taqman probe PCR assays: 
Influence of mismatches and template complexity on
quantification. Mol Cell Probes 20: 311−316

Editorial responsibility: Catherine Collins, 
Aberdeen, UK

Submitted: November 20, 2014; Accepted: March 18, 2015
Proofs received from author(s): May 13, 2015

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1016/j.mcp.2006.03.003
http://dx.doi.org/10.1099/00207713-33-4-699
http://dx.doi.org/10.1093/nar/gkl955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4562482&dopt=Abstract
http://dx.doi.org/10.1016/j.virusres.2010.07.011
http://dx.doi.org/10.1007/s00248-009-9620-y
http://dx.doi.org/10.1016/j.mimet.2009.01.021
http://dx.doi.org/10.1016/j.jviromet.2008.01.022

	cite26: 
	cite37: 
	cite32: 
	cite28: 
	cite39: 
	cite8: 
	cite12: 
	cite45: 
	cite2: 
	cite14: 
	cite47: 
	cite20: 
	cite42: 
	cite16: 
	cite6: 
	cite22: 
	cite44: 
	cite18: 
	cite24: 
	cite35: 
	cite30: 
	cite41: 
	cite4: 
	cite9: 


