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ABSTRACT
The rapid detection and identification of pathogens in infected fish, both clinically and subclinically, and in environmental samples is
essential for effective health management in aquaculture. Traditional diagnostic techniques have been very useful for the identification of
infectious agents in cultured fish and shellfish; however, they are limited in their speed and sensitivity. For this reason, the application of
molecular biology techniques in this field has offered a wide range of possibilities in terms of decreased time required for diagnosis, and
increased specificity, sensitivity and quantification of the infectious agent. This review summarises the most relevant molecular tools
which have been used in aquaculture species.
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_____________________________________________________________________________________________________________
INTRODUCTION
From the outset, the aquaculture industry has had to deal
with numerous problems caused by different infectious
agents, including viruses, bacteria, as well as protistan, myxozoan and crustacean parasites. Moreover, the increase in
the number of farmed species during the last years has resulted in the appearance of new diseases. As a result of the
external alterations, which cause a decrease in the commercial value, and the high mortality rates in farmed fish
stocks, this sector has consistently been affected by important economic losses. Therefore, the effective prevention
and treatment of infectious diseases is extremely important.
However, despite the rising number of commercialised vaccines, only a few diseases can be controlled through prevention and, thus, the administration of an appropriate treatment remains the major way of fighting outbreaks. To that
purpose, the availability of rapid diagnostic techniques is
essential.
The clinical signs in fish infectious diseases are frequently non-specific and cannot be used for direct diagnosis.
Received: 3 July, 2008. Accepted: 19 September, 2008.

On the other hand, traditional diagnostic techniques based
on the observation of cytopathic effects on cell cultures in
the case of viruses, and the isolation and growth in specific
culture media, specific biochemical and serological tests or
in situ microscopic examination in the case of bacteria,
sometimes lack speed or sensitivity, especially when working with certain microorganisms.
Considering all these facts, it can be concluded that sensitive, specific and fast diagnostic systems are needed. The
recent advances in molecular biology have provided new
methods, most of them PCR-based, which have led to significant improvements in both sensitivity and speed. Singleplex PCR has been extensively used for the development of
diagnostic techniques for different fish and shellfish pathogens. More recently, this basic PCR has been modified to
widen its utility and versatility. Thus, multiplex PCR allows
the simultaneous detection of several pathogens in a single
reaction. For example, this system has been successfully
applied to the detection of Yersinia ruckeri, Aeromonas salmonicida and Flavobacterium psychrophilum in salmonids
(del Cerro et al. 2002), as well as three different viruses
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(Williams et al. 1999). Other variants are nested PCR, a
double amplification reaction that increases reaction sensitivity and specificity and is used to detect, for instance, Renibacterium salmoninarum (Chase and Pascho 1998); and
reverse transcriptase PCR (RT-PCR) that enables the detection of RNA viruses like the infectious salmon anaemia
virus (ISAV) (Devold et al. 2000; Mikalsen et al. 2001).
The last generation of PCR techniques is quantitative (or
real-time) PCR which allows the reduction of multiple, laborious and dangerous steps after the amplification process
and, therefore, a decrease in the time needed for diagnosis.
Real-time PCR techniques require fluorescent dyes and
there are different alternatives, such as TaqMan, FRET and
molecular beacon probes, to choose depending on the specific conditions of the assay. This system has already been
applied for different fish pathogens with good results, such
as the parasite Myxobolus cerebralis (Cavender et al. 2004;
Kelley et al. 2006). Loop-mediated isothermal amplification (LAMP) and molecular padlock amplification are novel
methods that reduce considerably the time required for detection. LAMP permits the rapid and specific amplification
of DNA under isothermal conditions, and has been applied
to the identification of several pathogens like Edwardsiella
tarda (Savan et al. 2004). The molecular padlock amplification technique has been successfully used for the detection
of the RNA viruses infectious hematopoietic necrosis virus
(IHNV) and ISAV without a reverse transcription step (Millard et al. 2006). Finally, the development of DNA microarrays comes as a new means of simultaneous detection of
several bacterial species. For instance, Warsen et al. (2004)
recently developed a DNA microarray which permits the
detection of 15 fish pathogens, such as A. salmonicida, Edwardsiella ictaluri and F. psychrophilum amongst others.
This review presents the latest advances on molecular
diagnosis of fish pathogens, as well as discusses the future
perspectives in this field.

interlaboratory validation and the putatively false positive
and false negative results.
Conventional PCR-based techniques have been developed and tested for the detection of many fish and shellfish
pathogens. For example, the bacterial pathogens F. psychrophilum (Urdaci et al. 1998; Cepeda and Santos 2000; Crumlish et al. 2007), Flavobacterium columnare (Bader et al.
2003; Suomalainen et al. 2006), and Tenacibaculum maritimum (Avendaño-Herrera et al. 2004; as well as the parasites
Microsporidium seriolae (Bell et al. 1999), Ichthyophonus
hoferi (Whipps et al. 2006), and Cryptocaryon irritans
(Chen et al. 2008). It has also been used for the detection of
viruses like the Pilchard herpesvirus (Crockford et al. 2005)
and lymphocystis disease virus (Cano et al. 2007).
In most of these studies, the target DNA sequence
belongs to the rRNA operon. In bacteria, the variable region
of the evolutionarily conserved 16S rRNA gene is the most
frequently used. In the case of Piscirickettsia salmonis the
primers were designed based on alignment sequences of the
internal transcribed spacer (ITS) and the flanking 23S
rRNA gene of the ribosomal operon. This fragment presents
variability within this species, which allows through sequencing or denaturant gel electrophoresis to document the
presence of different and even new strains (Marshall et al.
1998; Heath et al. 2000). Nevertheless, other types of genes
or even sequences of unknown function can be used. Examples of the latter are the works of Leon et al. (1994), who
amplified a 149-bp DNA sequence unique to R. salmoninarum, and Argenton et al. (1996), who reported the use of a
specific DNA fragment from Y. ruckeri identified by random amplified polymorphic DNA (RAPD). Several studies
proposed the utilisation of genes related to virulence. For
example, two primer combinations allowed the differentiation between a truncated form and the complete active form
of the surface array protein coding gene (vapA) from A. salmonicida and, therefore, provided information on the potential virulence of a strain (Gustafson et al. 1992). The detection of R. salmoninarum was carried out by using the gene
encoding the 57-kDa major surface antigen (MSA), associated with cell agglutination (McIntosh et al. 1996; Miriam
et al. 1997). Coleman et al. (1996) identified the presence
of Vibrio vulnificus through the PCR-amplification of the
cytolysin-haemolysin gene. The rpoN gene coding for sigma factor 54, which has been involved in the regulation of
virulence in some microorganisms, was used for the identification of Listonella anguillarum (Gonzalez et al. 2003).
Other examples are the detection of A. salmonicida by amplification of the fstA ferric-siderophore (Beaz-Hidalgo et al.
2008), and the use of the gene toxR to detect Vibrio parahaemolyticus (Croci et al. 2007) and Vibrio harveyi (Pang et
al. 2006). Mata et al. (2004a) detected Streptococcus iniae
by using a metabolic gene, the lactate oxidase (lctO), which
has only been found in a few microorganisms. The B subunit of the DNA-gyrase and the gene amiB (peptidoglycan
hydrolase N-acetylmuramoyl-L-alanine amidase) were also
used for the identification of E. tarda (Lan et al. 2008) and
L. anguillarum (Hong et al. 2007), respectively.
In addition to allowing the identification of pathogens
in in vitro cultures, PCR can be applied to tissue samples,
thus permitting a much faster detection of the infectious
agent. This can be decisive for the administration of an
early treatment. Generally, DNA is prepared from the tissues and is subsequently used as a template in the PCR. The
most appropriate tissues must be assayed in each case, as
distribution of the pathogen within the host varies. In other
cases, the whole animal is used, for example, eels and oysters for the detection of V. vulnificus (Coleman et al. 1996).
Nevertheless, it is important to be able to use other less invasive modes of sampling. Good examples are the detection
in blood (Zlotkin et al. 1998; Altinok et al. 2001; Gonzalez
et al. 2003; Beaz-Hidalgo et al. 2008), serum (Marshall et
al. 1998), ovarian fluid (Miriam et al. 1997), and mucus
(Beaz-Hidalgo et al. 2008). The study by Beaz-Hidalgo et
al. (2008) permitted the detection of A. salmonicida in carrier fish using non-destructive techniques. Also of impor-

CONVENTIONAL PCR APPROACH
This simple but extremely useful technique has definitely
come as a revolution in the field of molecular biology.
Among its different applications, one of the most important
is, without a doubt, the field of infectious diseases, being a
powerful tool for the identification of the causative agents.
By using a thermoresistant DNA polymerase, and primers corresponding to the flanks of a known DNA sequence,
a series of cycles combining different temperatures and
times leads to the amplification of a specific DNA fragment.
PCR has distinct advantages as a diagnostic tool over
conventional microbiology, virology, parasitology and mycology. For instance, it is faster and more sensitive. It is
especially appropriate for the detection of slow growing,
difficult-to-cultivate or uncultivable pathogens as well as in
situations in which inhibitory substances like antimicrobials
are present. Furthermore, due to the stability of DNA, the
detection can be performed from a wide variety of samples.
The principal shortcomings in applying PCR assays to
the clinical setting include false-positive results from background DNA contamination; detection sensitivity exceeding
clinical significance; and limited detection space of the assay or platform for simultaneous identification of multiple
species, virulence factors or drug resistance.
Over the past two decades, PCR has been extensively
modified to expand its utility and versatility as well as to
improve automation and reproducibility.
The rapid detection of pathogens in infected fish and
shellfish, both clinically and subclinically, is desirable for
effective health management in aquaculture. In that sense,
the utilisation of PCR is considered a helpful complement
to conventional identification methods based on the isolation of the organism in the laboratory and its subsequent
biochemical and phenotypic characterisation. The combination of both allows a faster and more efficient identification
of the pathogen. However, PCR alone is not generally accepted as a detection procedure because of the need for
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Molecular diagnosis of pathogens in aquaculture. Fernández et al.

tance are the storage and treatment of the tissues after
sampling. For instance, in the case of F. columnare, it has
been demonstrated that the freezing and thawing as well as
prolonged enrichment cultivation of the samples weakened
detection significantly (Suomalainen et al. 2006). Nevertheless, a recent study successfully identified F. psychrophilum
using formalin-fixed, wax-embedded fish tissues (Crumlish
et al. 2007).
It is very important that PCR allows the detection of
low levels of the pathogen, especially in order to detect its
presence in carrier fish and apply preventive measures. The
sensitivity varies depending on the pathogen and the tissues
used for the reaction; but it is, in most cases, in the range of
2-50 cells/mg of tissue. For example, the detection of A.
salmonicida (Gustafson et al. 1992), R. salmoninarum (Leon
et al. 1994) and Y. ruckeri (Gibello et al. 1999) in tissues
like kidney and spleen gave sensitivities in the order of 10
colony forming units (CFU)/mg, 22 CFU/mg and 20 CFU/
mg of tissue, respectively. For blood samples, the detection
levels can vary drastically. Thus, Argenton et al. (1996) and
Altinok et al. (2001) described the great difficulty of detecting Y. ruckeri in blood samples; whereas Zlotkin et al.
(1998) could identify 4 CFU of Lactococcus garvieae per
reaction using blood samples taken from naturally infected
fish.

in one subspecies. The PCR results were corroborated by
dot blot hybridisation experiments. This constituted the first
successful discrimination between two subspecies using a
PCR procedure.
A multiplex PCR assay based on the 16 rRNA was
developed for the simultaneous detection of three major fish
pathogens: F. psychrophilum, Y. ruckeri, and A. salmonicida
(del Cerro et al. 2002). They are the aetiological agents of
cold water disease, enteric red mouth disease, and furunculosis, respectively. These pathogens are common worldwide
and produce considerable economic losses in the fish farming industry. Thus, a rapid and effective diagnostic method is essential for the application of specific treatment
against these diseases. The assay proved to be specific and
as sensitive as each singleplex PCR assay, with detection
limits in the range of 6, 0.6 and 27 CFU for A. salmonicida,
F. psychrophilum, and Y. ruckeri, respectively. The multiplex PCR was useful for the detection of the bacteria in artificially infected fish as well as in fish farm outbreaks. This
multiplex PCR system permits a specific, sensitive, reproducible, and rapid method for the routine laboratory diagnosis of infections produced by these three bacteria.
Multiplex PCR was also useful for the specific detection of the main pathogens involved in warm-water streptococcosis in fish (S. iniae, Streptococcus difficilis, Streptococcus parauberis, and L. garvieae) (Mata et al. 2004b).
Each of the four pairs of oligonucleotide primers exclusively amplified the target gene of the specific microorganism. The sensitivity of the multiplex PCR for fish tissues
was 5 × 103 cells/g for S. iniae, 1.2 × 104 cells/g for S. difficilis, 1 × 104 cells/g for S. parauberis, and 2.5 × 103 cells/
g for L. garvieae. It was useful for the specific detection of
the four species of bacteria not only in pure culture, but also
in inoculated fish tissue homogenates and naturally infected
fish. The existence of different types of Streptococcus species involved in the streptococcosis in fish emphasises the
difficulties of definitive identification based on phenotypic
traits alone. Therefore, definitive identification cannot be
made without the support of genetic data. Thus, Baeck et al.
(2006) developed a multiplex PCR method to simultaneously detect and confirm S. parauberis and L. garvieae. The
multiplex PCR assay confirmed the results obtained with
other methods and offered a rapid and sensitive technique
able to identify, both biochemically and serologically, otherwise indistinguishable species.
Another study carried out by Panangala et al. (2007) detected three important pathogens in warm water aquaculture: F. columnare, E. ictaluri and Aeromonas hydrophila.
This technique proved to work both with pure cultures and
experimentally infected fish. The sensitivity threshold in tissues for the three bacteria ranged from 3.4 × 102 to 2.5 ×
105 CFU/mg.
Sanjuán and Amaro (2007) developed a multiplex PCR
assay for the detection of V. vulnificus biotype 2 and simultaneous discrimination of serovar E strains (potential zoonotic strains). It was successfully applied to both diagnosis
and carrier detection in field samples.
In some cases, multiplex PCR has been used for the detection of virulence factors, thus revealing the presence of
virulent strains. For example, several virulence factors associated with different species of Aeromonas (A. hydrophila,
A. sobria, A. caviae, and A. veronii) were detected in water
and diseased fish samples from a trout farm (Nam and Joh
2007), and haemolysin-producing strains of L. anguillarum
were detected in clinical specimens in the study by Rodkhum et al. (2006). This latter assay indicates the presence
of pathogenic strains from samples containing as little as 10
bacterial cells.
Multiplex PCR was also developed for the simultaneous
detection of three different fish viruses: IPNV, IHNV, and
VHSV (Williams et al. 1999). The current method for detection of fish viruses requires isolation of virus by inoculation
of cell cultures with homogenates of tissue samples collected from a statistically significant portion of the population (Amos et al. 1989; OIE 2006; USFWS and AFS-FHS

MULTIPLEX PCR
A large number of individual PCR assays would be necessary if single primer sets are used on a large number of samples, which can be a relatively costly and time consuming
process. To overcome these shortcomings and also to increase the diagnostic capacity of PCR, a variant termed
multiplex PCR has been described. In multiplex PCR more
than one target sequence can be amplified from a sample by
including more than one pair of primers in the reaction.
Multiplex PCR has the potential to produce considerable
savings of time and effort. Since its introduction, it has been
successfully applied in the field of infectious diseases; the
technique has been shown to be a valuable method for
identification of viruses, bacteria, fungi and parasites.
Nevertheless, the optimization of multiplex PCRs can
pose several difficulties, including poor sensitivity or specifity and/or preferential amplification of certain specific targets (Polz et al. 1998). Thus, thorough evaluation and validation is essential. It is also important to indicate that the
identification of a pathogen alone does not demonstrate its
involvement in the disease process. Therefore, especially
when multiple agents are detected, additional information
such as clinical diagnosis and past history of infections in
the fish farm need to be taken into account.
Multiplex PCR has not been widely applied to the detection of fish pathogens. The first work was developed by
Brasher et al. (1998) for the detection of Escherichia coli,
an indicator of fecal contamination, and the microbial pathogens, Salmonella typhimurium, V. vulnificus, Vibrio cholerae, and V. parahaemolyticus, in shellfish. Five pairs of
oligonucleotides were used, each of them was found to support PCR amplifications of only its targeted gene. The sensitivity of detection for each of the microbial pathogens was
 101-102 cells following a “double” multiplex PCR amplification approach. In this case, amplified target genes in a
multiplex PCR reaction were subjected to a colorimetric
DNA-DNA hybridisation assay. This assay showed sensitivity of detection comparable to the agarose gel electrophoresis method. Moreover, the colorimetric assay avoided the
use of hazardous materials inherent to conventional gel electrophoresis and radioactive-based hybridisation methods.
Osorio et al. (2000) used a multiplex PCR approach to
discriminate between two subspecies of Photobacterium
damselae. Two pairs of primers directed to internal regions
of the rRNA and ureC genes were utilised to analyse a collection of P. damselae strains. With this procedure, one subspecies showed two amplification products while the other
showed only one, indicating the absence of the urease gene
35
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Izumi et al. (2005) developed a nested PCR based on the
gyrB gene, which allows the detection of low levels of F.
psychrophilum in washings of fish gill surfaces and benthic
diatoms as environmental samples. Bader et al. (2003) designed a set of species-specific 16S rRNA primers for detection of F. columnare in various tissues from live and
dead fish. Nested PCR using universal eubacterial primers
increased the sensitivity five-fold in comparison with the
first PCR round, allowing the detection of F. columnare
strains at DNA concentrations below 0.05 ng and from as
few as 10 cells. Other two nested PCR systems were developed for detection of T. maritimum and whose detection
limits were 75 CFU/mg fish tissue (Cepeda et al. 2003) and
1 to 250 cells per reaction depending on the tissue employed (Avendaño-Herrera et al. 2004). Finally, a nested
PCR assay permitted the identification of the gene gyrB of
Pseudomonas plecoglossicida in samples of kidney and
intestine (Izumi et al. 2007).
Nested PCR assays were also used for detection of fish
parasites. Bell et al. (1999) developed a nested PCR protocol for the detection of the microsporidian parasite Microsporidium seriolae, which affects farmed Japanese yellowtail. The nested PCR, capable of detecting as few as 0.01 pg
of parasite DNA, was several orders of magnitude more
sensitive than the standard single PCR, but was less specific
limiting its utility. Barlough et al. (1995) were able to detect
Enterocytozoon salmonis DNA from 10 infected chinook
salmon lymphocytes using a nested PCR protocol. Mendonca and Arkush (2004) designed a set of species-specific
18S rRNA primers for detection of Sphaerothecum destruens in fish tissues. The limits of detection using the nested
PCR test with these primers were 1 pg for purified parasite
genomic DNA and 0.1 fg for plasmid DNA. Recently,
Skirpstunas et al. (2006) used a modification of the nested
PCR assay developed by Andree et al. (1998) to detect early
stages of M. cerebralis in caudal and adipose fin samples
from rainbow trout (Oncorhynchus mykiis). Although single
round PCR assays allowed the identification of this microorganism in fish samples, the need for very invasive tissue
sampling methods did not make it suitable for detection in
live fish. The study by Skirpstunas et al. (2006), however,
proved the effectiveness of a non-lethal sampling method
coupled with nested PCR.
Two rounds of amplification of 529 and 379 bp fragments of the gene coding for the major capsid protein improved 10-fold the sensitivity in the detection of the Cyprinid herpesvirus-3 from tissues of infected fish. This PCR
could also discriminate from the Cyprinid herpesvirus 1 and
2 (El-Matbouli et al. 2007).

2007). When a virus is isolated, identification of the virus is
required. This is usually accomplished by neutralisation
tests with specific polyclonal antisera, which can take 1 to 4
weeks, or by enzyme immunoassays with monoclonal antibodies or polyclonal antisera. The multiplex RT-PCR assay,
which can be completed in 48 h or less, provides significant savings in time, cost, and materials in comparison to
the antibody neutralisation tests or the separate, individual
PCR assays presently used to identify viruses isolated in
cell culture from clinical materials. The sensitivity levels of
the multiplex RT-PCR assay were 100, 1, and 32.50% tissue
culture infective doses for IPNV, IHNV, and VHSV, respectively (Williams et al. 1999). Confirmation of the sensitivity of the multiplex RT-PCR assay in field trials using tissue samples from naturally infected fish will provide a diagnostic assay with significant advantages over the current
method of virus isolation in cell culture.
NESTED PCR
In this PCR-based method, two pairs of primers are used in
two successive runs of polymerase chain reaction. The PCR
product obtained in the first reaction is the template for the
second reaction, in which the second set of primers bind
within this product amplifying an amplicon shorter than the
first one. This technique has higher specificity than single
round PCR since it is quite unlikely that possible unspecific
PCR products generated in the first round contain homolog
sequences to the second pair of primers. Another advantage
is that nested PCR requires less amount of target DNA due
to the second amplification round and, as a result, it is more
sensitive. On the other hand, the main limitations of this
PCR-based assay is the higher risk of carryover of amplified DNA which produces cross contamination, and the increase of specificity may not be significant enough to justify the utilisation of a more complex and lengthier technique. Thus, the use of nested PCR would be recommended
only for those cases in which the detection levels, in terms
of either sensitivity or specificity, achieved with singleround PCR are not sufficient to identify the pathogen.
The nested PCR has been used to detect several bacterial fish pathogens. For example, Arias et al. (1995) developed a nested PCR method for detection and identification
of V. vulnificus in eel farms, combining the use of universal
and specific oligonucleotides directed against 23S rRNA in
a two-step amplification. The detection limit of this method
was 10 fg of V. vulnificus DNA, corresponding to one cell.
In the case of R. salmoninarum, the PCR protocol described
was based on the amplification of a sequence of the p57
gene (Chase and Pascho 1998). The nested PCR detected as
few as 10 R. salmoninarum cells in salmonid kidney tissue,
which means a 100-fold increase in sensitivity in comparison with conventional PCR. Osorio et al. (1999) described a
method for the detection of P. damselae based on two
highly variable regions of the 16S rRNA gene of the family
Vibrionaceae. Three primers for a seminested PCR assay, as
well as a short confirmatory DNA probe were used. The detection levels of this method were approximately 20 to 200
cells. These authors reported that this PCR-based protocol
was at least 100 times more sensitive than a serological method based on a magnetic bead enzyme immunoassay. Nested PCR methods based on 16S rRNA primers (two universal eubacterial primers and two specific primers) have been
also proposed for the detection of F. psychrophilum (Izumi
and Wakabayashi 1997; Wiklund et al. 2000). Baliarda et al.
(2002) developed an alternative nested PCR strategy based
on 16S rRNA and 16S-23S rRNA intergenic spacer region
primers to detect F. psychrophilum in biological samples
(ovarian fluid, spleen, kidney and eggs). The level of sensitivity of this nested PCR was 0.25 CFU in contrast to 1.5
CFU described by Izumi and Wakabayashi (1997) or 0.4
CFU described by Wiklund et al. (2000). The latter author
also detected 17 CFU/mg of brain tissue. In comparison,
Baliarda et al. (2002) retrieved 2.5 CFU/mg of spleen being
approximately 10 times more sensitive. More recently,

REVERSE TRANSCRIPTASE PCR (RT-PCR)
This molecular technique allows the detection of RNA by
converting this nucleic acid into a complementary DNA
copy through the process of reverse transcription, and then
amplifying using PCR. The target RNA sequence is transcribed using either random hexanucleotides or sequencespecific primers.
Most PCR methods detect DNA which persists in dead
cells for significant periods of time (Masters et al. 1994).
DNA was also demonstrated to persist in a PCR-detectable
form in culture-negative environmental (Deere et al. 1996)
and clinical samples (Hellyer et al. 1999). In contrast, RNA
is known to be rapidly degraded with a typical half-life of
minutes after cell death; thus, it has been proposed as a
more accurate indicator of viable microorganisms (Alifano
et al. 1994; Keer and Birch 2003). RT-PCR may help in differentiating viable from non-viable organisms, which is important for decisions in clinical practice. However, it is necessary to point out some limitations of this method. Firstly,
detectable concentrations of intact RNA from a small number of cells are required to perform this technique. Moreover, the RNA sample must be free of genomic DNA, so
special care must be taken during RNA isolation to avoid
false-positive results.
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mRNA of R. salmoninarum in ovarian fluid and kidney
samples from fish with clinical and subclinical infections.

There are few examples of RT-PCR based methods reported for detection of aquatic pathogenic bacteria. Magnusson et al. (1994) developed a nested RT-PCR assay
based on the amplification of hypervariable regions within
the 16S rRNA to detect R. salmoninarum in ovarian fluid of
salmonid fish. The detection limit of this assay was one cell
per sample. Cook and Lynch (1999) designed another nested RT-PCR method for detection of this pathogen; but, this
time, amplifying mRNA from the gene encoding the antigen
p57. Although the sensitivities of both methods were similar,
the second technique was more reliable since mRNA is less
stable than rRNA, thus reducing false positives due to the
presence of non-viable bacteria.
RT-PCR methods are more widely used to detect RNA
fish viruses, being an important alternative to cell culture
protocols that are costly, lengthy and less sensitive. The
most common genes detected are the nucleoprotein (N) and
the glycoprotein (G). An RT-PCR method was developed by
Cutrin et al. (2005) to detect IPNV in carrier turbot (Scophthalmus maximus). Miller et al. (1998) developed an RTPCR assay for the detection and differentiation of VHSV
and IHNV in organ samples from trout. The primers used in
this method corresponded to highly conserved regions of
the glycoprotein G-gene sequences of the 2 viruses. RTPCR protocols were also developed to detect the ISAV. Devold et al. (2000) described an RT-PCR protocol for diagnosis of ISAV in carrier sea trout (Salmo trutta), and Mikalsen
et al. (2001) used this technique to study the early phase of
the virus infection in Atlantic salmon. RT-PCR diagnosis
methods have been also used for diagnosis of other viral
aquatic pathogens such as the sleeping disease virus (SDV)
(Villoing et al. 2000), the spring viraemia of carp virus
(SVCV) (Koutna et al. 2003), the walleye dermal sarcoma
virus (WDSV) (Poulet et al. 1996), the extra small virus
(XSV) (Sri Widada et al. 2004), Macrobrachium rosenbergii nodavirus (MrNV) (Sri Widada et al. 2003), the
Taura syndrome virus (TSV) (Nunan et al. 1998), betanodaviruses (Gomez et al. 2004) and aquareovirus (Seng et al.
2004).
RT-PCR has also been combined with other molecular
techniques such as RFLPs (López-Vázquez et al. 2006) and
ELISA (Milne et al. 2006, 2007). In the first assay, a procedure was established for the detection of VHSV in trout by
RT-PCR amplifying a region within the nucleoprotein gene.
Milne et al. (2006) evaluated the ease of use, reliability and
sensitivity of this method for the detection of IPNV in trout
kidney samples. They could detect 1.5 x 104 plaque forming
units (PFU). They concluded that this technique is safe,
quick and reliable. The same laboratory used this colorimetric technique to detect human pathogenic viruses (enteroviruses and noroviruses) in bivalve molluscs (Milne et al.
2007).
The application of RT-PCR together with other types of
PCR has allowed for improvements in the detection of
certain pathogens. For example, a multiplex real-time RTPCR permitted the simultaneous detection of three rhabdoviruses, SVCV, IHNV and VHSV, without non-specific amplification or cross-reactivity (Liu et al. 2008). More recently, RT-PCR has been combined with qPCR in order to
detect and quantify pathogenic viruses. For example, Nerland et al. (2007) quantified nodaviruses in sea water at
rearing facilities; Snow et al. (2006) detected the ISAV by
means of semi-quantitative TaqMan real-time RT-PCR;
Dhar et al. (2008) utilised SYBR Green to detect IHNV in
liver, kidney, spleen, adipose tissue and pectoral fin samples
from laboratory and field collected fish; and Bowers et al.
(2008) monitored the presence of IPNV in pectoral fin,
spleen and head kidney. In the last two studies quantification allowed the determination of different viral loads in
these tissues throughout the infectious process, as well as
time course assays. In some cases the high specificity and
sensitivity allowed the use of non-lethal tissue sampling.
There is also one study which describes the application of a
real-time RT-PCR for the quantification of a pathogenic
bacterium. Suzuki and Sakai (2007) detected the msa gene

REAL-TIME PCR
Real-time PCR is a technique designed to detect and quantify sequence-specific PCR products as they accumulate in
‘real-time’ during the amplification process. This system is
based on the detection and quantitation of a fluorescent reporter, whose signal increases in direct proportion to the
amount of PCR product in a reaction. By recording the
amount of fluorescence emission at each cycle, it is possible
to monitor the PCR reaction during the exponential phase
where the first significant increase in the amount of PCR
product correlates to the initial amount of target template.
The higher the starting copy number of the nucleic acid target, the sooner a significant increase in fluorescence is observed.
There are two main fluorescence-monitoring systems
for DNA amplification. The cheaper alternative is the use of
DNA binding agents, non-sequence specific fluorescent
intercalating agents, like SYBR-green I or ethidium bromide. This system quantitates amplicon production (including non-specific amplification and primer-dimer complex).
The second and more popular alternative is the use of a
fluorescent-labelled internal DNA probe which specifically
anneals within the target amplification region. The choice of
probe format depends on the compatibility of its hybridisation chemistry with the experimental design. Variations in
probe format include TaqMan, fluorescence resonance
energy transfer (FRET), scorpion probes, and molecular
beacon probes.
The main advantages of using real-time PCR are: it is
not influenced by non specific amplification (when specific
probes are used), amplification can be monitored real-time,
no post-PCR processing of products (low contamination
risk), ultra-rapid cycling (30 minutes to 2 hours), wider dynamic range of up to 1010-fold, requirement of 1000-fold
less DNA or RNA than conventional assays (3 picogram =
one genome equivalent), detection is possible down to a
two-fold change, more specific, sensitive and reproducible.
It also has some disadvantages; the most significant are that
it is not ideal for multiplexing (amplifying multiple target
sequences in one reaction by using multiple PCR primer
pairs), setting up requires high technical skill and support,
and high equipment and reagents cost.
Real-time PCR has enabled detection, identification and
quantification of extremely low levels of aquatic pathogens.
This is especially important for viral and parasitic diseases,
in which diagnostic methods are more complex and require
more time than bacterial pathogens. In fact, the rapid identification and quantification of viruses in diseased fish is a
goal both conservationists and commercial aquaculturists
have struggled to attain. There are many examples in which
real-time PCR was successful in detecting viruses from infected fish and contaminated samples, proving to be as accurate as tissue culture assays yet much quicker. Utilising
primers and fluorescent labelled probes generated for the
specific identification of the nucleocapsid and glycoprotein
genes of IHNV, the presence or absence of virus can be easily and rapidly confirmed. This method is also effective in
measuring the relative or absolute quantity of virus present
in the sample. This allows for the determination of the
health status of carrier fish by measuring the quantity of
viral genomes or transcribed viral genes present (Overturf
et al. 2001). Similar real-time PCR assays allowed the identification and detection of many other viral pathogens, such
as Iridovirus from large yellow croaker, Pseudosciaena crocea, using a molecular beacon (Wang et al. 2006); VHSV
from rainbow trout (Chico et al. 2006), Cyprinid herpesvirus 2 from moribund and healthy goldfish (Goodwin et al.
2006), and salmonid alpha-virus from salmonids (Hodneland and Endresen 2006). In this case, real-time PCR has
allowed for the differentiation of several subtypes of this
salmonid virus. These results demonstrated that the assay is
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catfish farms. Diagnostic methods currently used are unreliable at low levels of infection. A real-time PCR assay has
been developed that enables the detection of as few as 2.5
cell-equivalents of E. ictaluri DNA in whole blood and
other tissues in less time and with more accuracy and sensitivity than traditional diagnostic methods. Other examples
report the detection and quantification of R. salmoninarum
by Chase et al. (2006) and Powell et al. (2005). The latter
was carried out for both DNA and RNA, thus permitting
determination if the pathogen was transcriptionally active.
One example of the high sensitivity of real-time PCR is
shown in the studies performed with V. parahaemolyticus. A
TaqMan PCR assay based on the gyrase B gene (gyrB)
sequence was developed for quantitative detection of this
pathogen in seafood. A total of 300 seafood samples were
analysed and 78 (26%) of these samples were positive for V.
parahaemolyticus using a conventional culture method and
97 (32.3%) using the real- time PCR assay. All culture-positive samples were PCR positive. However, 19 samples positive by PCR were culture negative (Cai et al. 2006). Finally,
Balcázar et al. (2007) developed an assay for sensitive species-specific detection and quantification of A. salmonicida
in fish tissue by using self-quenched fluorogenic primers.

highly sensitive and specific (Hodneland and Endresen
2006). Starkey et al. (2006) developed a real-time nucleic
acid sequence based amplification (NASBA) procedure,
using a molecular beacon (carboxy-fluorecin [FAM]-labelled and methyl-red quenched) in order to detect ISAV.
Amplification was carried out at 41°C for 90 min. This
technique was 100 times more sensitive than conventional
RT-PCR.
Apart from viruses, real-time PCR is also useful for the
identification of important parasites such as M. cerebralis, a
myxozoan parasite which causes whirling disease, a potentially lethal infection of salmonid fish. A TaqMan real-time
quantitative PCR using the heat-shock protein 70 and 18S
ribosomal DNA allowed the detection of this parasite in fish
tissue, and provided a relative indication of infection severity (Cavender et al. 2004). If pathogens can also be detected and identified in the environment, it can be extremely
useful as an early warning signal. To that end, a real-time
PCR assay using SYBR Green intercalating fluorescent dye
for rapid detection and quantification of Ichthyophthirius
multifiliis has been developed. The assay can detect low
concentrations of the parasite in water, presumably corresponding to an early phase of the disease (Jousson et al.
2005). The protistan parasite Perkinsus marinus, a pathogen
of the oyster Crassostrea virginica, could also be detected
and quantified in environmental water samples thanks to a
SYBR Green-based real-time PCR at concentrations as low
as the equivalent of 3.3 × 10-2 cells per 10 μl reaction mixture (Audemard et al. 2004). Real-time PCR assays also
have been developed for rapid detection of Pfiesteria piscicida. Pfiesteria complex species are heterotrophic and
mixotrophic dinoflagellates that have been recognised as a
harmful algal bloom species associated with adverse fish
and human health effects along the East Coast of North
America. Until recently, specific identification of two toxic
species known thus far, P. piscicida and Pfiesteria shumwayae, required scanning electron microscopy (SEM). SEM is
a labour-intensive process in which only a small number of
cells can be analysed, posing limitations when the method
is applied to environmental estuarine water samples. To
overcome these problems, a real-time PCR-assay that permits rapid and specific identification of these organisms in
culture and heterogeneous environmental water samples
was developed (Bowers et al. 2000). Hallett and Bartholomew (2006) developed an assay for the detection of the
myxozoan parasite Ceratomyxa shasta in river water samples based on the amplification of 18S rRNA by a TaqMan
PCR. The assay detected 1 spore in 1 l of river water and
showed potential in replacing traditional sentinel fish studies for detection of the parasite. Inhibition of the assay in
some river samples was overcome by reducing the template
volume and including serum albumin. It was utilised to investigate the temporal and spatial distribution of C. shasta
in the river. Phelps and Goodwin (2007) carried out the detection of the microsporidian Ovipleistophora ovariae in
Cyprinid fish tissues. Early infections without spores or
light infections with low number of spores are easily missed
in microsporidians. The assay proved to be specific, since
no cross-reaction with other related microsporidians was
found. The assay detects reliably less than 10 genomic copies and 0.14 spores. Maximum sensitivity was achieved
when sonication was used during the DNA purification step.
McBeath et al. (2006) developed a TaqMan assay suitable
for the detection of the crustacean parasites Lepeophtheirus
salmonis and Caligus elongatus, generally referred to as sea
lice, and is based on the amplification of the mitochondrial
cytochrome oxidase I gene. This method permitted the species-specific identification of larvae of both parasites in
plankton samples, thus complementing the complex and
time-consuming microscopic method routinely used for
identification.
Finally, real-time PCR has also allowed for the detection of many bacterial fish pathogens. Enteric septicaemia
of catfish (ESC), caused by the gram-negative bacterium E.
ictaluri, is the most prevalent disease affecting commercial

RFLPs
Restriction fragment length polymorphism (RFLP) is a
technique in which microorganisms may be differentiated
by analysis of patterns derived from cleavage of their DNA.
If two microorganisms differ in the distance between sites
of cleavage of a particular restriction endonuclease, the
length of the fragments produced will differ when the DNA
is digested with a restriction enzyme. The similarity of the
patterns generated can be used to differentiate species (and
even strains) from one another. The isolation of sufficient
DNA for RFLP analysis is time-consuming and labour intensive. However, PCR can be used to amplify very small
amounts of DNA to the levels required for RFLP analysis
and consequently more samples can be analysed in a shorter
time.
RFLP was used as typing technique in fish viruses. The
evidence of genomic variations between IPNV strains was
determined by restriction fragment profiles (Heppell et al.
1992). RFLP analysis was also proposed as a method for
typing new isolates of aqua-birnaviruses due to its simplicity (Cutrin et al. 2004), and was shown to give similar results to other molecular techniques such as the ribonuclease
protection assay or sequence analysis used for genotyping
the fish rhabdovirus, VHSV (Einer-Jensen et al. 2005). The
assay was able to distinguish between marine and continental isolates of VHSV.
Epidemiological studies of different fish pathogens as
Vibrio ordalii (Pedersen et al. 1996a), L. anguillarum (Pedersen et al. 1996b), R. salmoninarum (Rhodes et al. 2000b),
F. psychrophilum (Izumi et al. 2003), Vibrio tapetis (Le
Chevalier et al. 2003), S. iniae (Eldar et al. 1999), L. garvieae (Eldar and Ghittino 1999; Eyngor et al. 2004) and F.
columnare (Arias et al. 2004; Darwish and Ismaiel 2005)
used RFLP among other techniques. It was useful to differentiate, to see similarities or to define new species (Lunder et al. 2000; Martinez-Murcia et al. 2005; Panangala et
al. 2005), to determine a group of isolates as unique (Rhodes
et al. 2005), to differentiate (van der Sar et al. 2004) or to
identify new strains (Bisharat et al. 1999). Nevertheless,
there are some cases where RFLPs are not useful. For instance, 16S rDNA RFLP discriminated between S. iniae and
other fish pathogens but not between S. iniae strains (Eldar
et al. 1997). This method also suggested many hypotheses
about clonal relationship and behaviour between the aquaculture and human compartments (Rhodes et al. 2000a; Giraud et al. 2004; Ucko and Colorni 2005). Izumi et al.
(2007) identified genotypes associated with quinolone resistance by PCR-RFLP, which showed a different Mph1103I
restriction pattern in the gene encoding the A subunit of the
DNA gyrase.
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RFLP and PCR-RFLP have been used in the direct identification and diagnosis of some fish pathogenic bacteria, by
itself or combined with other techniques (Tiirola et al.
2002; Kozinska et al. 2002; Nilsson and Strom 2002; Pate
et al. 2005; Zappulli et al. 2005). Moreover, RFLP can be
useful to monitor the levels and species composition of bacteria in fish farms (Lee et al. 2002).

nucleotide targets and was sequence-specific at the single
base level. Viral RNA could be detected directly, either
alone or in the presence of non-viral RNA from fish tissue.
Interestingly, the authors suggest the possibility of integrating this technique into a biosensor platform, which could
be used for on-site diagnosis of fish pathogens.
MICROARRAYS

LOOP-MEDIATED ISOTHERMAL AMPLIFICATION
(LAMP)

Multiplex PCR allows the detection of several pathogens in
the same reaction. The number of infectious agents that
could potentially be identified simultaneously with this method is, however, considered to be a maximum of six. The
limits are set by the necessity of optimizing the PCR conditions to use different pairs of primers as well as the challenge of differentiating the amplified products by gel electrophoresis. In fact, further analysis, such as DNA sequencing, is sometimes required to confirm product identity.
The use of DNA microarrays could overcome these limitations and permit the identification in one single step of a
wide range of pathogens from complex samples. The products obtained in PCR would be, in this case, subsequently
hybridised with a large number of probes. Furthermore, unlike conventional multiplex PCR assays, microarray detectors do not require clear length differences between PCR
products. Therefore, PCR assays can be designed to generate small similar-sized amplicons, which would maximise
efficiency and probability of template recovery from degraded DNA, as well as reduce PCR template bias.
Call et al. (2003) described the development of an array
for the detection of 8 different fish pathogens (R. salmoninarum, A. salmonicida, E. ictaluri, F. columnare, F. psychrophilum, Y. ruckeri, P. salmonis, and Tenacibaculum
maritimum). PCR was used in an initial amplification step
and the products were then hybridised to the array to identify the species present in the sample by using 16S rDNA
probes, suitable for distinguishing between several salmonid pathogens.
Gonzalez et al. (2004) coupled multiplex PCR and a
DNA microarray to construct an assay suitable for the simultaneous detection of five important marine fish pathogens (V. vulnificus, L. anguillarum, P. damselae subsp. damselae, A. salmonicida subsp. salmonicida, and V. parahaemolyticus). The array was composed of nine short oligonucleotide probes complementary to seven chromosomal loci
and two plasmid-borne loci. Nine primer sets were designed
to amplify short fragments of these loci in a multiplex PCR.
PCR products were subsequently labelled by nick translation and hybridised to the microarray. Using purified genomic DNA, PCR products could be detected with four or five
cells, and the array was at least four-fold more sensitive
than agarose gel electrophoresis for detection of PCR products.
More recently, a DNA microarray suitable for the simultaneous detection of 15 fish pathogens based on 16S ribosomal DNA polymorphisms was developed by Warsen et al.
(2004). PCR products of a small size (ca. 199 bp) were
generated using biotinylated, universal primer sequences,
and these products were hybridised overnight to the microarray. The detection sensitivity for purified control DNA
was equivalent to < 675 fg, and this sensitivity was not adversely impacted either by the presence of competing bacterial DNA or by the addition of fish DNA.
Although all these studies are carried out with in vitro
bacterial samples, there is no doubt that the application of
microarrays to tissue and environmental samples will open
new possibilities in the field of detection of pathogens in
aquaculture, by allowing to test the presence of a large
number of species in a single assay.

The loop-mediated isothermal amplification (LAMP) reaction is a novel method that amplifies DNA with high specificity, efficiency and rapidity under isothermal conditions.
This method employs a DNA polymerase and a set of four
specially designed primers that recognize a total of six distinct sequences on the target DNA. The cycling reaction
continues with accumulation of 109 copies of target in less
than one hour. Because LAMP recognizes the target by six
distinct sequences initially and by four distinct sequences
afterwards, it is expected to amplify the target sequence
with high selectivity. LAMP has a wide-ranging applicability in the rapid detection of pathogenic microorganisms.
Although it is still a novel procedure, it is very promising
because of the lack of need of expensive equipment, a water
bath would be sufficient to carry out the reaction, and its
speed. However, this technique is not useful for the simultaneous detection of different pathogens.
Savan et al. (2004) first reported the application of
LAMP for the diagnosis of a fish pathogen, E. tarda, in
samples from kidney and spleen, as well as sea water. The
conditions of the reaction were 45 min at 65°C. LAMP methods were also developed for other bacterial pathogens.
For example, E. ictaluri (Yeh et al. 2005), F. columnare
(Yeh et al. 2006), Nocardia seriolae (Itano et al. 2006), and
Y. ruckeri (Saleh et al. 2008).
This technique has also been applied to viral pathogens,
such as SVCV (Shivappa et al. 2008), VHSV (Soliman et al.
2006), IHNV (Gunimaladevi et al. 2005), koi herpes virus
(KHV) (Gunimaladevi et al. 2004) and red seabream iridovirus (RSIV) (Caipang et al. 2004); and to parasites like M.
cerebralis in fish and oligochaetes (El-Matbouli and Soliman 2005a) and another myxozoan parasite of salmonid
fish Tetracapsuloides bryosalmonae (El-Matbouli and Soliman 2005b). The sensitivity levels obtained with this technique were always similar in the initial in vitro tests and in
the in vivo experiments, both with experimentally infected
fish and clinical samples.
In all these cases the incubation temperature was 63–
65°C and the incubation time was about 60 min. Many of
these studies describe the use of SYBR Green I stain for
visual inspection instead of agarose gel electrophoresis with
the same efficiency. In the study by Caipang et al. (2004)
the synthesis of a large amount of DNA led to the production of a white precipitate, magnesium pyrophosphate, as a
by-product. The presence or absence of this white precipitate facilitates easy detection of the RSIV genomic DNA
without the use of gel electrophoresis. A strong correlation
exists between the amount of input viral DNA copy and the
corresponding turbidity reading at the end of the reaction;
hence, the LAMP reaction may be used potentially to quantify RSIV particles in the infected fish.
MOLECULAR PADLOCK AMPLIFICATION
Millard et al. (2006) developed a new method for the molecular detection of IHNV and ISAV, which combines molecular padlock probe (MPP) technology with rolling circle
amplification (RCA) and hyperbranching (Hbr). This technique allows the detection of RNA target sequence from
these viruses at levels similar to those detected by PCR, but
without a prior reverse transcription step. Thus, while exhibiting selectivity levels comparable with those of PCR, it
could potentially reduce the time and cost required for the
analysis. This method detected as few as 104 DNA oligo-

CONCLUSION AND FUTURE PERSPECTIVES
The existence of adequate systems for the detection and
identification of pathogens in farmed and wild fish is critical for economic and environmental benefits. Moreover, if
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fast and effective techniques are available, this could prevent food products from fish or molluscs contaminated with
human pathogens being marketed.
For a long time, people involved in the aquaculture industry realized that faster and more specific diagnostic techniques were necessary. Once molecular techniques started
to be used in research concerning fish and shellfish pathogens, for instance to study the pathogenicity mechanisms,
antibiotic resistance, etc., it became apparent that there was
potential for their utilisation in the clinical field.
The development of molecular diagnostic methods will
be very important to design new and more effective treatment programmes and methods of prevention, such as early
detection in carriers or environmental samples. The information provided by these techniques could also be helpful
for planning more specific vaccination programmes by
taking into account the species or even strains which have
been affecting a particular fish farm.
Nowadays, many of the techniques described in this
review are being already applied for the detection and identification of pathogens in aquaculture diagnosis laboratories.
The main difficulty in these methods becoming completely
accepted is the necessity for appropriate standardisation and
validation.
It is to be expected that in the future molecular techniques will be widely accepted for diagnosis in aquaculture
and even methods like microarrays will be routinely used in
laboratories, thus facilitating enormously an early identification of the causative agent. However, it is important to be
cautious with the results obtained by these methods of molecular diagnosis. The mere detection of the presence of a
pathogen in fish or shellfish samples from an outbreak does
not necessarily imply that they are responsible for or even
involved in the disease. This is of particular relevance in the
case of techniques such as multiplex PCR and microarrays,
which allow the simultaneous identification of several pathogens. Therefore, it is recommendable to take into account
additional information, like clinical diagnosis, in order to
determine the most appropriate treatment. Even more specific traits, such as antibiotic resistance gene profile or virulence genes could be identified and considered when deciding on the most adequate treatment. All of these measures
will diminish the economic losses associated with infectious
diseases, as well as the risk of infecting wild fish species. It
will also permit the production of farmed fish and shellfish
that will be safer for human consumption, by controlling the
presence of human pathogens and by reducing the administration of antibiotics.

nosis of Tenacibaculum maritimum infection. Diseases of Aquatic Organisms
62, 75-83
Bader JA, Shoemaker CA, Klesius PH (2003) Rapid detection of columnaris
disease in channel catfish (Ictalurus punctatus) with a new species-specific
16-S rRNA gene-based PCR primer for Flavobacterium columnare. Journal
of Microbiological Methods 52, 209-220
Baeck GW, Kim JH, Gomez DK, Park SC (2006) Isolation and characterization of Streptococcus sp. from diseased flounder (Paralichtys olivaceus) in
Jeju Island. Journal of Veterinary Science 7, 53-58
Balcázar JL, Vendrell D, de Blas I, Ruiz-Zarzuela I, Gironés O, Múzquiz
JL (2007) Quantitative detection of Aeromonas salmonicida in fish tissue by
real-time PCR using self-quenched, fluorogenic primers. Journal of Medical
Microbiology 56, 323-328
Baliarda A, Faure D, Urdaci MC (2002) Development and application of a
nested PCR to monitor brood stock salmonid ovarian fluid and spleen for
detection of the fish pathogen Flavobacterium psychrophilum. Journal of Applied Microbiology 92, 510-516
Barlough JE, McDowell TS, Milani A, Bigornia L, Slemenda SB, Pieniazeb
NJ, Hedrick RP (1995) Nested polymerase chain reaction for detection of
Enterocytozoon salmonis genomic DNA in Chinook salmon Oncorhynchus
tshawytscha. Diseases of Aquatic Organisms 23, 17-23
Beaz-Hidalgo R, Magi GE, Balboa S, Barja JL, Romalde JL (2008) Development of a PCR protocol for the detection of Aeromonas salmonicida in
fish by amplification of the fstA (ferric siderophore receptor) gene. Veterinary
Microbiology 128, 386-394
Bell AS, Yokoyama H, Aoki T, Takahashi M, Maruyama K (1999) Single
and nested polymerase chain reaction assays for the detection of Microsporidium seriolae (Microspora), the causative agent of ‘Beko’ disease in yellowtail Seriola quinqueradiata. Diseases of Aquatic Organisms 37, 127-134
Bisharat N, Agmon V, Finkelstein R, Raz R, Ben-Dror G, Lerner L, Soboh
S, Colodner R, Cameron DN, Wykstra DL, Swerdlow DL Farmer JJ
(1999) Clinical, epidemiological, and microbiological features of Vibrio vulnificus biogroup 3 causing outbreaks of wound infection and bacteraemia in
Israel. Lancet 354, 1421-1434
Bowers RM, Lapatra SE, Dhar AK (2008) Detection and quantitation of
infectious pancreatic necrosis virus by real-time reverse transcriptasepolymerase chain reaction using lethal and non-lethal tissue sampling.
Journal of Virological Methods 147, 226-234
Bowers HA, Tengs T, Glasgow HB Jr., Burkholder JM, Rublee PA, Oldach
DW (2000) Development of real-time PCR assays for rapid detection of
Pfiesteria piscicida and related dinoflagellates. Applied and Environmental
Microbiology 66, 4641-4648
Brasher CW, De Paola A, Jones DD, Bej AK (1998) Detection of microbial
pathogens in shellfish with multiplex PCR. Current Microbiology 37, 101107
Cai T, Jiang L, Yang C, Huang K (2006) Application of real-time PCR for
quantitative detection of Vibrio parahaemolyticus from seafood in eastern
China. FEMS Immunology and Medical Microbiology 46, 180-186
Caipang CM, Haraguchi I, Ohira T, Hirono I, Aoki T (2004) Rapid detection
of a fish iridovirus using loop-mediated isothermal amplification (LAMP)
Journal of Virological Methods 121, 155-161
Call DR, Borucki MK, Loge FJ (2003) Detection of bacterial pathogens in
environmental samples using DNA microarrays. Journal of Microbiological
Methods 53, 235-243
Cano I, Ferro P, Alonso MC, Bergmann SM, Römer-Oberdörfer A, GarciaRosado E, Castro D, Borrego JJ (2007) Development of molecular techniques for detection of lymphocystis disease virus in different marine fish
species. Journal of Applied Microbiology 102, 32-40
Cavender WP, Wood JS, Powell MS, Overturf K, Cain KD (2004) Real-time
quantitative polymerase chain reaction (QPCR) to identify Myxobolus cerebralis in rainbow trout Oncorhynchus mykiss. Diseases of Aquatic Organisms
60, 205-213
Cepeda C, García-Márquez S, Santos Y (2003) Detection of Flexibacter maritimus in fish tissue using nested PCR amplification. Journal of Fish Diseases 26, 65-70
Cepeda C, Santos Y (2000) Rapid and low-level toxic PCR-based method for
routine identification of Flavobacterium psychrophilum. International Microbiology 3, 235-238
Chase DM, Elliott DG, Pascho RJ (2006) Detection and quantification of
Renibacterium salmoninarum DNA in salmonid tissues by real-time quantitative polymerase chain reaction analysis. Journal of Veterinary Diagnostic Investigation 18, 375-380
Chase DM, Pascho RJ (1998) Development of a nested polymerase chain reaction for amplification of a sequence of the p57 gene of Renibacterium salmoninarum that provides a highly sensitive method for detection of the bacterium in salmonid kidney. Diseases of Aquatic Organisms 34, 223-229
Chen W, Sun HY, Xie MQ, Bai JS, Zhu XQ, Li AX (2008) Development of
specific PCR assays for the detection of Cryptocaryon irritans. Parasitology
Research 103, 423-427
Chico V, Gomez N, Estepa A, Perez L (2006) Rapid detection and quantitation
of viral hemorrhagic septicemia virus in experimentally challenged rainbow
trout by real-time RT-PCR. Journal of Virological Methods 132, 154-159
Coleman SS, Melanson DM, Biosca EG, Oliver JD (1996) Detection of Vibrio

REFERENCES
Alifano P, Bruni CB, Carlomagno MS (1994) Control of mRNA processing
and decay in prokaryotes. Genetica 94, 157-72
Altinok I, Grizzle JM, Liu Z (2001) Detection of Yersinia ruckeri in rainbow
trout blood by use of the polymerase chain reaction. Diseases of Aquatic Organisms 44, 29-34
Amos KH, Hopper KA, LeVander L (1989) Absence of infectious hematopoietic necrosis virus in adult sockeye salmon. Journal of Aquatic Animal
Health 1, 281-283
Andree KB, MacConnell E, Hedrick RP (1998) A nested polymerase chain
reaction for the detection of genomic DNA of Myxobolus cerebralis in rainbow trout Oncorhynchus mykiss. Diseases of Aquatic Organisms 34, 145-154
Argenton F, De Mas S, Malocco C, Dalla Valle L, Giorgetti G, Colombo L
(1996) Use of random DNA amplification to generate specific molecular
probes for hybridization tests and PCR-based diagnosis of Yersinia ruckeri.
Diseases of Aquatic Organisms 24, 121-127
Arias CR, Garay E, Aznar R (1995) Nested PCR method for rapid and sensitive detection of Vibrio vulnificus in fish, sediments, and water. Applied and
Environmental Microbiology 61, 3476-3478
Arias CR, Welker TL, Shoemaker CA, Abernathy JW, Klesius PH (2004)
Genetic fingerprinting of Flavobacterium columnare isolates from culture
fish. Journal of Applied Microbiology 97, 241-248
Audemard C, Reece KS, Burreson EM (2004) Real-time PCR for detection
and quantification of the protistan parasite Perkinsus marinus in environmental waters. Applied and Environmental Microbiology 70, 6611-6618
Avendaño-Herrera R, Magariños B, Toranzo AE, Beaz R, Romalde JL
(2004) Species-specific polymerase chain reaction primer sets for the diag-

40

Molecular diagnosis of pathogens in aquaculture. Fernández et al.

Gonzalez SF, Krugg MJ, Nielsen ME, Santos Y, Call DR (2004) Simultaneous detection of marine fish pathogens by using multiplex PCR and a DNA
microarray. Journal of Clinical Microbiology 42, 1414-1419
González SF, Osorio CR, Santos Y (2003) Development of a PCR-based method for the detection of Listonella anguillarum in fish tissues and blood
samples. Diseases of Aquatic Organisms 55, 109-115
Goodwin AE, Merry GE, Sadler J (2006) Detection of the herpesviral hematopoietic necrosis disease agent (Cyprinid herpesvirus 2) in moribund and
healthy goldfish, validation of a quantitative PCR diagnostic method. Diseases of Aquatic Organisms 69, 137-143
Gunimaladevi I, Kono T, Lapatra SE, Sakai M (2005) A loop mediated isothermal amplification (LAMP) method for detection of infectious hematopoietic necrosis virus (IHNV) in rainbow trout (Oncorhynchus mykiss). Archives
of Virology 150, 899-909
Gunimaladevi I, Kono T, Venugopal MN, Sakai M (2004) Detection of koi
herpesvirus in common carp, Cyprinus carpio L., by loop-mediated isothermal amplification. Journal of Fish Diseases 27, 583-589
Gustafson CE, Thomas CJ, Trust TJ (1992) Detection of Aeromonas salmonicida from fish by using polymerase chain reaction amplification of the
virulence surface array protein gene. Applied and Environmental Microbiology 58, 3816-3825
Hallett SL, Bartholomew JL (2006) Application of a real-time PCR assay to
detect and quantify the myxozoan parasite Ceratomyxa shasta in river water
samples. Diseases of Aquatic Organisms 71, 109-118
Heath S, Pak S, Marshall S, Prager EM, Orrego C (2000) Monitoring Piscirickettsia salmonis by denaturant gel electrophoresis and competitive PCR.
Diseases of Aquatic Organisms 41, 19-29
Hellyer TJ, DesJardin LE, Teixeira L, Perkins MD, Cave MD, Eisenach
KD (1999) Detection of viable Mycobacterium tuberculosis by reverse transcriptase-strand displacement amplification of mRNA. Journal of Clinical
Microbiology 37, 518-523
Heppell J, Berthiaume L, Tarrab E, Lecomte J, Arella M (1992) Evidence of
genomic variations between infectious pancreatic necrosis virus strains determined by restriction fragment profiles. Journal of General Virology 73, 28632870
Hodneland K, Endresen C (2006) Sensitive and specific detection of Salmonid alphavirus using real-time PCR (TaqMan). Journal of Virological Methods 131, 184-192
Hong GE, Kim DG, Bae JY, Ahn SH, Bai SC, Kong IS (2007) Species-specific PCR detection of the fish pathogen, Vibrio anguillarum, using the amiB
gene, which encodes N-acetylmuramoyl-L-alanine amidase. FEMS Microbiology Letters 269, 201-206
Itano T, Kawakami H, Kono T, Sakai M (2006) Detection of fish nocardiosis
by loop-mediated isothermal amplification. Journal of Applied Microbiology
100, 1381-1387
Izumi S, Aranishi F, Wakabayashi H (2003) Genotyping of Flavobacterium
psychrophilum using PCR-RFLP analysis. Diseases of Aquatic Organisms 56,
207-214
Izumi S, H Fujii, Aranishi F (2005) Detection and identification of Flavobacterium psychrophilum from gill washings and benthic diatoms by PCR-based
sequencing analysis Journal of Fish Diseases 28, 559-564
Izumi S, Wakabayashi H (1997) Use of PCR to detect Cytophaga psychrophila from apparently healthy juvenile ayu and coho salmon eggs. Fish Pathology 32, 169-173
Izumi S, Yamamoto M, Suzuki K, Shimizu A, Aranishi F (2007) Identification and detection of Pseudomonas plecoglossicida isolates with PCR primers targeting the gyrB region. Journal of Fish Diseases 30, 391-397
Jousson O, Pretti C, Di Bello D, Cognetti-Varriale AM (2005) Non-invasive
detection and quantification of the parasitic ciliate Ichthyophthirius multifiliis
by real-time PCR. Diseases of Aquatic Organisms 65, 251-255
Keer JT, Birch L (2003) Molecular methods for the assessment of bacterial
viability. Journal of Microbiological Methods 53, 175-183
Kelley GO, Adkison MA, Zagmutt-Vergara FJ, Leutenegger CM, Bethel
JW, Myklebust KA, McDowell TS, Hedrick RP (2006) Evaluation of quantitative real-time PCR for rapid assessments of the exposure of sentinel fish
to Myxobolus cerebralis. Parasitology Research 99, 328-335
Koutná M, Veselý T, Psikal I, Hlová J (2003) Identification of spring viraemia of carp virus (SVCV) by combined RT-PCR and nested PCR. Diseases of
Aquatic Organisms 55, 229-235
Kozinska A, Figueras MJ, Chacon MR, Soler L (2002) Phenotypic characteristics and pathogenicity of Aeromonas genomospecies isolated from common carp (Cyprinus carpio L.) Journal of Applied Microbiology 93, 10341041
Lan J, Zhang XH, Wang Y, Chen J, Han Y (2008) Isolation of an unusual
strain of Edwardsiella tarda from turbot and establish a PCR detection technique with the gyrB gene. Journal of Applied Microbiology 105, 644-651
Le Chevalier P, Le Boulay C, Paillard C (2003) Characterization by restriction fragment length polymorphism and plasmid profiling of Vibrio tapetis
strains. Journal of Basic Microbiology 43, 414-422
Lee C, Cho JC, Lee SH, Lee DG, Kim SJ (2002) Distribution of Aeromonas
spp. as identified by 16S rDNA restriction fragment length polymorphism
analysis in a trout farm. Journal of Applied Microbiology 93, 976-985
Leon G, Maulen N, Figueroa J, Villanueva J, Rodríguez C, Vera MI, Kraus-

vulnificus biotypes 1 and 2 in eels and oysters by PCR amplification. Applied
and Environmental Microbiology 62, 1378-1382
Cook M, Lynch WH (1999) A sensitive nested reverse transcriptase PCR assay
to detect viable cells of the fish pathogen Renibacterium salmoninarum in
Atlantic salmon (Salmo salar L.). Applied and Environmental Microbiology
65, 3042-3047
Croci L, Suffredini E, Cozzi L, Paniconi M, Ciccaglioni G, Colombo MM
(2007) Evaluation of different polymerase chain reaction methods for the
identification of Vibrio parahaemolyticus strains isolated by cultural methods.
Journal of AOAC International 90, 1588-1597
Crockford M, Jones JB, Crane MS, Wilcox GE (2005) Molecular detection
of a virus, Pilchard herpesvirus, associated with epizootics in Australasian
pilchards Sardinops sagax neopilchardus. Diseases of Aquatic Organisms 68,
1-5
Crumlish M, Diab AM, George S, Ferguson HW (2007) Detection of the bacterium Flavobacterium psychrophilum from a natural infection in rainbow
trout, Oncorhynchus mykiss (Walbaum), using formalin-fixed, wax-embedded fish tissues. Journal of Fish Diseases 30, 37-41
Cutrin JM, Barja JL, Nicholson BL, Bandin I, Blake S, Dopazo CP (2004)
Restriction fragment length polymorphisms and sequence análisis, an approach for genotyping infectious pancreatic necrosis virus reference strains
and other aquabirnaviruses isolated from northwestern Spain. Applied and
Environmental Microbiology 70, 1059-1067
Cutrin JM, López-Vázquez C, Olveira JG, Castro S, Dopazo CP, Bandín I
(2005) Isolation in cell culture and detection by PCR-based technology of
IPNV-like virus from leucocytes of carrier turbot, Scophthalmus maximus
(L.). Journal of Fish Diseases 28, 713-722
Darwish AM, Ismaiel AA (2005) Genetic diversity of Flavobacterium columnare examined by restriction fragment length polymorphism and sequencing
of the 16s ribosomal RNA gene and the 16s-23s rDNA spacer. Molecular and
Cellular Probes 19, 267-274
Deere D, Porter J, Pickup RW, Edwards C (1996) Survival of cells and DNA
of Aeromonas salmonicida released into aquatic microcosms. Journal of Applied Bacteriology 81, 309-318
del Cerro A, Marquez I, Guijarro JA (2002) Simultaneous detection of Aeromonas salmonicida, Flavobacterium psychrophilum, and Yersinia ruckeri,
three major fish pathogens, by multiplex PCR. Applied and Environmental
Microbiology 68, 5177-5180
Devold M, Krossøy B, Aspehaug V, Nylund A (2000) Use of RT-PCR for diagnosis of infectious salmon anaemia virus (ISAV) in carrier sea trout Salmo
trutta after experimental infection. Diseases of Aquatic Organisms 40, 9-18
Dhar AK, Bowers RM, Licon KS, Lapatra SE (2008) Detection and quantification of infectious hematopoietic necrosis virus in rainbow trout (Oncorhynchus mykiss) by SYBR Green real-time reverse transcriptase-polymerase
chain reaction. Journal of Virological Methods 147, 157-166
Einer-Jensen K, Winton J, Lorenzen N (2005) Genotyping of the fish rhabdovirus, viral haemorrhagic septicaemia virus, by restriction fragment length
polymorphisms. Veterinary Microbiology 106, 167-178
Eldar A, Ghittino C (1999) Lactococcus garvieae and Streptococcus iniae infections in rainbow trout Oncorhynchus mykiss: similar, but different diseases.
Diseases of Aquatic Organisms 36, 227-231
Eldar A, Lawhon S, Frelier PF, Assenta L, Simpson BR, Varner PW, Bercovier H (1997) Restriction fragment length polymorphisms of 16S rDNA and
of whole rRNA genes (ribotyping) of Streptococcus iniae strains from the
United States and Israel. FEMS Microbiology Letters 151, 155-162
Eldar A, Perl S, Frelier PF, Bercovier H (1999) Red drum Sciaenops ocellatus
mortalities associated with Streptococcus iniae infection. Diseases of Aquatic
Organisms 36, 121-127
El-Matbouli M, Rucker U, Soliman H (2007) Detection of Cyprinid herpesvirus-3 (CyHV-3) DNA in infected fish tissues by nested polymerase chain
reaction. Diseases of Aquatic Organisms 78, 23-28
El-Matbouli M, Soliman H (2005a) Development of a rapid assay for the diagnosis of Myxobolus cerebralis in fish and oligochaetes using loop-mediated
isothermal amplification. Journal of Fish Diseases 28, 549-557
El-Matbouli M, Soliman H (2005b) Rapid diagnosis of Tetracapsuloides bryosalmonae, the causative agent of proliferative kidney disease (PKD) in salmonid fish by a novel DNA amplification method, loop-mediated isothermal
amplification (LAMP). Parasitology Research 96, 277-284
Eyngor M, Zlotkin A, Ghittino C, Prearo M, Douet DG, Chilmonczyk S,
Eldar A (2004) Clonality and diversity of the fish pathogen Lactococcus garvieae in Mediterranean countries. Applied and Environmental Microbiology
70, 5132-5137
Gibello A, Blanco MM, Moreno MA, Cutuli MT, Domenech A, Domínguez
L, Fernández-Garayzábal JF (1999) Development of a PCR assay for detection of Yersinia ruckeri in tissues of inoculated and naturally infected trout.
Applied and Environmental Microbiology 65, 346-350
Giraud E, Blanc G, Bouju-Albert A, Weill FX, Donnay-Moreno C (2004)
Mechanisms of quinolone resistance and clonal relationship among Aeromonas salmonicida strains isolated from reared fish with furunculosis. Journal
of Medical Microbiology 53, 895-901
Gomez DK, Sato J, Mushiake K, Isshiki T, Okinaka Y, Nakai T (2004) PCRbased detection of betanodaviruses from cultured and wild marine fish with
no clinical signs. Journal of Fish Diseases 27, 603-608

41

Dynamic Biochemistry, Process Biotechnology and Molecular Biology 2 (Special Issue 1), 33-43 ©2008 Global Science Books

chain reaction (RT-PCR) used for the detection of Taura syndrome virus
(TSV) in experimentally infected shrimp. Diseases of Aquatic Organisms 34,
87-91
OIE, World Organisation for Animal Health (2006) Manual of Diagnostic
Tests for Aquatic Animals (5th Edn), Paris. Available online: http://www.oie.
int/eng/en_index.htm
Osorio CR, Collins MD, Toranzo AE, Barja JL, Romalde JL (1999) 16S
rRNA gene sequence analysis of Photobacterium damselae and nested PCR
method for rapid detection of the causative agent of fish pasteurellosis. Applied and Environmental Microbiology 65, 2942-2946
Osorio CR, Toranzo AE, Romalde JL, Barja JL (2000) Multiplex PCR assay
for urea and 16S rRNA genes clearly discriminates between both subspecies
of Photobacterium damselae. Diseases of Aquatic Organisms 40, 177-183
Overturf K, LaPatra S, Powell M (2001) Real-time PCR for the detection and
quantitative analysis of IHNV in salmonids Journal of Fish Diseases 24, 325333
Panangala VS, Shoemaker CA, Van Santen VL, Dybvig K, Klesius PH
(2007) Multiplex-PCR for simultaneous detection of 3 bacterial fish pathogens, Flavobacterium columnare, Edwardsiella ictaluri, and Aeromonas
hydrophila. Diseases of Aquatic Organisms 74, 199-208
Panangala VS, van Santen VL, Shoemaker CA, Klesius PH (2005) Analysis
of 16S-23S intergenic spacer regions of the rRNA operons in Edwarsiella
ictaluri and Edwarsiella tarda isolates from fish. Journal of Applied Microbiology 99, 657-669
Pang L, Zhang XH, Zhong Y, Chen J, Li Y, Austin B (2006) Identification of
Vibrio harveyi using PCR amplification of the toxR gene. Letters of Applied
Microbiology 43, 249-255
Pate M, Jencic V, Zolnir-Dovc M, Ocepek M (2005) Detection of mycobacteria in aquarium fish in Slovenia by culture and molecular methods. Diseases
of Aquatic Organisms 64, 29-35
Pedersen K, Koblavi S, Tiainen T, Grimont PA (1996a) Restriction fragment
length polymorphism of the pMJ101-like plasmid and ribotyping in the fish
pathogen Vibrio ordalii. Epidemiology and Infection 117, 385-391
Pedersen K, Tiainen T, Larsen JL (1996b) Plasmid profiles, restriction fragment length polymorphisms and O-serotypes among Vibrio anguillarum isolates. Epidemiology and Infection 117, 471-478
Phelps NB, Goodwin AE (2007) Validation of a quantitative PCR diagnostic
method for detection of the microsporidian Ovipleistophora ovariae in the
cyprinid fish Notemigonus crysoleucas. Diseases of Aquatic Organisms 76,
215-221
Polz MF, Cavanaugh CM (1998) Bias in template-to-product ratios in multitemplate PCR. Applied and Environmental Microbiology 64, 3724-3730
Poulet FM, Bowser PR, Casey JW (1996) PCR and RT-PCR analysis of infection and transcriptional activity of walleye dermal sarcoma virus (WDSV) in
organs of adult walleyes (Stizostedion vitreum). Veterinary Pathology 33, 6673
Powell M, Overturf K, Hogge C, Johnson K (2005) Detection of Renibacterium salmoninarum in chinook salmon, Oncorhynchus tshawytscha (Walbaum), using quantitative PCR. Journal of Fish Diseases 28, 615-622
Rhodes G, Huys G, Swings J, McGann P, Hiney M, Smith P, Pickup RW
(2000a) Distribution of oxytetracycline resistance plasmids between aeromonads in hospital and aquaculture environments, implication of Tn1721 in dissemination of the tetracycline resistance determinant tet A. Applied and Environmental Microbiology 66, 3883-3890
Rhodes LD, Grayson TH, Alexander SM, Strom MS (2000b) Description and
characterization of IS994, a putative IS3 family insertion sequence from the
salmon pathogen, Renibacterium salmoninarum. Gene 244, 97-107
Rhodes MW, Kator H, McNabb A, Deshayes C, Reyrat JM, Brown-Elliot
BA, Wallace R, Trott KA, Parker JM, Lifland B, Osterhout G, Kaattari I,
Reece K, Vogelbein W, Ottinger CA (2005) Mycobacterium pseudoshottsii
sp. nov., a slowly growing chromogenic species isolated from Chesapeake
Bay striped bass (Morone saxatilis). International Journal of Systematic and
Evolutionary Microbiology 55, 1139-1147
Rodkhum C, Hirono I, Crosa JH, Aoki T (2006) Multiplex PCR for simultaneous detection of five virulence hemolysin genes in Vibrio anguillarum.
Journal of Microbiological Methods 65, 612-618
Saleh M, Soliman H, El-Matbouli M (2008) Loop-mediated isothermal amplification as an emerging technology for detection of Yersinia ruckeri the causative agent of enteric red mouth disease in fish. BMC Veterinary Research 4,
31
Sanjuán E, Amaro C (2007) Multiplex PCR assay for detection of Vibrio vulnificus biotype 2 and simultaneous discrimination of serovar E strains. Applied and Environmental Microbiology 73, 2029-2032
Savan R, Igarashi A, Matsuoka S, Sakai M (2004) Sensitive and rapid detection of edwardsiellosis in fish by a loop-mediated isothermal amplification
method. Applied and Environmental Microbiology 70, 621-624
Seng EK, Fang Q, Lam TJ, Sin YM (2004) Development of a rapid, sensitive
and specific diagnostic assay for fish Aquareovirus based on RT-PCR. Journal of Virological Methods 118, 111-122
Shivappa RB, Savan R, Kono T, Sakai M, Emmenegger E, Kurath G, Levine JF (2008) Detection of spring viraemia of carp virus (SVCV) by loopmediated isothermal amplification (LAMP) in koi carp, Cyprinus carpio L.
Journal of Fish Diseases 31, 249-258

kopf M (1994) A PCR-based assay for the identification of the fish pathogen
Renibacterium salmoninarum. FEMS Microbiology Letters 115, 131-136
Liu Z, Teng Y, Liu H, Jiang Y, Xie X, Li H, Lv J, Gao L, He J, Shi X, Tian F,
Yang J, Xie C (2008) Simultaneous detection of three fish rhabdoviruses
using multiplex real-time quantitative RT-PCR assay. Journal of Virological
Methods 149, 103-109
López-Vázquez C, Raynard RS, Bain N, Snow M, Bandín I, Dopazo CP
(2006) Genotyping of marine viral haemorrhagic septicaemia virus isolated
from the Flemish Cap by nucleotide sequence analysis and restriction fragment length polymorphism patterns. Diseases of Aquatic Organisms 73, 2331
Lunder T, Sorum H, Holstad G, Steirgerwalt AG, Mowinckel P, Brenner DJ
(2000) Phenotypic and genotypic characterization of Vibrio viscosus sp. nov.
and Vibrio wodanis sp. nov. isolated from Atlantic salmon (Salmon salar)
with winter ulcer. International Journal of Systematic and Evolutionary
Microbiology 50, 424-450
Magnússon HB, Fridjónsson OH, Andrésson OS, Benediktsdóttir E, Gudmundsdóttir S, Andrésdóttir V (1994) Renibacterium salmoninarum, the
causative agent of bacterial kidney disease in salmonid fish, detected by nested reverse transcription-PCR of 16S rRNA sequences. Applied and Environmental Microbiology 60, 4580-4583
Marshall S, Heath S, Henríquez V, Orrego C (1998) Minimally invasive detection of Piscirickettsia salmonis in cultivated salmonids via the PCR. Applied and Environmental Microbiology 64, 3066-3069
Martinez-Murcia AJ, Soler L, Saavedra MJ, Chacon MR, Guarro J, Stackebrandt E, Figueras MJ (2005) Phenotypic, genotypic, and phylogenetic
discrepancies to differentiate Aeromonas salmonicida from Aeromonas bestiarum. International Microbiology 8, 259-269
Masters CI, Shallcross JA, Mackey BM (1994) Effect of stress treatments on
the detection of Listeria monocytogenes and enterotoxigenic Escherichia coli
by the polymerase chain reaction. Journal of Applied Bacteriology 77, 73-79
Mata AI, Blanco MM, Domínguez L, Fernández-Garayzábal JF, Gibello A
(2004a) Development of a PCR assay for Streptococcus iniae based on the
lactate oxidase (lctO) gene with potential diagnostic value. Veterinary Microbiology 101, 109-116
Mata AI, Gibello A, Casamayor A, Blanco MM, Domínguez L, FernándezGarayzábal JF (2004b) Multiplex PCR assay for detection of bacterial pathogens associated with warm-water streptococcosis in fish. Applied and Environmental Microbiology 70, 3183-3187
McBeath AJA, Penston MJ, Snow M, Cook PF, Bricknell IR, Cunningham
CO (2006) Development and application of real-time PCR for specific detection of Lepeophtheirus salmonis and Caligus elongatus larvae in Scottish
plankton samples. Diseases of Aquatic Organisms 73, 141-150
McIntosh D, Meaden PG, Austin B (1996) A simplified PCR-based method
for the detection of Renibacterium salmoninarum utilizing preparations of
rainbow trout (Oncorhynchus mykiss, Walbaum) lymphocytes. Applied and
Environmental Microbiology 62, 3929-3932
Mendonça HL, Arkush KD (2004) Development of PCR-based methods for
detection of Sphaerothecum destruens in fish tissues. Diseases of Aquatic Organisms 61, 187-197
Mikalsen AB, Teig A, Helleman AL, Mjaaland S, Rimstad E (2001) Detection of infectious salmon anaemia virus (ISAV) by RT-PCR after cohabitant
exposure in Atlantic salmon Salmo salar. Diseases of Aquatic Organisms 47,
175-181
Millard PJ, Bickerstaff LE, LaPatra SE, Kim CH (2006) Detection of infectious haematopoietic necrosis virus and infectious salmon anaemia virus by
molecular padlock amplification. Journal of Fish Diseases 29, 201-213
Miller TA, Rapp J, Wastlhuber U, Hoffmann RW, Enzmann PJ (1998)
Rapid and sensitive reverse transcriptase-polymerase chain reaction based
detection and differential diagnosis of fish pathogenic rhabdoviruses in organ
samples and cultured cells. Diseases of Aquatic Organisms 34, 13-20
Milne SA, Gallacher S, Cash P, Lees DN, Henshilwood K, Porter AJ (2007)
A sensitive and reliable reverse transcriptase PCR-enzyme-linked immunosorbent assay for the detection of human pathogenic viruses in bivalve molluscs. Journal of Food Protection 70, 1475-1482
Milne SA, Gallacher S, Cash P, Porter AJ (2006) A reliable RT-PCR-ELISA
method for the detection of infectious pancreatic necrosis virus (IPNV) in
farmed rainbow trout. Journal of Virological Methods 132, 92-96
Miriam A, Griffiths SG, Lovely JE, Lynch WH (1997) PCR and probe-PCR
to monitor broodstock atlantic salmon (Salmo salar L.) ovarian fluid and kidney tissue for presence of DNA of the fish pathogen Renibacterium salmoninarum. Journal of Clinical Microbiology 35, 1322-1326
Nam IY, Joh K (2007) Rapid detection of virulence factors of Aeromonas isolated from a trout farm by hexaplex-PCR. The Journal of Microbiology 45,
297-304
Nerland AH, Skaar C, Eriksen TB, Bleie H (2007) Detection of nodavirus in
seawater from rearing facilities for Atlantic halibut Hippoglossus hippoglossus larvae. Diseases of Aquatic Organisms 73, 201-205
Nilsson WB, Strom MS (2002) Detection and identification of bacterial pathogens of fish in kidney tissue using terminal restriction fragment length polymorphism (T-RFLP) analysis of 16S rRNA genes. Diseases of Aquatic Organisms 48, 175-185
Nunan LM, Poulos BT, Lightner DV (1998) Reverse transcription polymerase

42

Molecular diagnosis of pathogens in aquaculture. Fernández et al.

dures for the Detection and Identification of Certain Finfish and Shellfish
Pathogens (2007 Edn), AFS-FHW, Bethesda, Maryland. http://www.fws.gov
van der Sar AM, Abdallah AM, Sparrius M, Reinders E, VandenbrouckeGrauls CM, Bitter W (2004) Mycobacterium marinum strains can be divided into two distinct types based on genetic diversity and virulence. Infection
and Immunity 72, 6306-6312
Villoing S, Castric J, Jeffroy J, Le Ven A, Thiery R, Bremont M (2000) An
RT-PCR-based method for the diagnosis of the sleeping disease virus in experimentally and naturally infected salmonids. Diseases of Aquatic Organisms
40, 19-27
Wang XW, Ao JQ, Li QG, Chen XH (2006) Quantitative detection of a marine
fish iridovirus isolated from large yellow croaker, Pseudosciaena crocea,
using a molecular beacon. Journal of Virological Methods 133, 76-81
Warsen AE, Krug MJ, LaFrentz S, Stanek DR, Loge FJ, Call DR (2004) Simultaneous discrimination between 15 fish pathogens by using 16S ribosomal DNA PCR and DNA microarrays. Applied and Environmental Microbiology 70, 4216-4221
Whipps CM, Burton T, Watral VG, St-Hilaire S, Kent ML (2006) Assessing
the accuracy of a polymerase chain reaction test for Ichthyophonus hoferi in
Yukon river Chinook salmon Oncorhynchus tshawytscha. Diseases of Aquatic Organisms 68, 141-147
Wiklund T, Madsen L, Bruun MS, Dalsgaard I (2000) Detection of Flavobacterium psychrophilum from fish tissue and water samples by PCR amplification. Journal of Applied Microbiology 88, 299-307
Williams K, Blake S, Sweeney A, Singer JT, Nicholson BL (1999) Multiplex
reverse transcriptase PCR assay for simultaneous detection of three fish viruses. Journal of Clinical Microbiology 37, 4139-4141
Yeh HY, Shoemaker CA, Klesius PH (2005) Evaluation of a loop-mediated
isothermal amplification method for rapid detection of channel catfish Ictalurus punctatus important bacterial pathogen Edwardsiella ictaluri. Journal
of Microbiological Methods 63, 36-44
Yeh HY, Shoemaker CA, Klesius PH (2006) Sensitive and rapid detection of
Flavobacterium columnare in channel catfish Ictalurus punctatus by a loopmediated isothermal amplification method. Journal of Applied Microbiology
100, 919-925
Zappulli V, Patarnello T, Patarnello P, Frassineti F, Franch R, Manfrin A,
Castagnaro M, Bargelloni L (2005) Direct identification of Photobacterium
damselae subspecies piscida by PCR-RFLP analysis. Diseases of Aquatic
Organisms 65, 53-61
Zlotkin A, Eldar A, Ghittino C, Bercovier H (1998) Identification of Lactococcus garvieae by PCR. Journal of Clinical Microbiology 36, 983-985

Skirpstunas RT, Hergert JM, Baldwin TJ (2006) Detection of early stages of
Myxobolus cerebralis in fin clips from rainbow trout (Oncorhynchus mykiss).
Journal of Veterinary Diagnostic Investigation 18, 274-277
Snow M, McKay P, McBeath AJ, Black J, Doig F, Kerr R, Cunningham CO,
Nylund A, Devold M (2006) Development, application and validation of a
TaqMan real-time RT-PCR assay for the detection of infectious salmon anaemia virus (ISAV) in Atlantic salmon (Salmo salar). Developments in Biologicals 126, 133-145
Soliman H, El-Matbouli M (2006) Reverse transcription loop-mediated isothermal amplification (RT-LAMP) for rapid detection of viral hemorrhagic
septicaemia virus (VHS). Veterinary Microbiology 114, 205-213
Sri Widada J, Durand S, Cambournac I, Qian D, Shi Z, Dejonghe E, Richard V, Bonami JR (2003) Genome-based detection methods of Macrobrachium rosenbergii nodavirus, a pathogen of the giant freshwater prawn,
Macrobrachium rosenbergii dot-blot, in situ hybridization and RT-PCR.
Journal of Fish Diseases 26, 583-590
Sri Widada J, Richard V, Shi Z, Qian D, Bonami JR (2004) Dot-blot hybridization and RT-PCR detection of extra small virus (XSV) associated with
white tail disease of prawn Macrobrachium rosenbergii. Diseases of Aquatic
Organisms 58, 83-87
Starkey WG, Smail DA, Bleie H, Muir KF, Ireland JH, Richards RH (2006)
Detection of infectious salmon anaemia virus by real-time nucleic acid sequence based amplification. Diseases of Aquatic Organisms 72, 107-113
Suomalainen LR, Reunanen H, Ijäs R, Valtonen ET, Tiirola M (2006)
Freezing induces biased results in the molecular detection of Flavobacterium
columnare. Applied and Environmental Microbiology 72, 1702-1704
Suzuki K, Sakai DK (2007) Real-time PCR for quantification of viable Renibacterium salmoninarum in chum salmon Oncorhynchus keta. Diseases of
Aquatic Organisms 74, 209-223
Tiirola M, Valtonen ET, Rintamaki-Kinnunen P, Kulomaa MS (2002) Diagnosis of flavobacteriosis by direct amplification of rRNA genes. Diseases of
Aquatic Organisms 51, 93-100
Ucko M, Colorni A (2005) Mycobacterium marinum infections in fish and
humans in Israel. Journal of Clinical Microbiology 43, 892-895
Urdaci MC, Chakroun C, Faure D, Bernardet JF (1998) Development of a
polymerase chain reaction assay for identification and detection of the fish
pathogen Flavobacterium psychrophilum. Research in Microbiology 149,
519-530
USFWS and AFS-FHS, U.S. Fish and Wildlife Service and American Fisheries Society-Fish Health Section (2007) Standard procedures for aquatic
animal health inspections. In: AFS-FHS. FHS Blue Book: Suggested Proce-

43

