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Abstract In the last decade, various molecular methods
(e.g., fluorescent hybridization assay, sandwich hybridiza-
tion assay, automatized biosensor detection, real-time PCR
assay) have been developed and implemented for accurate
and specific identification and estimation of marine toxic
microalgal species. This review focuses on the recent quan-
titative real-time PCR (qrt-PCR) technology developed for
the control and monitoring of the most important taxonomic
phytoplankton groups producing biotoxins with relevant
negative impact on human health, the marine environment,
and related economic activities. The high specificity and
sensitivity of the qrt-PCR methods determined by the ade-
quate choice of the genomic target gene, nucleic acid puri-
fication protocol, quantification through the standard curve,
and type of chemical detection method make them highly
efficient and therefore applicable to harmful algal bloom
phenomena. Recent development of qrt-PCR-based assays
using the target gene of toxins, such as saxitoxin com-
pounds, has allowed more precise quantification of toxigen-
ic species (i.e., Alexandrium catenella) abundance. These
studies focus only on toxin-producing species in the marine
environment. Therefore, qrt-PCR technology seems to offer
the advantages of understanding the ecology of harmful
algal bloom species and facilitating the management of their
outbreaks.

Keywords Copy number . Fluorescent probes . HAB
species . Primers . qrt-PCR . Ribosomal genes . SYBR
Green . TaqMan

Introduction

Nowadays, it has become essential to have new and rapid
methods to accurately process and specifically detect harm-
ful algal bloom (HAB) species in monitoring programs for
marine coastal ecosystems. These methods offer the advan-
tages of understanding the presence of HAB species and
their distribution and dispersion mechanisms, and facilitate
the prevention or mitigation of the harmful effects of HAB
species on human health, the marine ecosystem, and related
economic activities. In the monitoring programs of HAB
occurrences, the detection and quantification of target harm-
ful species are generally carried out using only optical
microscopy, making it nearly impossible to assess the
species-specific identification of cells in relation to cryptic
species (i.e., Pseudo-nitzschia spp.) or those with extremely
difficult morphotype identification (i.e., Alexandrium spp.,
Chattonella spp., Ostreopsis spp.). In some cases, preserva-
tion procedures using Lugol or formalin fixatives are crucial
for cell integrity and the critical conservation of fixed sam-
ples due to the prolonged time needed for analysis. In fact,
in common monitoring strategies, the number of collected
field samples to be analyzed, together with using microsco-
py for taxonomical species identification, dramatically
reduces the early detection of the initiation and dispersion
of harmful bloom phases. Moreover, optical microscopy
retains a limit of quantitative sensitivity for harmful species
detection and abundance estimation in natural samples.
Sometimes, the toxicity of contaminated mussels in
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aquaculture farms is related to a very early outbreak of harm-
ful species and/or their concomitant presence at a very low
concentration in the seawater column (i.e.,Dinophysis spp.). It
was also demonstrated that the monitoring of sediments in the
sea bottom for the presence of harmful species is important to
determine the dynamics of vegetative cell dispersion in the
water column to the deep bottom (Garcés et al. 2004; Erdner et
al. 2010; Penna et al. 2010).

Because of the limitations of classical methods in moni-
toring programs, advances in molecular methodologies for
the determination and quantification of microalgal complex
diversity in marine natural environments have been carried
out (Godhe et al. 2007). These advances imply the develop-
ment and application of several molecular assays based on
different molecular technologies. Hybridization assays, such
as fluorescence in situ hybridization or sandwich hybridiza-
tion assay (SHA), involve the use of species-specific rRNA-
targeted probes that can hybridize selectively to nucleic
acids when entire cells are preserved with fixatives or lysed,
respectively (Scholin et al. 1999; Töbe et al. 2006;
Greenfield et al. 2008; Töbe et al. 2010). In particular,
several applications of SHA have been demonstrated
(Ayers et al. 2005; Marin and Scholin 2010; Ryan et al.
2011; Diercks et al. 2011).

Quantitative real-time PCR (qrt-PCR) is an extremely
sensitive molecular method that has been developed and
applied in recent years to identify and estimate toxic phyto-
plankton species in marine natural samples (Chang et al.
2010; Galluzzi and Penna 2010; Delaney et al. 2011; Perini
et al. 2011). The qrt-PCR application has revolutionized the
study of microalgal population dynamics in marine ecosys-
tems, since it permits the concomitant identification and
enumeration of target phytoplankton species in field sam-
ples (Galluzzi et al. 2004). The PCR or qrt-PCR can be
applied to seawater, sediments, and seafood animals having
incorporated into their body the toxic species by filtration
(Galluzzi et al. 2005; Murray et al. 2009). The method is
based on the amplification of the specific genomic DNA
sequences that are usually represented by ribosomal gene
sequences. The first applications of qrt-PCR in the monitor-
ing of toxic phytoplankton date back to early 2000 (Bowers
et al. 2000; Popels et al. 2003). The quantitative application
in seawater was demonstrated by Galluzzi et al. (2004) with
the toxic dinoflagellate Alexandrium minutum. A qrt-PCR
assay was developed for the rapid detection and quantifica-
tion of A. minutum in water samples of the Mediterranean
area of Spain and was based on a standard curve constructed
with a plasmid containing the cloned ITS-5.8S rDNA se-
quence and cultured cells. First, it was possible to estimate
the absolute number of 5.8S rDNA copies per cell.
Consequently, after quantification of 5.8S rDNA copies in
seawater samples containing A. minutum cells, it was also
possible to estimate the number of cells. Moreover, a

comparative analysis of A. minutum abundance determined
both by molecular qrt-PCR and standard microscopy meth-
ods was carried out. The two methods gave comparable
results, confirming that qrt-PCR assay could be a valid and
rapid alternative procedure for the detection and quantifica-
tion of target HAB species during coastal water monitoring.
Furthermore, a number of applications of qrt-PCR assays
have been developed and applied for the quantitative detec-
tion of HAB phytoplanktonic species. The purposes of this
review are to furnish a general overview of existing qrt-PCR
technologies and assays available for HAB species monitor-
ing in marine water and to provide background information
to scientists approaching this technology and/or scientists
who want to apply existing assays or develop new ones. A
summary of these qrt-PCR applications is given in Table 1.

Quantitative real-time PCR technologies

Quantitative real-time PCR is widely used in clinical and
environmental diagnostics to obtain reliable and accurate
qualitative, as well as quantitative, information on microbial
species. Quantification is performed during the exponential
phase of the PCR, where amplification efficiency is maxi-
mum, avoiding problems that are associated with so-called
“end-point” analysis. In fact, in real-time PCR, amplicon
formation is monitored after each cycle by measuring a
fluorescence signal. The increase in fluorescence observed
during the reaction will be proportional to the starting quan-
tity of the target molecule. Since there is a correlation
between the cycle number at which the amplicon is initially
detected (threshold cycle, Ct) and the starting amount of
target molecules, it is possible to calculate the amount of
target sequence in an unknown sample by using a standard
reference curve generated using the target sequence cloned
into a plasmid or using the DNA extracted from a known
number of cultured cells. Since real-time PCR is a closed-
tube system in which post-PCR analysis is not required, the
potential for carryover contamination is eliminated, and the
time of analysis is shortened.

Fluorescence can be generated by using intercalating
fluorescent dyes (e.g., SYBR Green, EVA Green) or fluo-
rescent probes such as TaqMan® and molecular beacons.
The use of intercalating dyes is the cheaper and simplest
approach and consists of adding the fluorescent dye directly
to the PCR mixture. These dyes bind to double-stranded
DNA, undergo a conformational change, and emit fluores-
cence at a greater intensity. As amplicon numbers accumu-
late after each PCR cycle, there is a corresponding increase
in fluorescence. The assays based on intercalating dyes are
characterized by high sensitivity, but it is essential that
primers are highly specific to their target sequence to avoid
generation of nonspecific products that would lead to
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overestimated or false-positive results. Primer pairs exhibit-
ing self-complementarity should be avoided to prevent
primer dimer formation. A post-PCR melting curve analysis
should be performed to confirm the presence of a single
specific amplicon in much the same way as agarose gel
electrophoresis is used to analyze an end-point PCR.
Alternatively, for genotyping purposes, high-resolution melt
(HRM) analysis can be used to differentiate amplicons
based on sequence or length variations (Reed et al. 2007).
HRM analysis is enabled by novel saturation dyes such as
LC Green (Tindall et al. 2009) and real-time thermal cyclers
incorporating high-resolution melting, with thermal resolu-
tions below 0.1 °C, such as Light Cycler 480 (Roche) and
Rotor-Gene Q (Qiagen).

The TaqMan® probes are designed to be complemen-
tary to a sequence located between the two primers used
for PCR amplification. These probes are modified with a
fluorescent reporter and a quencher conjugated at the 5′
and 3′ ends (Livak et al. 1995). Due to the close prox-
imity of these two dye molecules, the fluorescence of the
reporter is quenched through fluorescence resonance en-
ergy transfer. During the extension step of PCR, the
DNA polymerase degrades the TaqMan® probe, resulting
in the separation of the reporter from the quencher and
an increase in fluorescence emission. Due to the addi-
tional specificity provided by the presence of the TaqMan
probe, this approach is less subject to false positives than
the intercalating dye method, but can be more expensive.
Different probes can be labeled with different fluoro-
phores, allowing multiplexing protocols, where different
targets can be coamplified and quantified within a single
reaction tube (Fyfe et al. 2007). Advancement in TaqMan
probe technology is represented by the introduction of
the minor groove binder (MGB) probe (Kutyavin et al.
2000). The MGB molecule is attached to the 3′ end of
the probe and essentially folds back onto the probe,
increasing stability and allowing the design of shorter
probes while at the same time maintaining the required
hybridization annealing temperature.

Molecular beacons are oligonucleotide probes that can
adopt a stem–loop structure by the annealing of comple-
mentary sequences at its 5′ and 3′ ends (Goel et al. 2005).
The sequence in the loop is complementary to the target
region. Similar to the TaqMan® probe, a reporter fluorescent
dye and a quencher are covalently linked at each end of the
molecule. In the “closed” conformation, the reporter fluo-
rophore and the quencher are in proximity, and the probe is
switched off. When the probe loop anneals to its target
sequence, forming a probe–target hybrid (with greater sta-
bility than the stem structure), the fluorophore and the
quencher are separated from each other, and a fluorescent
signal can be observed. This signal is proportional to the
amount of DNA amplified.

Target sequences, nucleic acid extraction, and curve
standard for quantification

PCR-based assays for the detection of various toxic dino-
flagellates in seawater have generally employed ribosomal
DNA regions as the target. This is because rRNA genes are
phylogenetically informative and tandemly repeated in high
copy numbers (enhancing the assay sensitivity). Different
regions of the rDNA cluster include the small subunit
(SSU), the large subunit (LSU), the 5.8S region, two internal
transcribed spacers (ITS1, ITS2), and the nontranscribed
spacer. The choice of a particular region as the target is
based mostly on the level of variability of each region within
a particular species of interest and the requirements of assay
specificity and sensitivity (Bena et al. 1998). The recent
identification of genes involved in the production of the
saxitoxin (STX) in marine eukaryotic phytoplankton has
allowed the design of assays for detecting and quantifying
the potential for STX production in marine environmental
samples. Murray et al. (2011) developed a qrt-PCR assay to
detect and quantify a domain of the gene sxtA, encoding a
unique enzyme (sxtA4) putatively involved in the STX
pathway in marine dinoflagellates. The sxtA4 gene copy
number has been shown to be relatively constant among
Alexandrium catenella strains, allowing the detection and
quantification of blooms of A. catenella that lead to STX
uptake in oysters.

Several DNA extraction methods give highly purified
nucleic acids from marine algae, but DNA yield and extrac-
tion reproducibility can be poor. In fact, low amounts of
DNA can be recovered from an established cell number by
kit purification, and this can interfere with the reproducibil-
ity of DNA amplification for the estimation of cell number.
Because of this, for quantification purposes, qrt-PCR reac-
tions can also be performed using crude lysates from cul-
tured and natural samples (Galluzzi et al. 2004; Garneau et
al. 2011; Perini et al. 2011). To elude any inhibitory effect of
PCR amplification reaction, cell lysates containing DNA
can be diluted until the potential inhibitory effects of con-
taminants are eliminated. The dilution approach is possible
where rRNA genes are used as the target, because in most
eukaryotes, the rRNA gene family is repeated in tandem in
high copy number.

Many real-time PCR protocols have been optimized for
the quantitative approach using different types of standard
curves. In principle, these can be generated using a plasmid
containing the cloned target sequence (generally rRNA
genes) (Créach et al. 2006). When a cloned sequence is
used as a reference standard, it is essential to know the
amount of target gene per cell in order to allow the deter-
mination of the cell number in the field sample. This can be
particularly important for rRNA genes, due to their high and
variable copy number. To this end, cellular standard curves
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can be used together with plasmid-based curves. The cellu-
lar standard curves can be generated from crude lysates of
target cell serial dilutions spiked into natural and filtered
seawater or medium (Fitzpatrick et al. 2010; Garneau et al.
2011), or from serial dilutions of DNA extracted from clonal
cultures (Godhe et al. 2008; Andrée et al. 2011). However, it
has to be considered that the determination of copy numbers
of the target DNA sequence only provides a rough correla-
tion to cell abundance because it does not take into account
the potential intra-species variability in gene copy number
or the effect of the growth phase (Galluzzi et al. 2010). In
fact, high rRNA gene content variability has been demon-
strated in Alexandrium species (i.e., A. catenella and
Alexandrium taylori). The variability of gene content was
among strains and through the growth phases. This can
compromise the accuracy of qrt-PCR counts of target cells
in field samples, as well as lead to a correspondence with
microscopy determinations. In Mediterranean field samples,
the comparison between the number of cells counted by
microscope and calculated through qrt-PCR has shown
some significant differences (p<0.01). More presumably,
A. catenella and A. taylori rRNA gene variability can influ-
ence the correct quantification of cell abundance in the
environment. It could be inferred that the rRNA gene con-
tent could be different between isolate-cultured cells and
cells in natural environment, and this can be partially
explained by the presence of the rRNA pseudo-gene in the
Alexandrium tamarense species complex (Yeung et al.
1996). Therefore, the molecular quantification model, as
discussed, fails in A. catenella due to pseudo-gene instabil-
ity depending on isolate, growth phase, culture conditions,
and environmental variables. The rRNA gene content vari-
ability has also been reported for Alexandrium spp. cysts;
this variability led to some differences among qrt-PCR and
microscope-based counts; however, the values resulted sig-
nificantly correlated (Erdner et al. 2010).

Recently, Perini et al. (2011) developed a qrt-PCR meth-
od based on SYBR Green I that combines the use of a
plasmid standard curve with a “gold standard” created with
pooled crude extracts from environmental samples collected
during a bloom of toxic benthic dinoflagellate Ostreopsis cf.
ovata in the Mediterranean Sea. Because of similar PCR
efficiencies of the two curves, the rDNA copy number per
cell was obtained in cultured and environmental samples.
The analytical sensitivity of the PCR assay was set at two
rRNA gene copies and 8.0×10−4 cells per reaction for the
plasmid and gold standards, respectively (Fig. 1).

Quantitative real-time PCR applications

Qrt-PCR has been used in the last years to detect and quantify
various toxic phytoplankton groups in environmental marine

samples. These include mainly dinoflagellates and
Raphidophyceae, but also Haptophyceae, Pelagophyceae, dia-
toms and Cyanophyceae. Representative genera among these
groups are Alexandrium (Galluzzi et al. 2004; Hosoi-Tanabe
and Sako 2005; Dhyrman et al. 2006; Erdner et al. 2010;
Garneau et al. 2011), Karenia (Casper et al. 2004;
Kamikawa et al. 2006; Yuan et al. 2012), Cochlodinium,
Heterocapsa, Chattonella, Heterosigma (Kamikawa et al.
2006; Coyne et al. 2005; Howard et al. 2012), Prymnesium
(Galluzzi et al. 2008; Zamor et al. 2012), Pseudo-nitzschia
(Fitzpatrick et al. 2010; Andrée et al. 2011; Delanaey et al.
2011), Dinophysis (Kavanagh et al. 2010), Gambierdiscus
(Vandersea et al. 2012), and Ostreopsis (Perini et al. 2011).

Dinoflagellates

Qrt-PCR-based assays were mostly applied to the neurotoxic
species within genus Alexandrium. The paralytic toxins
detected in shellfish provide evidence that harmful events
have occurred with increased frequency and severity along
coastal areas worldwide during the last 20 years, even if the
timing and location of the paralytic shellfish poisoning occur-
rences are highly variable (Glibert et al. 2005; Moore et al.
2009; Halleagraeff 2010). Recently, the detection and quanti-
fication of Alexandrium cells in natural water samples were
coupled with the determination of STX compounds by ana-
lytical methods or STX genes by amolecular qrt-PCR assay. In
fact, it is highly useful to obtain information on both
Alexandrium abundance and STX content to fix the minimum
threshold cell number for toxic contamination events. The
species A. catenella can produce STX compounds with health
risk at low densities (1,000 cells L−1) (Jester et al. 2009).

In the study of Gaurneau et al. (2011), low cell numbers
of A. catenella determined by qrt-PCR were compared with
STX concentrations in surface seawater samples at King
Harbor, California, USA. Species-specific primers for the
A. catenella morphotype (A. tamarense species complex,
group I) (Lilly et al. 2007) were designed based on LSU
rDNA (D1/D2) together with a hybridization probe (i.e.,
molecular beacon) to increase the specificity of the method.
A standard curve was obtained from serial dilutions of
cultured cell lysates of A. catenella in filtered or natural
seawater. The range of abundance used in the calibration
curves was of four orders of magnitude (from 101 to 105

cells L−1, r200.99). The qPCR assay was calibrated in this
study in order to estimate A. catenella abundance in natural
samples directly from the Ct values. The sensitivity of this
qrt-PCR approach permitted the determination of cells at the
lower detection limit of optical microscopy (<12 cellsL−1).
Furthermore, the abundance of A. catenella in the harbor
was not necessarily associated with detectable STX concen-
trations, opening the question of toxin transfer to a higher
level of the trophic web.
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An innovative qrt-PCR approach on toxigenic
Alexandrium spp. quantification was done by Murray et al.
(2011). A qrt-PCR method to detect and quantify the poten-
tial for STX production in the marine environment based on
quantification of sxtA was developed. The sxtA is a gene
putatively involved in the biosynthesis of marine toxin
(Stüken et al. 2011). Specific detection of the sxtA4 gene
domain is associated with STX-producing cultured species
(A. catenella, A. tamarense, Gymnodinium catenatum) and
environmental samples containing known STX-producing
species in Australian seawaters. A standard curve was con-
structed with both PCR-amplified products of sxtA4 gene
and serial dilutions of amplified genomic DNA from cul-
tured A. catenella cells. The standard curve was used to
determine the PCR efficiency and copy number of the
sxtA4 gene per cell. In three cultured strains of A. catenella,
the copy number per cell of sxtA4 was in the range of 178–
280, and it was determined that these strains produced
similar amounts of STX analogues. In the environmental
samples, the correlation between sxtA4 copies per liter and
cell abundance per liter was highly significant, as was the
correlation with the content of STX compounds in filter-
feeding animals such as oysters. These findings can be
further correlated with toxin accumulation in filter bivalves

to test if STX gene quantification can be a tool for control-
ling and monitoring toxic species and their toxin
accumulation.

Recently, real-time PCR detection of toxic Dinophysis
species along the Irish coasts was also developed (Kavanagh
et al. 2010). The qrt-PCR method was performed to detect
two co-existing toxic species, as Dinophysis acuta and
D. acuminata. Due to the high similarity of nucleotide
sequence alignment in the ribosomal regions, a set of
genus-specific primers and two species-specific hybridiza-
tion probes targeting the D1/D2 region in LSU gene were
designed. The reporter probe was designed to have a few
mismatches (4 bp) between D. acuta and D. acuminata.
Genomic DNA was extracted from isolated D. acuta and
D. acuminata cells from seawater samples. After the qrt-
PCR amplification, through probe melt analysis, it was
possible to differentiate the two species: D. acuta and D.
acuminata were characterized by melting peaks at 61 and
48 °C, respectively. The sensitivity of this qrt-PCR assay
was set up to ten copies of plasmid for both species; how-
ever, it was not possible to generate a standard curve based
on known cell number due to bias in DNA extraction from
low amounts of cells that were not possible to cultivate.
Anyway, a good correlation between qrt-PCR and

Fig. 1 Examples of amplification plots generated from dilutions of a
target sequence (LSU rDNA from Ostreopsis cf. ovata) cloned into a
plasmid (a) and from O. cf. ovata cell dilutions (b). The corresponding

standard curves (c, d) were obtained by the correlation of Ct values and
log10 input plasmid copies or environmental cell number, respectively.
Adapted from Perini et al. (2011)
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microscopy determinations of Dinophysis species was
obtained with a higher level of sensitivity of the qrt-PCR
assay.

Diatoms

Recently, a number of qrt-PCR assays to quantify toxic
Pseudo-nitzschia species were developed. Outbreaks of
domoic acid along US coasts have caused sickness and
death of marine mammals and seabirds through food web
contamination. In European waters, shellfish aquaculture
contamination is a big concern causing the closure of sam-
pling and commercialization of seafood products with enor-
mous economic losses. Pseudo-nitzschia bloom intensity
has increased over the past 20 years (Trainer et al. 2012).
Moreover, Pseudo-nitzschia species can include very similar
morphotypes, and some of them can be toxic (i.e., Pseudo-
nitzschia pseudodelicatissma). The qrt-PCR assay has per-
mitted the detection and quantification of toxigenic speci-
mens at low concentration.

In Fitzpatrick et al. (2010), a qrt-PCR approach for genus
Pseudo-nitzschia quantification on the US East Coast was
developed. A lysis protocol for cell rupture and the use of
SYBR Green as the fluorescent dye were adopted. Genus-
specific primers were designed based on 18S rDNA sequen-
ces. In fact, no species-specific designs were possible, indi-
cating the low level of 18S variability among Pseudo-
nitzschia spp. The quantification assay was done using a
curve created from serial dilutions of Pseudo-nitzschia spp.
cultures (Pseudo-nitzschia australis, Peudo-nitzsch pun-
gens, P. delicatissima). However, the quantification of nat-
ural samples was carried out using the standard curve
obtained from serial dilutions of cultured P. australis serial
dilution cells since the bloom was highly dominated by P.
australis, as recognized by SEM. The results of the qrt-PCR
assay were validated using microscopy counts.

Another recent qrt-PCR approach for Pseudo-nitzschia
spp. estimation was performed by Andrée et al. (2011) using
SYBR Green as the intercalating dye. First, specific primers
were designed based on the ITS-5.8S rDNA regions of a
series of Pseudo-nitzschia species isolated at Alfacs Bay
(Catalan Sea, Mediterranean Sea, Spain). The species-
specific differentiation of PCR-amplified products was as-
sociated to the melting curve profiles for each Pseudo-nitz-
schia species examined. Genomic DNA was extracted from
cultures and seawater samples for the qrt-PCR assay.
Standard curves were constructed using serial dilutions of
genomic DNA purified from different species (Pseudo-nitz-
schia calliantha, P. delicatissima, P. multistriata, and P.
pungens). The qrt-PCR quantification of several Pseudo-
nitzschia spp. in field samples during blooms in 2007–
2008 was always correlated with optical microscopy counts,
and the overall trend for both methods of Pseudo-nitzschia

detection showed significant statistical correlations.
Therefore, this evidence demonstrated the applicability and
reliability of a quantification assay for the toxigenic Pseudo-
nitzschia species that often co-occur mixed with nontoxic
species in bloom events.

Since ecological and environmental studies often rely on
an accurate estimation of the density of a particular phyto-
plankton class or the ratios between the different taxonomic
classes, two real-time PCR assays targeting the SSU rDNA
were designed using class-specific primers to assess the
proportional biomass of diatoms and dinoflagellates in ma-
rine coastal water (Godhe et al. 2008). After the establish-
ment of a significant correlation between the number of SSU
rDNA copies and the biovolumes of diatoms and dinofla-
gellates, this approach was successfully applied to estimate
the proportion of dinoflagellate versus diatom biovolume or
biomass in field samples.

Haptophyceae

Among the toxic haptophytes, qrt-PCR assays have been
developed for Prymnesium parvum, which has been associ-
ated with extensive fish mortality (Hallegraeff 1992). The
early and sensitive detection of P. parvum is essential for
improving bloom monitoring and management strategies.
Monitoring with conventional microscopy-based methods
is difficult because the cells are small, fragile, and morpho-
logically similar to closely related species. In recent years, a
quantitative real-time PCR approach based on the use of the
intercalating dye SYBR Green has been established
(Galluzzi et al. 2008), and a modified version of this method
has been validated and used in a routine P. parvum moni-
toring program (Zamor et al. 2012). Moreover, qualitative
and quantitative multiplex real-time PCR, based on the use
of molecular beacons, has also been attempted (Manning
and La Claire 2010).

Cyanobacteria

Cyanobacteria toxin poisonings occur in fresh and brackish
waters throughout the world. The main genera responsible
include Anabaena, Aphanizomenon, Cylindrospermopsis,
Lyngbya, Microcystis, Nostoc, and Oscillatoria (Planktothrix).
Cyanobacteria toxins include neurotoxins (i.e., anatoxin-a,
anatoxin-a(s), and saxitoxins) and hepatotoxins (i.e., microcys-
tins, nodularins, and cylindrospermopsins). Cyanobacteria
blooms in marine waters are limited to a few taxa with
Trichodesmium, Richelia, Nodularia, and Aphanizomenon be-
ing most commonly observed (Sellner 1997). In particular, in
the Baltic Sea, Nodularia spumigena forms toxic mass occur-
rences, posing health risks to humans, causing animal poison-
ings, harming fisheries, and interfering with the recreational use
of waters.
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Since the gene clusters responsible for the synthesis of
the microcystins, nodularin, and cylindrospermopsin have
been described (Moffitt and Neilan 2004; Rouhiainen et al.
2004; Mihali et al. 2008) and the genes putatively respon-
sible for the biosynthesis of saxitoxin have also been iden-
tified (Kellmann et al. 2008), several qrt-PCR assays
targeted to toxin-coding genes have been developed to de-
tect and quantify toxin-producing cyanobacteria.
Koskenniemi et al. (2007) developed a SYBR Green-based
qrt-PCR method targeting the nodularin gene. Specific pri-
mers were designed on the nodularin synthetase gene sub-
unit F (ndaF), and the application of SYBR Green in qrt-
PCR was adopted. The standard curve was determined
based on cellular DNA dilutions from different N. spumi-
gena strains, and the gene copy number was determined.
The qrt-PCR method was applied to seawater samples, and
the detection of as few as 30 gene copies per milliliter of
water in the Baltic Sea was possible. Further, ndaF gene
copy numbers and nodularin concentrations were positively
correlated, showing constant production of nodularin by the
microalga.

Many qrt-PCR methods have been developed to monitor
and to study toxic cyanobacteria population dynamics in
fresh water and have been recently extensively reviewed
(Martins and Vasconcelos 2011).

Advantages and drawbacks

The main advantages of real-time PCR techniques for the
monitoring of phytoplankton are represented by high sensi-
tivity, specificity, potential high throughput, and applicabil-
ity to preserved environmental samples. This is particularly
important since sample preservation is often necessary and
can cause the morphological distortion of some phytoplank-
ton species, making it more difficult to distinguish them
from closely related species using microscopy-based
techniques.

However, several aspects should be taken into account
for the quantification of target sequences amplified from
nucleic acids isolated from environmental samples. The
choice of method used for nucleic acid extraction will de-
termine the nucleic acid yield, which is often variable and
well below 100 %, and the eventual presence of PCR
inhibitors, such as humic acids, which can decrease the
reaction efficiency (Wilson 1997). Yield problems can be
addressed by using raw proteinase K-treated cell lysates, but
the presence of PCR inhibitors necessitates the dilution of
these samples until the environmental template and the
standard curve target gene have equivalent amplification
efficiencies. Therefore, to maintain the high sensitivity of
the assay, the target sequence should be tandemly repeated
in high copy number (e.g., rRNA genes).

In principle, a real-time PCR assay can be used to
detect/quantify any phytoplankton species with available
and phylogenetically informative DNA sequence data.
However, due to the possibility of variations in target
gene (mostly rRNA genes) copy number among different
strains (Galluzzi et al. 2010) and in order to verify primer
or probe specificity with environmental samples, the
method should be optimized with the local phytoplankton
population in the geographical area to be investigated.
Generally, only one species or strain at a time can be
analyzed in a quantitative approach, unless a multiplex
reaction is performed. Real-time PCR multiplexing and
multiprobing have been evaluated by Handy et al. (2006)
for simultaneous enumeration of three raphidophyte spe-
cies (Chattonella cf. verruculosa, Chattonella subsalsa,
and Heterosigma akashiwo). Environmental samples con-
taining these raphidophytes have been shown to be suc-
cessfully multiplexed or multiprobed with only minimal
losses in sensitivity. This approach opens up the possibil-
ity of rapidly enumerating multiple organisms within the
same sample, but also introduces added complexity in
method development (e.g., ensuring the primers and
probes do not interfere and that the PCR efficiencies are
similar for all assays). Concerning the costs, real-time
PCR instruments and consumables are now affordable
also for small research groups and are quite common in
molecular biology-equipped laboratories.

Conclusions

Due to high specificity and sensitivity, quantitative real-time
PCR could represent an efficient molecular tool for the
detection of phytoplankton cells at the pre-bloom levels.
The early detection of HAB species is necessary to deter-
mine the potential environmental factors that influence a
bloom, to evaluate potential sources of low-level cell inoc-
ulations (i.e., natural or anthropogenic transport mecha-
nisms) in coastal seawaters, and to provide early warning
to safeguard human health and aquaculture. However, ex-
tensive validation in the investigated area may be necessary
due to the possible variability in terms of target gene copy
number and nucleotide sequence in different phytoplankton
populations within the same species.

Due to the introduction of next-generation sequencing
technologies and metagenomic approaches, the knowl-
edge of HAB species genomes is expected to increase
in the coming years. This could allow the identification
of new genome target sequences (and determine their
variability in terms of copy number) suitable to design
reliable primers and probes, thus improving qrt-PCR
trustworthiness as a tool for monitoring HAB species
in the marine environment.
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