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The harmful phytoplankton holds sanitary, ecological and economic 
implications towards the human health, the coastal environments, and 
aquaculture facilities due to the consequences of recurrent harmful 
algal blooms (HABs). The adverse effects of HABs include toxin 
production, fish gill clogging, oxygen depletion and unpleasant water 
quality. The HABs are phenomena increasing worldwide for several 
reasons: eutrophication and/or unusual climatological conditions, the 
increased utilization of coastal waters for aquaculture, the movement of 
resting cysts caused by human activities (e.g. ships’ ballast waters or the 
translocation of shellfish stocks), and overfishing (1).

Nowadays, it is essential to have rapid, sensitive and reliable 
methods to be applied in monitoring programs of marine coastal 
ecosystems for accurately and specifically detecting HAB species. Such 
methods can allow investigating the HAB species distribution and 
dispersion mechanism, and facilitating the prevention or mitigation of 
the harmful effects on human health, marine ecosystem and economic 
related activities. In routine monitoring programs, the detection 
and quantification of harmful species are based on morphological 
recognition through microscope analyses, which are time consuming 
and require considerable taxonomic expertise. In fact, the presence of 
morphologically similar species co-existing in the marine environments 
(e.g. Pseudo-nitzschia spp.) or different morphotypes of the same species 
can sometimes affect the monitoring reliability. Moreover, in some cases 
the fixation by Lugol or formalin can cause a morphological cellular 
distortion. Nevertheless, the fixation processes are crucial to preserve 
samples during the time intercurring between sample collection and 
laboratory analysis.

Due to these limitations, many molecular methods for HAB species 
monitoring have been developed in the last years. Because of the 
instability of RNA (particularly mRNA) and proteins, most detection 
tools used for phytoplankton rely on detecting DNA. Target DNA 
sequences commonly used for developing specific primers and probes 
are rRNA genes, which are phylogenetically informative and tandemly 
repeated in high copy number. 

Molecular approaches to species identification and quantification 
may be broadly categorized as “whole cell” or “lysed cell” methods. In 
the “whole cell” methods the cells remain intact throughout sampling 
and processing (e.g. FISH); in the “lysed cell” methods, cells are 
disrupted and the resulting cell homogenate is analyzed, typically with 
subsequent calibration of the fluorescence or colorimetric signal back 
to cell number (e.g. sandwich hybridization, microarray hybridization, 
real-time qPCR). Advantages of the “lysed cell” approaches for bloom 
monitoring include amenability to automation and the possibility 
to analyze larger environmental sample volumes, thereby avoiding 
errors inherent in the small sample size used for whole cell methods. 
Disadvantages include the fact that it is not possible to visually inspect 
samples (e.g. to verify that the positive results are not due to cross-
reactions with non-target organisms), and that all sources of target 
sequences can contribute to the signal (including senescent/dead cells 
or cells obscured in food vacuoles or fecal pellets).

No single type of molecular probe or assay strategy appears as the 
“best” a priori. Indeed, the choice of probes or molecular techniques for 
a given species in a geographical area is dependent by the number and 

genetic diversity of species/clades to monitor, the information needed 
(qualitative or quantitative), technical background and available 
laboratory equipment. 

For example, microarray-based methods are very effective for the 
simultaneous large-scale detection of phytoplankton species in complex 
samples  (2,3). The advantages of this method rely in a high density 
of probes, high-throughput, small sample volumes, possible reuse of 
arrays, flexible assay design and possibility of species quantification  
(4,5). However, focusing on the quantitative aspect, real-time qPCR 
may be considered the best method among the current DNA-based 
technologies for the molecular quantification of single microalgal 
species in both laboratory and field samples. The real-time qPCR is 
highly sensitive, specific, rapid, accurate, relatively affordable and can 
be applied to preserved environmental samples (6,7,8). Multiplexing 
is possible (9), but it also introduces added complexity in the method 
development. Isothermal DNA amplification techniques, such as loop-
mediated isothermal amplification (LAMP) and nucleic acid sequence-
based amplification (NASBA), are methods that could provide further 
advantages, because of their simplicity and low cost. All these methods 
also have the potential to be used in large-scale screening assays. 

One issue of these DNA-based methods for cell detection is the 
primers/probes specificity. The design of a specific probe sequence is 
dependent on the availability of DNA sequence information in genome 
databases. Moreover, due to the genetic diversity present within 
certain species (10,11) and the possible variations of target rRNA 
gene copy number among different strains (12), the methods should 
be optimized with the phytoplankton population in the geographical 
area to be investigated. To this end, non-molecular techniques, such 
as microscopy-based methods, can be combined with the DNA-based 
methods that need optimization.

Despite these aspects, DNA-based methods have shown many 
advantages compared to classical microscopy-based methods, including 
being more rapid, sensitive and specific at the species and population 
level, amenable to high throughput, and requiring a minor level of 
expertise in the routine laboratory procedures (13,14). 

The recent development of next generation sequencing (NGS) 
technologies has made affordable the sequencing of billions of genomic 
fragments extracted from environmental samples (15), therefore 
making NGS a potential tool for the large-scale diversity assessment 
and quantification of microorganims (16). NGS technologies have 
been applied in metagenomic diversity studies, in which individual 
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sequences (usually 18S rRNA genes) are phylogenetically analyzed by 
comparison with well-defined DNA sequences available in databases 
(17). Moreover, these techniques can be also used to count short 
gene fragments (tags) purified from environmental samples, or PCR 
amplicons, to analyze the relative abundance of microalgal species. 
However, the NGS-based quantification is not completely reliable yet, 
because of some possible biases such as PCR-amplification bias or NGS 
reads.

DNA barcoding has also been used to assess phytoplankton diversity 
in marine environments. In particular, the cytochrome c oxidase 1 
(CO1) gene was shown to be informative as “barcode” to identify to the 
species level many dinoflagellate genera in environmental samples (18). 

The operational cost and high-throughput of NGS technologies 
offer great potential for their future use in either discrimination and 
quantification of phytoplankton. However, NGS-based metagenomic 
studies on microalgae have shown that a large portion of sequence 
data cannot be assigned to any taxon because of an insufficient DNA 
taxonomic database. Therefore, thorough DNA databases have to be 
constructed in order to achieve a comprehensive understanding of the 
molecular diversity of microalgae in the environment, and to design 
reliable probes. Most data currently available in public databases 
have been derived from cultivable strains of microalgae. Since many 
microalgal species cannot be maintained in laboratory cultures, the 
single-cell genome analysis (19), in which the genome of a single 
microalgal cell isolated from the environment can be amplified and 
sequenced, could be the only manner to achieve this ambitious goal.
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