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Abstract

Paralytic shellfish poisoning (PSP) is a syndrome caused by the consumption of shellfish contaminated with neurotoxins

produced by organisms of the marine dinoflagellate genusAlexandrium.A.minutum is the most widespread species responsible for

PSP in the Western Mediterranean basin. The standard monitoring of shellfish farms for the presence of harmful algae and related

toxins usually requires the microscopic examination of phytoplankton populations, bioassays and toxin determination by HPLC.

These procedures are time-consuming and require remarkable experience, thus limiting the number of specimens that can be

analyzed by a single laboratory unit. Molecular biology techniques may be helpful in the detection of target microorganisms in field

samples. In this study, we developed a qualitative PCR assay for the rapid detection of all potentially toxic species belonging to the

Alexandrium genus and specifically A. minutum, in contaminated mussels. Alexandrium genus-specific primers were designed to

target the 5.8S rDNA region, while an A. minutum species-specific primer was designed to bind in the ITS1 region. The assay was

validated using several fixed seawater samples from the Mediterranean basin, which were analyzed using PCR along with standard

microscopy procedures. The assay provided a rapid method for monitoring the presence of Alexandrium spp. in mussel tissues, as

well as in seawater samples. The results showed that PCR is a valid, rapid alternative procedure for the detection of target

phytoplankton species either in seawater or directly in mussels, where microalgae can accumulate.
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1. Introduction

Paralytic shellfish poisoning (PSP) is a syndrome

exhibiting neurological symptoms predominantly

caused by the consumption of contaminated shellfish.

PSP is a serious problem for human health and fishing

industry resources along temperate coasts throughout

the world (Hallegraeff, 1993; Chang et al., 1997;

Harvell et al., 1999). In the Mediterranean Sea, PSP

toxins are produced by dinoflagellates such as

Alexandrium spp. A. minutum is the most widespread

toxic species in the Western Mediterranean basin

(Giacobbe and Maimone, 1994; Forteza et al., 1998;

Vila et al., 2001). This species has been responsible for

toxic blooms in the northern region of the French

Brittany coast (Le Doux et al., 1990), along the

Catalan coast (Spain) and Island of Mallorca (Forteza

et al., 1998), in the South Tyrrhenian Sea (Giacobbe,

2001, personal communication), as well as along the

northwestern coast of the Adriatic Sea (Italy), where

mussel farms have been contaminated (Honsell et al.,

1996). Shellfish monitoring for toxin contamination

normally requires both bioassays and toxin determi-

nation. The bioassays (toxicity test) are usually

performed following the Association of Analytical

Communities (AOAC) standard procedures with

acidified extracts of shellfish meat (Hollingworth

and Wekell, 1990), while toxin determination is

performed by HPLC analysis (Oshima, 1995).

Coastal water monitoring programmes to detect

the presence of toxic algae could provide an

essential tool to access bloom formation and

consequently potential shellfish contamination.

Usually, monitoring involves accurate morphologi-

cal identification and the enumeration of target

phytoplankton species in the seawater samples by

using standard microscopy procedures. These

methods are time-consuming and require a remark-

able taxonomic experience, since identification is

based on the recognition of morphological char-

acteristics (Steidinger and Tangen, 1997). In addi-

tion, the species of interest may represent only a

minor component in a mixed phytoplankton popula-

tion. In particular, A. minutum is difficult to

distinguish from other species of the same genus

because it is characterized by minute details of its

thecal plates (Taylor et al., 1995); consequently,

the morphological identification of this species
requires taxonomic skills and well-trained person-

nel. Therefore, a suitable, highly sensitive method

for the rapid and specific identification of this HAB

species would be especially useful. PCR-based

methods are attractive as diagnostic tools because

they can rapidly detect limited numbers (as low as

one cell) of specific eukaryotic and/or prokaryotic

organisms in mixed ecological scenarios. Different

regions of the rDNA cluster have been selected as

targets for PCR amplification in microalgae. These

regions include the small subunit (SSU) gene

(Scholin and Anderson, 1994), the large subunit

(LSU) gene (Zardoya et al., 1995; Rehnstam-Holm

et al., 2002), the 5.8S subunit gene, two internal

transcribed spacers (ITS1 and ITS2) (Penna and

Magnani, 1999; Kooistra et al., 2001) and the non-

transcribed spacer (NTS) regions (Saito et al., 2002).

The internal transcribed spacer (ITS) regions of the

rDNA have been used as molecular targets for the

identification of microbial species because they are

often variable enough to be used as a species-

specific target regions (Nazar et al., 1991; Zechman

et al., 1994). In particular, the ITS region sequence

has been used to distinguish closely related species

of the genus Alexandrium (Adachi et al., 1996) and

recently Litaker et al. (2003) used ITS sequences for

the development of specific PCR assays to detect

Pfiesteria piscicida and Pfiesteria-like organisms.

The PCR amplification technique of target riboso-

mal DNA regions has been successfully employed

for the detection of various toxic dinoflagellates in

seawater samples (Anderson et al., 1999; Bowers

et al., 2000; Penna and Magnani, 2000; Coyne et al.,

2001; Guillou et al., 2002; Saito et al., 2002). Godhe

et al. (2001) described a PCR-based method for the

detection of A. minutum in field samples using

primers designed on the SSU rDNA region. In

this case the primers were species-group-specific

since the PCR yielded a product also from two

closely related species. Here, we try to improve

the specificity and sensitivity of the assay by

designing new primers to target the ITS1–5.8S

rDNA regions of A. minutum. Moreover, this assay is

used to detect A. minutum cells in contaminated

mussels, along with natural seawater samples, in

order to provide a rapid method for monitoring the

presence of toxin-producing algal species in mussel

tissues.
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2. Materials and Methods

2.1. Algal cultures

The A. minutum strain CNR-AMI-A4 was used for

experimental shellfish contamination. A. minutum

cultures were maintained in f/2 medium (Guillard,

1975) at 17 � 1 8C. Light was provided by cool-white

fluorescent bulbs (photon flux of 100 mE m�2 s�1) on

a standard 14 h light–10 h dark cycle. Algal cell

density was determined by counting Lugol’s iodine

stained cells (Throndsen, 1978) using a hemacyt-

ometer (Neubauer, Hausser Scientific, Horsham, PA).

2.2. Phytoplankton sample collection and species

identification

Phytoplankton samples were collected from dif-

ferent locations in the Mediterranean Sea (Table 1).

All water samples except number 9 were collected at

the subsurface (0.5 m) using sampling bottles. Sample

9 was collected in a non-quantitative manner using a

10 mm-mesh plankton net. All samples were fixed

with Lugol’s iodine solution (0.4% final concentra-

tion). 50 mL volumes of the preserved samples were

settled in Utermöhl chamber for 24 h and counted

using an inverted microscope. Fixed samples were

stored in the dark at +4 8C until needed. For
Table 1

Details of natural plankton sample collection

Sample

number

Date Sampling site

1 18 February 2002 Arenys harbour, Catalan Sea, Spain

2 18 February 2002 Arenys harbour, Catalan Sea, Spain

3 18 February 2002 Arenys harbour, Catalan Sea, Spain

4 10 March 2003 Verde pond, Tyrrhenian Sea, Italy

5 18 April 2003 Verde pond, Tyrrhenian Sea, Italy

6 15 April 2003 Porto Rosa, Tyrrhenian Sea, Italy

7 2 April 2003 Siracusa, Ionian Sea, Italy

8 2 April 2003 Porto Marmoreo-Siracusa,

Ionian Sea, Italy

9a 20 May 2003 Saronicos Gulf, Aegean Sea, Greece

10 17 June 2003 Vulcano Island, Tyrrhenian Sea, Italy

11 17 June 2003 Vulcano Island, Tyrrhenian Sea, Italy

12 12 March 2003 Porto Rosa, Tyrrhenian Sea, Italy

n.a.: not available.
a Sample collected with a 10 mm plankton net.
b The percentage values are calculated from the phytoplankton cell num
Alexandrium species identification, the samples were

dyed with calcofluor white (Fritz and Triemer, 1985)

and observed under an epifluorescence microscope.

The identification was based greatly on thecal plate

tabulation (Balech, 1995) as well as on cell shape and

size. The amount of A. minutum cells were related to

the total amount of phytoplankton cells to determine

the percentage of these cells in field samples.

2.3. Mussel contamination

Mussel stocks of Mytilus galloprovincialis were

collected along the Northern Adriatic coast in

November 2002. A total of 30 individuals were

acclimatized to laboratory conditions in 60 L aerated

and circulating seawater under a 12:12 L/D cycle for a

7-day period, before the contamination experiment.

After the 7-day period, the seawater was contaminated

with A. minutum cells to reach a final concentration of

106 cells L�1, in order to simulate the bloom condition

(day 0). Two mussels were removed 7, 72 and 168 h

after this contamination. To confirm that cells were

filtered by mussels, algal cell concentration was

determined each time the mussels were removed. At

day 3, after the 72 h mussel sampling, a further amount

of 2.5 � 106 A. minutum cells were added in the water.

This second contamination was done in order to

increase the algal biomass in the aquarium and sustain
A. minutum

(%)b

A. minutum

cysts (%)b

Other

phytoplankters (%)b

Dominant

species/taxa

97.7 0 2.3 A. minutum

97.6 0 2.4 A. minutum

99.6 0 0.4 A. minutum

52.8 0.4 46.8 A. minutum

3.1 0 96.9 Flagellates

1.5 4.6 93.9 Flagellates

12 1 87 Prorocentrum

triestinum

8.1 0.3 91.6 Prorocentrum

triestinum

n.a. n.a. n.a. n.a.

0 0 100 A. taylori

0 0 100 A. taylori

0 0 100 Flagellates

ber per liter of water.
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the bloom-like condition. The environmental condi-

tions in the aquarium were maintained and monitored

during the whole experiment: water temperature was

between 20 and 23 8C, pH was between 7.3 and 7.8,

dissolved oxygen was between 5.1 and 6.7 mg L�1.

Mussels collected from the aquarium were immediately

processed: they were opened, drained and the digestive

tissues (or hepatopancreas) were extracted from the rest

of the body (mantle, gills, foot, adductor muscles). Both

the hepatopancreas and the animal remains were fixed

separately in 10 mL 95% ethanol and stored at �20 8C.

2.4. DNA extraction and purification

Cells from phytoplankton samples were either

collected by mild centrifugation (samples 1–4) or

harvested onto 25 mm-diameter hydrophilic Durapore

membranes (5 mm pore size; Millipore) by vacuum

filtration (samples 5–12). Filters were transferred to

tubes containing absolute ethanol and stored at +4 8C.

Prior to DNA extraction, filters were air dried and

transferred into clean tubes. DNA was extracted using

PUREGENE Genomic DNA purification Kit (Gentra

Systems, Minneapolis MN, USA) or DNeasy Plant

mini kit (Qiagen, Valencia, CA, USA) following the

manufacturer’s instructions. In order to extract DNA

from mussels, no more than 0.5 g of dry mussel tissue

were mechanically disrupted in 10 mL of lysis buffer

(50 mM Tris–HCl, pH 8.0; 1% sodium dodecyl

sulfate; 25 mM EDTA; 100 mg mL�1 proteinase K)

using a Dounce homogenizer. The disrupted tissue was

incubated at 55 8C for 4 h and the nucleic acids were

isolated by extracting the completely digested tissue

twice with phenol/chloroform/isoamil alcohol

(25:24:1) and once with chloroform. The DNA was

precipitated with 95% ethanol, washed with 70%

ethanol, air-dried and resuspended in 5–6 mL of TE

(10 mM Tris–HCl; 1 mM EDTA). DNA purity and

concentration were determined by absorbance at 260/

280 nm. Alternatively, purified DNAwas quantified on

agarose gel using serially diluted DNA marker 2 (MBI

Fermentas, Germany) and a gel-doc apparatus (Bio-

rad, Hercules, CA, USA).

2.5. Primer design

The PCR primers were designed using Oligo 6

primer analysis software and an alignment of multiple
rDNA Alexandrium sequences available in the EMBL

database. The alignment was constructed using

DIALIGN 2.0 (Morgenstern et al., 1996) and

CLUSTALW 1.8 (Thompson et al., 1994). The 5.8S

region is well conserved among the Alexandrium

species. Primers 5.8S-50 (50-GCAADGAATGTCT-

TAGCTCAA-30) and 5.8S-30 (50-GCAMACCTT-

CAAGMATATCCC-30) were designed to target

consensus sequences specific for the genus Alexan-

drium. Primer ITS1m (50-CATGCTGCTGTGTTGAT-

GACC-30) was designed to a target sequence specific

to the A. minutum species and was used along with the

reverse primer 5.8S-30 in the PCR assays. Oligonu-

cleotides were purchased from Sigma-Genosys Ltd.

(USA).

2.6. Specificity and sensitivity test of the primers

The sequence specificity of the primers was

confirmed using BLAST2 (Basic Local Alignment

Search Tool) (http://www.infobiogen.fr/services/ana-

lyseq/cgi-bin/blast2_in.pl). The primers’ specificity

for the genus Alexandrium was also tested by

amplification of a representative sample of the

genomic DNA of other dinoflagellates and diatoms

including Gyrodinium corsicum, Karlodinium

micrum, Coolia monotis, Ostreopsis spp., Dinophysis

sacculus and Pseudonitzschia pseudodelicatissima. To

test the species-specificity of the primers for A.

minutum, we performed the PCR assay using ITS1–

5.8S–ITS2 rDNA-cloned sequences and genomic

DNA from A. minutum, A. catenella, A. tamarense,

A. taylori and A. andersoni as template. Moreover,

also the genomic DNA from G. corsicum, K. micrum

and the ITS1–5.8S–ITS2 rDNA-cloned sequence of D.

sacculus were used as template. The PCR assays

sensitivity was tested using a plasmid containing the

ITS1–5.8S–ITS2 rDNA sequence of A. minutum as

template, with or without 100 ng of background DNA

purified from uncontaminated mussels. Moreover, the

PCR assays sensitivity was also tested using purified

genomic A. minutum DNA.

2.7. rDNA cloning and sequencing

The 5.8S rDNA and flanking ITS regions (ITS1 and

ITS2) were amplified from purified A. minutum

genomic DNA and cloned into the pMOSBlue vector

http://www.infobiogen.fr/services/analyseq/cgi-bin/blast2_in.pl
http://www.infobiogen.fr/services/analyseq/cgi-bin/blast2_in.pl
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(Amersham, UK) as previously described (Penna and

Magnani, 1999). Several clones were sequenced using

the Big Dye Terminator cycle sequencing kit (Applied

Biosystems, CA, USA) in an ABI PRISM 310

instrument. Plasmid DNA was purified using Qiaprep

Spin Miniprep kit (Qiagen). The A. minutum strain

CNR–AMI–A4 ITS1–5.8S–ITS2 sequence has been

deposited in GenBank database (accession number

AJ318460). Either genus- or species-specific PCR

products obtained from field samples 5 and 7 were

purified using the MinElute Gel Extraction kit

(Qiagen) and directly sequenced. Sequencing was

performed using approximately 15 ng of DNA and

3 pmol of primer.

2.8. PCR assays

For marine samples, the PCR mixtures contained

1 ng of template DNA in reaction buffer (10 mM Tris–

HCl pH 8.3, 50 mM KCl, 2 mM MgCl2), 0.3 mM of

each primer, 200 mM each of dATP, dCTP, dTTP,

dGTP and 1.25 units of Taq Gold DNA polymerase

(Applied Biosystems) in a total volume of 50 mL. For

mussels, the PCR mixture was the same while the

amount of template DNA was between 10 ng and

1 mg. Samples were processed in a GeneAmp PCR

System 2400 (Applied Biosystems) as follows: 7 min

at 95 8C, 40 cycles at 95 8C for 30 s, 58 8C for 30 s and

72 8C for 30 s, and a final extension at 72 8C for 7 min.

Positive controls were spiked with 104 copies of ITS1–

5.8S–ITS2 A. minutum cloned sequence. Negative

controls (no-template) were included in each PCR

reaction. Ten microliters of PCR product were run in

2% agarose gel (w/v) and visualized with ethidium

bromide. A 100-bp double-stranded DNA ladder (MBI

Fermentas) was included on the gels as a size standard.
Fig. 1. Specificity of A. minutum amplification. ITS1–5.8S–ITS2

rDNA-cloned sequences from A. minutum (1), A. catenella (2), A.

taylori (3), A. tamarense (4) and A. andersoni (5) were used in PCR

assays with primers ITS1m and 5.8S-30. L, 100-bp DNA ladder; n,

negative control.
3. Results

3.1. Specificity and sensitivity of PCR assay

Selected primers for the conserved 5.8S rDNA

region of Alexandrium genus and primers specific for

A. minutum species gave PCR products of 135 and

212 bp, respectively. Molecular weight of the ampli-

fied product was as expected and no other bands were

visible when Alexandrium genomic DNA was used as
template. The specificity of all primers was confirmed

in silico using BLAST: the sequences of primers 5.8S-

50 and 5.8S-30 matched exactly only with the 5.8S

sequences belonging to the Alexandrium genus and the

sequence of primer ITS1m matched exactly only with

the ITS1 sequences belonging to the A. minutum

species. The specificity of the primers for the genus

Alexandrium was also tested by amplification of

genomic DNA purified from several other dinofla-

gellates and diatoms, as described in materials and

methods. The amplification products were undetect-

able in reactions containing DNA of these microalgae

(data not shown). Moreover, using the primers specific

for A. minutum and the ITS1–5.8S–ITS2 cloned

sequences from A. minutum, A. catenella, A.

tamarense, A. taylori and A. andersoni as template,

only the PCR reaction containing A. minutum rDNA

yielded the expected 212 bp amplicon. None of the

other species’ DNA was amplified in this PCR assay

(Fig. 1). The same results were obtained using

genomic DNA from A. minutum, A. catenella, A.

tamarense, A. taylori, A. andersoni, G. corsicum, K.

micrum and the ITS1–5.8S–ITS2 rDNA-cloned

sequence of D. sacculus as template. The PCR assays

resulted sensitive enough to detect 10 copies of ITS1–

5.8S–ITS2 rDNA-cloned sequences, with or without

100 ng of background DNA purified from unconta-

minated mussels, whether using genus-specific or

species-specific primers (Fig. 2a and b). However,

when analyzing the band intensities with a gel-doc

apparatus, the signal of the PCR product obtained with

species-specific primers was approximately 1 log

genbank:AJ318460
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Fig. 2. (a) Sensitivity of PCR assay specific for the Alexandrium genus. (b) Sensitivity of PCR specific for the A. minutum species. The plasmid

containing the ITS1–5.8S–ITS2 A. minutum sequence was serially diluted from 105 to 10 copies per reaction tube and the PCR was performed

without (I) or with (II) 100 ng of genomic mussel DNA as background. L, 100-bp DNA ladder; n, negative control; m, genomic mussel DNA

only.

Fig. 3. A. minutum identification by PCR in natural monospecific

bloom seawater samples fixed with Lugol’s solution. Purified DNA

from samples 1, 2 and 3 was amplified with A. minutum species-

specific primers. L, 100-bp DNA ladder; p, positive control (10,000

copies of plasmid containing ITS1–5.8S–ITS2 A. minutum rDNA);

n, negative control.
greater compared with the PCR product obtained with

genus-specific primers. This observation could be, at

least in part, a consequence of the difference in size

between the two PCR products. Furthermore, the PCR

assays resulted sensitive enough to detect 0.1 pg of

purified A. minutum genomic DNA either using genus-

specific or species-specific primers (data not shown).

Referring to our estimation on DNA and rDNA

content per A. minutum cell (Galluzzi et al., 2004),

0.1 pg of genomic DNA should be equivalent to about

10 copies of rDNA.

3.2. Detection of A. minutum cells in seawater

samples

First, we analyzed three A. minutum natural

monospecific bloom samples (referred as no. 1–3 in

Table 1) fixed with Lugol’s solution by PCR. In these

bloom samples up to 99.6% of the phytoplankton

population was represented by A. minutum while other

species were not significantly represented. After

cell identification and counting by microscopy, the

concentration was 2.45 � 106, 1.88 � 106 and

10.82 � 106 cells L�1 in samples 1, 2 and 3, respec-

tively. Genomic DNA was purified from 147,000,

93,000 and 113,000 total cells for samples 1, 2 and 3,

respectively. After DNA amplification using A.

minutum species-specific primers, PCR products of
the expected size were clearly visible in all samples

(Fig. 3) confirming the amplifiability of the genomic

DNA and the applicability of this PCR assay to fixed

natural seawater samples. Once the feasibility of the

PCR assay applied to natural samples was established,

we analyzed several seawater samples containing

Alexandrium cells in mixed phytoplankton popula-

tions. The genomic DNA was amplified either with

Alexandrium genus- or A. minutum species-specific

primers and the amplification products, of 135 and

212 bp, respectively, were visualized on 2% agarose
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gels. The analyzed samples contained various percen-

tages of A. minutum cells compared to other

dinoflagellates and small flagellates, ranging from

52.8% in sample 4 to 0% in samples 10, 11 and 12

(Table 1). Samples 10 and 11 consisted of monospecific

blooms of A. taylori and were used as negative controls

for A. minutum-specific PCR assays. Sample 12

consisted of a bloom of D. sacculus in which

Alexandrium cells were not detectable using LM

techniques. The DNA extracted from this phytoplank-

ton sample was used as a negative control for

Alexandrium genus-specific PCR. This DNA was also

spiked with 105 copies of a plasmid containing the

ITS1–5.8S–ITS2 rDNA sequence of A. minutum in

order to demonstrate the lack of significant inhibitors in

the PCR reactions. The results, summarized in Table 2,

show that the PCR assays were able to detect

Alexandrium cells in all seawater samples in which

these cells were distinguishable using LM techniques.

In this table, the number of cells from which the DNA

was effectively extracted, corresponding to the various

sample volumes processed (ranging from 10.5 mL of

sample number 3 to 187.5 mL of sample number 6), is

also indicated. The PCR products from samples 5 and 7

were sequenced as described in the materials and

methods in order to confirm the specificity of the

assays. The four sequences (two obtained with genus-

specific primers and two with species-specific

primers) were 100% identical to the A. minutum
Table 2

Details of PCR-amplified natural seawater samples

Sample

number

Alexandrium

species (cells L�1)a

Alexandri

cell numb

the proces

1 A. minutum (2,450,000) 147,000

2 A. minutum (1,880,000) 93,000

3 A. minutum (10,820,000) 113,000

4 A. minutum (175,700 + 1,341b) 4,390 + 33

5 A. minutum (87,400) 4,370

6 A. minutum (2,680 + 8,048b) 503 + 1,50

7 A. minutum (804,600) 40,230 + 3

8 A. minutum (177,600) 2,664 + 98

9 A. minutum (n.a.) 100

10 A. taylori (8,314,200) 415,710

11 A. taylori (2,809,200) 140,460

12 Absent Absent

n.a.: not available.
a From microscope observation.
b A. minutum cysts.
ITS1–5.8S rDNA sequences already described by Vila

et al. (in press), confirming the specificity of the PCR

product.

3.3. Detection of A. minutum cells in

contaminated mussels

In order to establish the possibility of detecting

microalgal DNA in mussel tissues, total genomic

DNA purified from mussels 7, 72 and 168 h after A.

minutum contamination was used as template in the

PCR assays. The hepatopancreas was separated from

the rest of the body to evaluate the possible dissimilar

distribution of microalgal DNA in digestive or non-

digestive tissues. In particular the gills, which have

also the function of harvesting food particles toward

the mouth, were always included in DNA extractions.

The DNA yield varied between 1 and 3 mg but the

amount of DNA purified from non-digestive tissues

was always greater when compared to DNA purified

from hepatopancreas. Algal cell concentration in the

aquarium was determined before every mussel

drawing: after 7 h from the beginning of the experi-

ment, the cell concentration was �1 � 105 cells L�1,

after 72 h it was 14 � 103 cells L�1 and after 168 h it

was 2.5 � 103 cells L�1. In order to establish the

largest amount of DNA usable in the reactions,

enhancing the sensitivity without exerting inhibitory

effects, three different amounts of DNA template
um

er in

sed samplea

Alexandrium

genus-specific

PCR

A. minutum

species-specific

PCR

n.a. +

n.a. +

n.a. +
b + +

+ +

9b + +

,352b + +
b + +

+ +

+ �
+ �
� �
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Fig. 4. Identification of Alexandrium cells in contaminated mussels. Mussel total genomic DNA purified from hepatopancreas or from the non-

digestive tissues (gills) was used in Alexandrium genus-specific (a, c, e) andA. minutum species-specific (b, d, f) PCR reactions. PCR assays were

performed at 7 h (a, b), 72 h (c, d) and 168 h (e, f) after the first A. minutum contamination using 1 mg and 100 ng of purified mussel DNA. +,

samples spiked with 10,000 copies of plasmid containing ITS1–5.8S–ITS2 A. minutum rDNA; L, 100-bp DNA ladder; n, negative control.
(1000, 100 and 10 ng) were used in the PCR assays.

With 10 ng of template DNA, the PCR amplified

products were visible until 72 h, when using either

DNA purified from hepatopancreas or from non-

digestive tissues (data not shown). Using 1000 or

100 ng of DNA template, the amplified products were

clearly visible until 168 h after the first contamination,

when cell concentration in the aquarium was

2.5 � 103 cells L�1 (Fig. 4). Positive controls spiked

with 104 copies of ITS1–5.8S–ITS2 A. minutum

cloned sequence were included in each PCR reaction

to check DNA amplifiability. Generally the DNA

purified from non-digestive tissues (gills) appeared
more amplifiable than DNA purified from hepatopan-

creas. In one case (Fig. 4a and b), 1000 ng of DNA

obtained from hepatopancreas completely inhibited

the PCR reaction, probably because of poor DNA

quality.
4. Discussion

The results obtained in this study demonstrate that

these PCR assays are potentially useful in monitoring

the presence of Alexandrium cells and in particular the

A. minutum species, in both seawater samples and
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shellfish tissues. The species-specificity of the PCR

assay was improved compared to that obtained in the

study carried out by Godhe et al. (2001) because we

have designed the A. minutum-specific primer (ITS1m)

to target the highly variable ITS1 rDNA region. The ITS

regions, which are located between the small subunit

(SSU), 5.8S and large subunit (LSU) genes, diverge

more rapidly during speciation and are more variable

among different species (Bargues et al., 2000). There-

fore, these sequences, compared to the SSU, 5.8S or

LSU genes, are more suitable for developing species-

specific PCR assays (Connel, 2002). The PCR assays

described in this study amplified 10 copies of ITS1–

5.8S–ITS2 A. minutum cloned sequence, even in the

presence of 100 ng of unrelated DNA as background.

We recently established through real-time PCR that the

ITS1–5.8S–ITS2 rDNA content in A. minutum is about

1000 copies/cell (Galluzzi et al., 2004). Taken together,

these data mean that the PCR assays can amplify a

theoretical equivalent amount of 0.01 cells in a 50 mL

reaction tube. While sensitivity is not a problem when

high biomass and monospecific blooms are monitored,

it could become an important problem in routine work,

when collected samples contain mixed phytoplankton

populations and the species of interest is not highly

represented. Moreover, the DNA extraction yield is

critical when high sensitivity is required and the

purification method should be as quantitative as

possible. We have shown that Alexandrium cells can

be detected in natural samples containing mixed

phytoplankton population, even at low cell concentra-

tion and when the target species is not a dominant

member of the natural plankton community (Table 1).

For example, in sample 9 the A. minutum cell number

was estimated to be only 100 in a net haul. This method

of collection was not quantitative and we don’t have any

information regarding A. minutum cell concentration in

the seawater however, considering the cell number

present on the net, this value must have been much

lower than 100 cells L�1.

Sensitivity is also important for the detection of

microalgal DNA in mussel tissues. In fact, unlike PSP

toxins, DNA can be metabolized by mussels and

therefore we expected to find a limited quantity of

genomic algal DNA in the hepatopancreas. For this

reason we also analyzed gills that, as well as taking in

oxygen, function to move food particles toward the

mouth. The results showed that algal DNA can be
detected in both tissues 1 week after initial contam-

ination, at which time 2500 A. minutum cells L�1 were

still present in the water. The presence of algal DNA in

mussel tissues could not possibly be due to

contamination by the water since mussels were

drained, tissues were fixed in 10 mL of 95% ethanol,

no more than 0.5 g of dry tissue were used for DNA

extraction and the DNA used in the PCR (100 ng) was

at least 1/10,000 of total DNA extracted. Even in the

hypothesis that the cut drained tissues contained 1 mL

of water (equivalent to 2.5 cells) per 0.5 g of dry

weight, after dilution in ethanol and DNA extraction

the theoretical number of cells in the PCR reaction

would have been 2.5 � 10�5 (equivalent to 0.025

rDNA copies), which would be undetectable in PCR.

In this study, we show that Alexandrium DNA

detection by PCR in natural samples using ITS1–5.8S

rDNA regions as targets is feasible, sensitive and

specific. Moreover, we demonstrate that this PCR

assay could be used for the detection of Alexandrium

DNA directly in mussels, where accumulation of PSP

toxins may cause serious problems for human health.

Further experiments will be needed to assess the

effective toxicity of mussels in which A. minutum cells

were detected by PCR. In fact, the presence of the A.

minutum DNA does not necessarily indicate the

presence of the toxin in mussels. However, because all

A. minutum strains can be potentially toxic, as we

registered in the Mediterranean Sea (Vila et al., in

press), the detection of DNA of these dinoflagellates in

mussels could give an ‘‘early warning’’ for the

possible presence of PSP toxin. This will be then

eventually confirmed by conventional toxicity assays.

Certainly, the availability of a PCR detection method

for the monitoring of A. minutum in mussels together

with a parallel monitoring of the PSP toxin presence

will provide conclusive evidence for the usefulness of

the molecular method reported here, that would

greatly improve the speed of toxicological investiga-

tions, if properly validated. These new studies will be

the subject for future investigations in our and other

laboratories.
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