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Abstract: The planktonic diatom genus Pseudo-nitzschia contains several genetically closely related
species that can produce domoic acid, a potent neurotoxin known to cause amnesic shellfish poisoning
(ASP). An early identification and an adequate monitoring of the potential toxic Pseudo-nitzschia spp.
are necessary. However, effective monitoring programs are time consuming due, in some cases, to
the cell morphology similarities among species, determined with light microscopy, that can result
in insufficient data to give a definitive species and toxins attribution. In this paper, Whole-Cell
Fluorescent In Situ Hybridization (WC-FISH) has been evaluated as a powerful tool to detect and
enumerate harmful cryptic and/or pseudo-cryptic Pseudo-nitzschia spp. collected in the Gulf of
Naples. Fluorescently labelled probes directed against the ribosomal RNA (rRNA) of the 28S large
subunit (LSU) were used. In particular, five probes detecting four cryptic species of Pseudo-nitzschia
delicatissima complex and one specific for Pseudo-nitzschia multistriata gave good results for the
molecular identification of potentially toxic target species in natural samples. Finally, we can state
that the WC-FISH method, to identify Pseudo-nitzschia species, is faster and more cost-effective if
compared with other rDNA-based methods.

Keywords: fluorescent probes; molecular identification; harmful algae; hybridization; Pseudo-nitzschia
pseudodelicatissima/delicatissima complex; ribosomal RNA

1. Introduction

The monitoring of the Pseudo-nitzschia spp. is of fundamental importance because
of the worldwide distribution of these marine planktonic diatoms producing harmful
compounds. Among toxins, domoic acid (DA) is produced by the Pseudo-nitzschia spp.
under certain conditions [1] and it can bioaccumulate along the food chain causing damage
to mammals and human health with symptoms of different nature, such as ataxia, head
weaving, muscle tremor, titanic convulsions, rubbing, and lethargy [2–6].

Multiple toxigenic Pseudo-nitzschia species frequently coexist in the same environment,
even during bloom events that appear to be dominated by a single species [7–9].

Since the genus Pseudo-nitzschia includes many species, their accurate taxonomic
identification is important since they can be associated with domoic acid production [10].

Unfortunately, all Pseudo-nitzschia species have a very similar gross morphology,
which makes them difficult and often impossible to identify at the species level with
light microscopy. Although species determination, in some cases, can be carried out with
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electron microscopy, which allows for the observation of the main diagnostic characters,
such as the presence/absence of the central larger interspace or the number and structure of
fibulae, striae, and poroids, molecular approaches over time have become an increasingly
important supplement, constituting as an essential tool for the identification of the several
cryptic/pseudocryptic species now belonging to this genus [11,12].

Indeed, new cryptic and pseudo-cryptic species have recently been described within
the P. pseudodelicatissima [10,13,14] and P. delicatissima complex [15–17].

More recent molecular approaches, such as qPCR, ARISA, microarray, and dot blot
hybridization systems have been used for specific and sensitive Pseudo-nitzschia species
identification and/or quantification from clonal cultures [18–21]. Molecular methods are
essentially based on the evaluation of the sequence variation of oligonucleotide primers
and/or probes in target nucleotide regions and allow the accurate identification of various
phytoplanktonic toxic species [22–24].

In this paper, Fluorescence In Situ Hybridisation (FISH) has been evaluated as a
powerful tool to detect and enumerate harmful microorganisms in the marine environment.
Different FISH methods are available and, especially in combination with automated
counting techniques and the development and updating of oligonucleotide probes able
to discriminate toxic species, can be attainable for routine monitoring of harmful marine
microalgae [25–32]. However, FISH-based methods are not yet regularly included in
monitoring programs tracking the presence of harmful marine microalgae. A limitation
factor of the FISH technique is the currently available number of suited fluorochromes
attached to the FISH probes to detect various harmful species in one environmental sample
at the same time. However, coupled automated techniques, like biosensors, microarrays,
and quantitative polymerase chain reaction (qPCR) can facilitate the analysis of numerous
field samples and help to overcome this drawback [33]. A great benefit of FISH compared
to other molecular detection methods of harmful algal blooms is the direct visualisation of
the hybridised target cells (whole cell FISH), which are not allowed in cell free formats, as
DNA-dependent analysis methods [34].

In this study, we applied the Whole-Cell Fluorescent In Situ Hybridization (WC-FISH)
on cryptic and/or pseudo-cryptic species of the genus Pseudo-nitzschia collected in the
Gulf of Naples. We used fluorescently labelled probes directed against the ribosomal
RNA (rRNA) of the 28S large subunit (LSU). Primers designed on DNA ribosomal large
subunit (LSU), targeted on its D1 hyper-variable region, identified the most Pseudo-nitzschia
species [35]. Oligoprobes, designed on LSU hypervariable region of 28S, of rDNA devel-
oped to build up the microarray for toxic Pseudo-nitzschia spp. detection [21] have been
used in this study to reveal Pseudo-nitzschia spp. in natural samples through WC-FISH. The
work was carried out to obtain a semi-quantitative estimation of the presence of potentially
toxic Pseudo-nitzschia cryptic/pseudo-cryptic species in environmental samples by applying
the WC-FISH.

2. Materials and Methods
2.1. Pseudo-nitzschia Cultivation

Experiments were carried out with selected strains of Pseudo-nitzschia species estab-
lished from single chains of cells, isolated at the Long Term Ecological Research Station
MareChiara (LTER-MC, 40◦48.5′ N, 14◦15′ E) in the Gulf of Naples. Nine different species
of Pseudo-nitzschia were used: four belonging to the P. delicatissima complex (P. allochrona,
P. arenysensis, P. delicatissima, P. dolorosa) and two belonging to the P. pseudodelicatissima com-
plex (P. calliantha, P. pseudodelicatissima) together with non-cryptic P. fraudulenta, P. galaxiae,
and P. multistriata. The reason for choosing the strains selected is to develop a method
for discriminating between toxic and non-toxic species for a person with no training in
the genus Pseudo-nitzschia. In addition, the reason was to also identify among the species
belonging to the same complex the so-called cryptic or pseudo-cryptic ones, which often
include both toxic and non-toxic species (as in the case of P. delicatissima complex, in which
P. delicatissima is toxic while the cryptic P. arenysensis and P. allochrona are not toxic).
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All Pseudo-nitzschia species were grown in 50 mL flasks containing 35 mL Guillard’s f/2
medium [36] at 22 ◦C on a 16:8 h light:dark cycle at an irradiance of 100 µmol photons m−2 s−1.
Growth of each species was monitored every 24 h by sedimentation of 1 mL of culture
in Sedgewick Rafter Counting Chamber [37] and counted using a Leica DMLD inverted
microscope. Pseudo-nitzschia cells at the mid/end of the exponential phase were used for
further in situ hybridization experiments.

2.2. Whole-Cell Fluorescent In Situ Hybridization (WC-FISH) on Pseudo-nitzschia Species
Monocultures—Probes Testing and Cross-Reactivity Assays

The WC-FISH protocol used in this work was optimised starting from the methods of
Miller and Scholin (1998, 2000) [25,38] and Groben and Medlin (2005) [39] with some minor
modifications. An aliquot (25 mL) of each culture at mid-exponential phase was filtered
on 0.8 µm isopore polycarbonate membrane filters (MilliporeTM, Darmstadt, Germany)
using a vacuum filtration apparatus. The filters were incubated at 4 ◦C for 2 h in a
modified saline–ethanol fixative freshly prepared by mixing 22 mL 95% ethanol, 5 mL
deionized H2O, and 3 mL 25× SET buffer (3.75 M NaCl, 25 mM EDTA, 0.5 M Tris HCl,
at pH 7.8) [38]. Then, the fixative solution was gently vacuum removed (~100 mmHg),
and filters were immediately processed for WC-FISH; alternatively, they were stored at
−20 ◦C [38]. For the pre-hybridization step, the filters were incubated in 5× SET buffer
for 5 min at RT and treated with dimetil-formamide (DMF, 50%) for 1 h at RT to remove
the chlorophyll autofluorescence and washed with 5× SET buffer for 5 min at RT. Then,
each filter was cut into 12 sections, and placed on a 24-well plate minibasket (Thermo
ScientificTM, Rockford, IL, USA) in hybridization buffer (5× SET buffer, 0.1% v/v IGEPAL-
CA630-octylphenoxypolyethoxyethanol, 30 µg mL−1 poly(A), 40% formamide) containing
50 ng µL−1 of the specific probes; then, the filters were incubated at 45 ◦C for 2 h. During
initial testing, cultures were hybridized in separate reactions by using their probes labelled
with fluorescein 5-isothiocyanate (FITC) at the 5′ end (Thermo ScientificTM, Rockford, IL,
USA). The probes tested and the targeted species are reported in Table 1.

Table 1. Oligonucleotide probes used for Pseudo-nitzschia WC-FISH. The table shows the complex
species, name probe, sequence, target species, target genes, and melting temperature (Tm).

Complex Probe a Sequence (5′-3′) Target Species Target
Gene

Tm
(◦C)

P. delicatissima

Pdel4D02_25 GATTGTGCAAATATCCAACCACTGT P. allochrona 28S 66.6
Pdel4D03_25 TGACAACGACTCACTCTACCAGGC P. allochrona 28S 69.4
Pdel3D01_25 GACAAAAACTCACTCTACCAGGCGG P. arenysensis 28S 69.5
Pdel3D02_25 TAATGTTAAAGTCTATAGACCACAA P. arenysensis 28S 55.5
Pdel2D01_25 TCCAACCACTGTTACTTTCATTACG P. delicatissima 28S 65.6
Pdel1D01_25 TTGACAACGACTCACTCCACCAGG P. dolorosa 28S 71.5

P. pseudodelicatissima
Pman2D03_25 CTTCAGACCACAATTCGGCGCTTAAA P. calliantha 28S 65.6
PpdelD02_25 CCCGGCAGATAACGTCAAGGTCTAT P. pseudodelicatissima 28S 70.4
PNFRAGA ATTCCACCCAAACATGGC Pseudo-nitzschia spp. 18S 63.3

PfrauD04_25 ACGGGAGTTTCACCCTCTCAGCTGTC P. fraudulenta 28S 66.3
PgalaD02_25 CCAAAGGAATCAACCAAAGCAAACC P. galaxiae 28S 71.8
PmulaD03_25 AACCCAAACTCACGAAAGCTCACAG P. multistriata 28S 69.8

Controls a
Uni-C GWATTACCGCGGKGCTG Eukaryotic 18S 64.6

Uni-R CAGCMGCCGCGGUAAUWC Prokaryotic 16S 60.6
a Uni-C is the positive control, SSU-targeted universally conserved sequence (519r [40]); Uni-R is the complement
of Uni-C.

Nine probes tested in dot blot assays for their specificity species were designed to
target the large subunit (LSU, 28S) ribosomal DNA of Pseudo-nitzschia species [41]. The
ARB (from 2005), now SILVA, database alignment was screened for signature positions
for the nine species using the “probe design” function of the program package ARB [42].
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The specificity of the potential probes was then tested in silico in ARB and by BLAST
searches. The probes were examined for hairpin loops and primer dimer formation using
the software Oligo 5 (http://www.oligo.net (accessed on 15 May 2012)). The position of
probes in the RNA’s secondary structure was checked within ARB [41]. The samples were
also probed with the positive control probe Uni-C (directed toward universally conserved
eukaryotic sequences of 18S rRNA), the negative control probe Uni-R (directed toward
universally conserved prokaryotic sequences of 16S rRNA) [38], and hybridization without
probe. After the hybridization, the unbound probe was removed with post-hybridization
washes with 5× SET buffer; concentration of washing buffer, temperature, and wash-
ing time were optimised to obtain the most intense and specific fluorescence signal of
the probe compared with positive control (Uni-C). Images of cells post-hybridization
were captured using a Leica DMRB fluorescence microscopy and Leica camera system at
100× after mounting the filter pieces on slides with Citifluor Antifade Mountant (Thermo
Fisher Rockford, IL, USA)/DAPI (1 µg mL−1) 2:1 (v/v). In order to identify probes’ cross-
reactivity, each probe was also hybridised against all non-target species in the same condi-
tion established in the preliminary probe tests. After the hybridization, the stringency of
the post-hybridization washing (i.e., concentration of 5× SET washing buffer and washing
temperature) were strictly optimised in order to remove the nonspecific bounds and to
avoid the cross-reaction problems.

2.3. WC-FISH on Artificial Samples

WC-FISH test was applied to artificial samples consisting of both unialgal cultures
and mixed cultures (simulated field samples). For the unialgal culture samples, 25 mL of
monoculture at mid-exponential phase of the cryptic species belonging to the P. delicatissima
complex (P. allochrona, P. arenysensis, P. delicatissima) and P. multistriata were respectively
filtered and hybridised using the above established protocol. The simulated field samples
were prepared by adding 25 mL of the cryptic monoculture P. arenysensis to 25 mL of
P. multistriata and also by adding 25 mL of P. allochrona at the previous strain mix. All the
monocultures were utilised at a mid-exponential phase. Then, the two different simulated
field samples were filtered and hybridised as the above established protocol. The relative
cell number of both single monocultures and the simulated field samples was estimated
with the Utermöhl method in light microscopy. Counting was carried out at 400× magnifi-
cation in random visual fields to count a minimum of 500 cells, and the cell density was
expressed as mean ± standard error (cells mL−1) (n = 3). After the WC-FISH, the labelled
fluorescent cells were counted with a Leica DMRB fluorescence microscopy viewing the
entire surface of the filter, and the value (cells mL−1) was expressed as mean ± standard
error (n = 3). For the different samples, the detection efficiency (%) of the WC-FISH test was
evaluated as the ratio between the cell density detected by the epifluorescence microscope
after WC-FISH vs. Utermöhl counting method by light microscope before WC-FISH.

2.4. WC-FISH on Environmental Samples

The screened probes were then tested using field samples from the site Long-Term Eco-
logical Research station MareChiara (40◦48.5′ N, 14◦15′ E) in the Gulf of Naples (Tyrrhenian
Sea) that were routinely collected as part of a long-term ongoing study of phytoplankton
monitoring. The samples used were those collected from May 2011 to April 2012. Cell
counting was done by using light microscopy on the samples fixed in 0.6% formaldehyde
and then stored in the dark at 4 ◦C. A volume ranging from 1 to 50 mL was left to settle in
an Utermöhl chamber for counting and enumeration at 400× magnification along transects
(minimum of 200 cells); cell density was expressed as mean ± standard error, cells mL−1

(n = 3). For WC-FISH, volume samples of 50 or 75 mL were filtered on 0.8 µm isopore
polycarbonate membrane filters (MilliporeTM, Darmstadt, Germany) fixed in a modified
saline–ethanol at 4 ◦C for 2 h as reported above and hybridised as established by protocol.
The probes against the cryptic species P. allochrona, P. arenysensis, P. delicatissima, P. dolorosa
labelled with fluorescein isothiocyanate -FITC (Thermo Scientific™, Rockford, IL, USA)

http://www.oligo.net
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were hybridised at the same time but on different filters sections; simultaneously, the probe
against P. multistriata was labelled with Cyanine-Cy3 (Thermo Scientific™, Rockford, IL,
USA) and used.

3. Results
3.1. Probes Testing and Cross-Reactivity Trials

Species-specific candidate probes labelled with FITC fluorophore were tested on
Pseudo-nitzschia target species monocultures (Table 1). Cells of each pure culture were
hybridised with their species-specific probes, and the best WC-FISH hybridization con-
ditions for each probe were established (Table 2). Washing temperature and washing
buffer concentration were optimised to obtain a good epifluorescent signal as the visual
intensity of the probe fluorescence of each target species in comparison with the positive
control (Uni-C) (Figure 1). Essentially, in order to use multiplex probes for the subsequent
field sample analysis and to ensure the specificity of the probe, even if at a slightly dif-
ferent melting temperature, we decided to maintain a fixed hybridization temperature
and FA concentration. For the same reason, we tested different stringency conditions by
regulating both the washing and temperature buffer concentration (Table 2). As a result
of protocol optimization, the cells showed a uniform distribution of bright fluorescence
throughout the cell except for the nuclear region, where fluorescence was confined to
nucleoli (Figure 1). Treatments with a negative control probe (Uni-R) showed samples
consistently dark, demonstrating no nonspecific binding or autofluorescence (Figure 1).

Table 2. Probes testing and WC-FISH optimisation. The table shows hybridization temperature,
formamide concentration (FA), temperature, and concentration of post-hybridization buffer and
epifluorescent signal. Cells with signal intensity similar to the positive control were scored as ‘++’.

Probe Target Species Hybridization T
(◦C) FA (%) Washing T

(◦C)
Washing Buffer
Concentration

Epifluorescent
Signal

Pdel4D02_25 P. allochrona 45 40 55 0.5× ++
Pdel4D03_25 P. allochrona 45 40 55 0.5× ++
Pdel3D01_25 P. arenysensis 45 40 55 0.5× ++
Pdel3D02_25 P. arenysensis 45 40 55 0.5× ++
Pdel2D01_25 P. delicatissima 45 40 55 0.5× ++
Pdel1D01_25 P. dolorosa 45 40 55 0.5× ++

Pman2D03_25 P. calliantha 45 40 55 0.5× ++
PpdelD02_25 P. pseudodelicatissima 45 40 50 0.5× ++
PfrauD04_25 P. fraudulenta 45 40 55 2× ++
PgalaD02_25 P. galaxiae 45 40 55 2× ++
PmulaD03_25 P. multistriata 45 40 55 0.5× ++

To identify any cross-reactivity at this calibrated condition, each probe was hybridised
against the different Pseudo-nitzschia species. Determination of cross-hybridizations was
based on visual intensity of fluorescence in comparison with non-target cells; the posi-
tive (Uni-C) and negative (Uni-R) control treatments defined a range of labelling inten-
sities providing a visual reference to assess the reactivity of specific probes (Table 3).
The results showed that probes Pdel4D03_25, Pdel2D01_25, and PmulaD03_25 exclu-
sively detected their target species P. allochrona, P. delicatissima, and P. multistriata, respec-
tively (Table 3); instead, the probes Pdel3D01_25 and Pdel1D01_25 also weakly detected
P. fraudulenta; PpdelD02_25 also detected P. galaxiae and P. calliantha; PgalaD02_25 detected
both P. pseudodelicatissima and P. calliantha; Pman2D03_25 detected both P. pseudodelicatis-
sima and P. galaxiae; and PfrauD04_25 hybridised with both P. arenysensis and P. dolorosa
species (Table 3).
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Figure 1. Images of WC-FISH assays of pure culture of some cryptic Pseudo-nitzschia species hy-
bridised to their species-specific probes. Each row of micrographs displays cells of pure cultures
under epifluorescence microscopy in DAPI (a–e) and FITC (f–j) filters. The last two rows of micro-
graphs display the hybridization with Uni-C (positive control) (d,i) and Uni-R (negative control) (e,j)
probes. Scale = 10 µm.
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Table 3. Cross-hybridization trials. Specificity of probes against different Pseudo-nitzschia species.
Probes that successfully hybridised were scored as positive “++” (highly visible) and “+” (weakly
visible) under the epifluorescent microscope; probes that failed to detect a culture were scored as
negative “–”.

Species Probe

Pd
el
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03

_2
5

Pd
el

3D
01

_2
5

Pd
el

2D
01

_2
5

Pd
el

1D
01

_2
5

Pm
an

2D
03

_2
5

Pp
de

lD
02

_2
5

Pf
ra

uD
04

_2
5

Pg
al

aD
02

_2
5

Pm
ul

aD
03

_2
5

U
ni

-C

U
ni

-R

P. allochrona ++ – – – – – – – – ++ –
P. arenysensis – ++ – – – – + – – ++ –

P. delicatissima – – ++ – – – – – – ++ –
P. dolorosa – – – ++ – – + – – ++ –

P. calliantha – – – – ++ + – + – ++ –
P. pseudodelicatissima – – – – + ++ – + – ++ –

P. fraudulenta – + – + – – ++ – – ++ –
P. galaxiae – – – – + + – ++ – ++ –

P. multistriata – – – – – – – – ++ ++ –

After several tests, the recalibration of the WC-FISH condition by increasing post-
hybridization temperature and/or buffer washing stringency allowed it to successfully
overcome some cross hybridizations (Tables 4 and 5). In particular, we eliminated the cross-
hybridization for all the probes of the P. delicatissima complex (Pdel1D01_25, Pdel2D01_25,
Pdel4D02_25, and Pdel4D03_25) which continues to retain a strong signal (++) against
their target cells (Table 5); on the contrary, it was very difficult to completely remove the
cross-hybridization of P. pseudodelicatissima complex probes (PpdelD02_25, PgalaD02_25,
and Pman_25) despite the new hybridization conditions (Table 5). Therefore, for these
probes, no other attempts were made to optimise the whole-cell hybridization conditions,
and they were excluded from the subsequent trials.

Table 4. WC-FISH optimization. Hybridization temperature, formamide concentration (FA), temperature,
and concentration of post-hybridization buffer to avoid cross-hybridization of the selected probes.

Probe Target Species Hybridization T
(◦C) FA (%) Washing T (◦C) Washing Buffer

Concentration

Pdel4D02_25 P. allochrona 45 40 55 2×
Pdel3D01_25 P. arenysensis 45 40 58 0.5×
Pdel2D01_25 P. delicatissima 45 40 45 5×
Pdel1D01_25 P. dolorosa 45 40 58 0.5×

Pman2D03_25 P. calliantha 45 40 55 0.5×
PpdelD02_25 P. pseudodelicatissima 45 40 55 2×
PfrauD04_25 P. fraudulenta 45 40 55 2×
PgalaD02_25 P. galaxiae 45 40 58 5×
PmulaD03_25 P. multistriata 45 40 58 2×

Based on these results, it may be speculated that by using the new calibrated condi-
tions for WC-FISH experiments, the screened probes could be useful for the molecular
identification of the target species and also in natural samples containing many different
microalgae. To this aim, we proceeded to their validation as reported below.
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Table 5. Cross-hybridization trials. Cross-reactivity of the screened probes after WC-FISH optimiza-
tion conditions. Probes that successfully hybridised were scored as positive “++” (highly visible) and
“+” (weakly visible) under the epifluorescent microscope; probes that failed to detect a culture were
scored as negative “–”. The species/probes still retaining cross-hybridization signals are in bold.

Species Probe

Pd
el

4D
03

_2
5

Pd
el
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01
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5

Pd
el

2D
01

_2
5

Pd
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5
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02

_2
5

Pm
ul

aD
03

_2
5

U
ni

-C

U
ni

-R

P. allochrona ++ – – – – – – – – ++ –
P. arenysensis – ++ – – – – – – – ++ –

P. delicatissima – – ++ – – – – – – ++ –
P. dolorosa – – – ++ – – – – – ++ –

P. calliantha – – – – ++ + – + – ++ –
P. pseudodelicatissima – – – – + ++ – + – ++ –

P. fraudulenta – – – – – – ++ – – ++ –
P. galaxiae – – – – + + – ++ – ++ –

P. multistriata – – – – – – – – ++ ++ –

3.2. WC-FISH on Artificial Samples

In order to verify if the screened probes would be useful for qualitative and/or quanti-
tative evaluation, the probes Pdel4D02_25, Pdel3D01_25, Pdel2D01_25, and PmulaD03_25,
targeted, respectively, on P. allochrona, P. arenysensis, P. delicatissima, and P. multistriata,
were hybridised on artificial samples composed of a single and/or mixed Pseudo-nitzschia
monoculture species. Specifically, when the Pdel4D02_25, Pdel3D01_25, Pdel2D01_25,
and PmulaD03_25 probes were hybridised on samples containing only a single species, a
positive hybridization with a well-defined signal was detectable (Figure 2).

For quantitative analyses, the cell density of these samples was evaluated by the Uter-
möhl method in light microscopy before the WC-FISH test, and the value was compared to
that obtained by epifluorescence microscopy after WC-FISH [43,44]. The results, expressed
as the detection efficiency (%) of the WC-FISH vs. Utermöhl counting method, showed a
good agreement between the two methods in the sample of P. arenysensis and P. multistriata
(99% and 89% respectively), slightly an underestimation for P. allochrona (78%), and a
very low detection efficiency for P. delicatissima (23%) (Figure 3). This evidence suggests
that only the probes Pdel3D01_25 and PmulaD03_25 can also quantitatively reveal their
target species P. arenysensis and P. multistriata while the signal from probe Pdel4D03_25 for
P. allochrona is weaker and Pdel2D01_25 for P. delicatissima not properly detectable (Figure 3).
For this reason, excluding the probe Pdel2D01_25, we evaluated the efficiency of the probes
Pdel3D01_25, PmulaD03_25, and Pdel4D03_25 in the artificial mixed samples (simulated
field samples).

The results showed that the detection efficiency (%) decreased significantly when
mixing only two species (i.e., P. arenysensis and P. multistriata (from 99% to 59.1% for
P. arenysensis; from 89% to 59.5% for P. multistriata)) (Figures 3 and 4) and dropped when
mixing all the three species (i.e., P. arenysensis, P. multistriata, P. allochrona) (Figures 4 and 5).
These results confirmed that the detection efficiency of WC-FISH decreases with the increase
in the number of species in the sample, probably due to the probe competition at the target
sites, even if the probes have been used at saturating concentrations.
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3.3. WC-FISH on Environmental Samples

To determine if WC-FISH would be able to detect the targeted cells in natural seawater
qualitatively and/or quantitatively, we applied the screened probes for the P. delicatissima
complex to natural samples (field-test) collected monthly at the LTER station in the Gulf of
Naples. After the WC-FISH, it was possible to identify the cryptic species belonging to the
P. delicatissima complex; otherwise, it would be impossible to identify the species with light
microscopy (LM) (Figure 6). Further, the probe against P. multistriata (non-cryptic species)
labelled with a different fluorochrome (Cy3) was used to verify if it would be possible to
simultaneously detect almost two target species in the same sample.
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Figure 6. WC-FISH assays on natural samples targeted to species-specific cryptic Pseudo-nitzschia
probes. Each row of micrographs displays cells of natural samples under fluorescence microscopy
in DAPI (a–d) and FITC (e–h) filters. The last two rows of micrographs display the same sample
processed as multiplex WC-FISH by using the two different probes labelled with FITC and Cy3
respectively. Scale = 10 µm.
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The cell density of the different samples was estimated before and after WC-FISH, and
the detection efficiency of the WC-FISH was summarised in the Table 6. The highest density
of the P. delicatissima complex was detected in April (686,861 cells mL−1) when WC-FISH
detected only the cryptic species P. arenysensis and P. delicatissima (Table 6); a conspicuous
density has been found in September (288,038 cells mL−1) when the screened probes for the
P. delicatissima targeted to all four of the species P. arenysensis, P. delicatissima, P. dolorosa,
and P. allochrona (Table 6). As already shown by the test on the artificial samples, while
the number of cryptic species increased in the sample, the detection efficiency decreased.
Indeed, in the samples where only one cryptic species was detected (June and July), the
detection efficiency rose up to the 89%, whereas it decreased up to 14.3% in the samples
where all four of the cryptic species were detected (Table 6). In the February sample, the
total absence of the P. delicatissima complex corresponded to the total absence of a signal
after WC-FISH, confirming the specificity of the method (Table 6).

Table 6. Cell density (cell mL−1) in natural samples before WC-FISH was estimated as a P. delicatissima
complex and cell density of some Pseudo-nitzschia delicatissima cryptic species after WC-FISH. The
detection efficiency (%) of the WC-FISH was calculated by the ratio between epifluorescence counting
vs. light microscopy counting.

Sampling
Date

Light Microscopy
Counting (Utermöhl

Method) (Cells mL−1)
Epifluorescence Microscopy Counting (WC-FISH) (Cells mL−1) % Detection

Efficiency

P. delicatissima complex P. allochrona P. arenysensis P. delicatissima P. dolorosa Total cryptic
species

May 210,490 ± 12,735 6900 ± 434 3900 ± 273 12,100 ± 726 - 22,900 ± 1433 10.9
June 16,498 ± 989 - - 14,400 ± 864 - 14,400 ± 864 87.3
July 33,235 ± 2126 - - 29,600 ± 1776 - 29,600 ± 1776 89.1

September 288,038 ± 17,162 3800 ± 252 7000 ± 470 28,200 ± 1792 2200 ± 153 41,200 ± 2667 14.3
February - - - - - - -

March 177,855 ± 10,749 - 13,517 ± 821 4091 ± 275 - 17,608 ± 1096 10
April 686,861 ± 41,680 - 103,029 ± 6181 61,130 ± 3767 - 164,159 ± 9948 23.9

4. Discussion

In this study, for in situ hybridization, we applied the protocols from Miller and
Scholin (1998, 2000) [25,38] and Groben and Medlin (2005) [39] with some minor modifica-
tions, using specific fluorescently labelled probes to Pseudo-nitzschia species as tested on a
microarray rRNA based phylochip [21]. Our results demonstrate that 28S rRNA targeted
oligonucleotides are promising tools that can make the identification of Pseudo-nitzschia
cryptic and pseudo-cryptic quickly. By using positive and negative control treatments,
we defined a range of possible labelling intensities for any sample. Of the nine species-
specific probes designed and tested, only six showed a species-specific response with an
intensity comparable to that of the positive controls. Unfortunately, the cross-test and the
optimization of the WC-FISH hybridization did not eliminate the cross-reaction among
the target species of the P. pseudodelicatissima complex, probably due to highly similar
target regions on the rRNA of these species because of phylogenetic proximity [2,11]. The
presence of a-specific signals is attributed to the relatively conserved 28S region rRNA of
ca. 700 bp where the probes were designed to discriminate among and within the groups
of closely related species of Pseudo-nitzschia genus; even if in the 28S region of the genus
Pseudo-nitzschia, species often differ in single base-pair changes, as reported in the materials
and methods [41].

Optimal hybridization conditions of the probes could represent another problem. In
particular, the hybridization temperature of probes tested against the P. pseudodelicatissima
complex was 45 ◦C. The high stringency of the hybridization condition cannot be suitable
and the best choice for all the probes tested.

Moreover, to verify the accuracy and specificity of the screened probes for P. deli-
catissima complex and our method developed above, WC-FISH tests were performed on
artificial samples composed of both monoculture samples and the mix of two and/or
three different monoculture samples (simulated field samples). As far as the monoculture
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samples, the algal densities determined by LM were in agreement with WC-FISH analysis
(Figures 2 and 3). The results were rather similar except for probe Pdel2D01_25, for which
the counting by the epifluorescence microscopy after WC-FISH detected only 22% of the
counted cells in LM (Figure 3). This discrepancy was probably due to the physiological
state of the culture. In fact, the labelling intensity could be caused by an rRNA amount,
culture age, and metabolic state of cells that influence the abundance of ribosomes and
the target nucleic acid; it has been reported that the fluorescence intensity in cells declined
sharply in the late stationary stage of batch culture [45,46]. Indeed, although P. delicatissima
cells were analysed at the mid-exponential phase, as in the other samples, the cellular
physiologic state likely influences the label intensity, which in turn could significantly
wane, not allowing the probes to be visualized. In the natural population, it has been
well established that rRNA varies systematically with growth rate; fast growing cells have
more RNA per cell than the cells growing at slow rates [45]. Slow growth, associated with
phosphorus and nitrogen limitation, resulted in up to a 400% decrease of rRNA intensity of
labelled probes compared to nutrient-replete levels with the rRNA probe [46,47].

Even if one of the advantages of using single, fluorochrome labelled oligonucleotides
is that labelling and detection is simple and rapid, our results suggest that WC-FISH is not
reliable for quantitative analyses. As shown in simulated natural samples and/or in the
field samples collected in the Gulf of Naples, the Utermöhl counting and the epifluorescence
signal after whole-cell hybridization did not agree well. A quantitative comparison between
the species estimates by WC-FISH and microscopic methods revealed that the whole-cell
hybridization underestimated the relative abundance of Pseudo-nitzschia species compared
to the microscopic results, as the number of species in the simulated natural samples was
increasing (Figures 3–5). In fact, the WC-FISH detected up to 98.7% of the cells when the
simulated samples contained only one species, whereas the detection efficiency decreased
to 21.1% when three different cryptic species were mixed (Figures 4 and 5). In the natural
field samples, we observed that the WC-FISH method detected between 10% and 85% of the
cells, depending on the species richness of the field sample (Table 6) even if the cells with
green fluorescence intensity could be clearly and rapidly detected under the epifluorescence
microscope (Figure 6). The results on the field-test showed that the efficiency of the WC-
FISH depends on the homogeneity of the sample. Detection efficiency decreased when the
number of the cryptic species in the sample increased (e.g., in summer samples), but WC-
FISH provided a good quantitative estimate when the P. delicatissima complex is likely to be
homogeneous in species composition; otherwise, in autumn and early spring, when the
P. delicatissima complex increased in biodiversity, the WC-FISH showed a lower percentage
of species detection. In order to explain these data, we hypothesise that a competition
occurred among different probes simultaneously used at the target sites due to the high
percentage of similarity in the nucleotide sequences of the different probes; the weak cross-
hybridizations were removed during post-hybridization washing, causing sequestration of
the probe to their specific target sites and a partial loss of signal. This process is higher when
more target species are in the sample. However, different factors can affect hybridization
of cells in environmental natural populations. The high affinity of the probes for closely
related species that can cause competition between short and similar sequence probes
could result in a-specific hybridization [48,49]. Another parameter that can influence the
specificity and strength of signals is the probe length; finding a compromise between
probe length and specificity is still a challenging task [50,51]. The strength with which
probes label cells is due to the accessibility of the target sequence in the context of the
three-dimensional structure of the ribosome [52]. However, analysing low or undetectable
fluorescence in natural samples might occur when cells are unhealthy, resulting in fewer
ribosomes and, therefore, in a reduced fluorescence or due to the presence of dead Pseudo-
nitzschia cells, empty frustules that were free in the sample or hidden within fecal pellets or
sediment matrices.

Despite these weaknesses, the WC-FISH method is able to qualitatively detect the
different cryptic species present in the samples, confirming that it is a good method for
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qualitative analyses of a Pseudo-nitzschia delicatissima species complex. In particular, in
our study, the probes Pdel1D01_25, Pdel2D01_25, Pdel3D01_25, and Pdel4D03_25 may be
useful for molecular identification of the target species in natural samples containing many
different potentially toxic microalgae, identifying the specific genus Pseudo-nitzschia and
the toxin producing species at their bloom. The limit of WC-FISH for quantitative analysis
has not yet been completely overcome due to the effort to design and use probes with
similar melting temperatures (Tms) to aid in multiplexing; on the other hand, it could be
designed and used in groups of riboprobes with different Tms to be employed in parallel
experiments (multiprobing) but with different denaturation and washing temperatures.
However, this would make the method longer and perhaps not advantageous compared
to other molecular methods (i.e., PCR). Nevertheless, WC-FISH could be a useful tool
for a very early qualitative screening method to be combined with classical microscopic
analysis or to combine it with other very stable environmental processors. Further, this
technique will be most useful for the early detection of single species blooms, especially
for HAB, when microscopic analyses are not practical (i.e., cryptic species). That issue
becomes particularly prominent when considering that HAB species pose human health
and ecological threats often at very low cell densities (~102 cells L−1).

Finally, it should be noted that the WC-FISH is faster and more cost-effective compared
with other rDNA-based methods for the identification of Pseudo-nitzschia species. A concrete
example of a specific probe hybridization technique used in the environmental field is
represented by the company Microbia Environment that patented CARLA technology for
Cellular Activity RNA-based eLisA. The assay is designed to detect cyanobacteria and
microalgae in environmental water in less than 3 h using sequence-specific hybridization
biosensors for a target of microalgae ribosomal RNA (rRNA) (https://www.microbia-
environnement.com (accessed on 30 September 2022)).

In this study we have demonstrated that it is possible to discriminate a variety of
Pseudo-nitzschia species collected from natural populations in situ and in near real-time.
Altogether, the fluorescent oligonucleotide probes tested in our study show great promise
as tools that can facilitate the monitoring of Pseudo-nitzschia species in natural samples.

Author Contributions: Conceptualization, M.F., L.R., I.P. and R.C.; methodology, M.F., L.R., I.P.
and L.B.; validation, M.F., L.R., I.P. and L.B.; investigation, M.F. and L.R.; writing—original draft
preparation, M.F. and L.R.; writing—review and editing, M.F., L.B., A.M., C.G., S.G. and R.C.;
supervision, R.C.; project administration, R.C.; funding acquisition, R.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by University of Calabria (ex 60% University Research Funds
2010–2012).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Moreno, A.R.; Anderson, C.; Kudela, R.M.; Sutula, M.; Edwards, C.; Bianchi, D. Development, Calibration, and Evaluation of a

Model of Pseudo-nitzschia and Domoic Acid Production for Regional Ocean Modeling Studies. Harmful Algae 2022, 118, 102296.
[CrossRef] [PubMed]

2. Scholin, C.A.; Gulland, F.; Doucette, G.J.; Benson, S.; Busman, M.; Chavez, F.P.; Cordaro, J.; DeLong, R.; De Vogelaere, A.;
Harvey, J.; et al. Mortality of Sea Lions along the Central California Coast Linked to a Toxic Diatom Bloom. Nature 2000, 403,
80–84. [CrossRef] [PubMed]

3. Guillou, L.; Nézan, E.; Cueff, V.; Erard-Le Denn, E.; Cambon-Bonavita, M.-A.; Gentien, P.; Barbier, G. Genetic Diversity and
Molecular Detection of Three Toxic Dinoflagellate Genera (Alexandrium, Dinophysis, and Karenia) from French Coasts. Protist
2002, 153, 223–238. [CrossRef] [PubMed]

4. Zabaglo, K.; Chrapusta, E.; Bober, B.; Kaminski, A.; Adamski, M.; Bialczyk, J. Environmental Roles and Biological Activity of
Domoic Acid: A Review. Algal Res. 2016, 13, 94–101. [CrossRef]

https://www.microbia-environnement.com
https://www.microbia-environnement.com
http://doi.org/10.1016/j.hal.2022.102296
http://www.ncbi.nlm.nih.gov/pubmed/36195423
http://doi.org/10.1038/47481
http://www.ncbi.nlm.nih.gov/pubmed/10638756
http://doi.org/10.1078/1434-4610-00100
http://www.ncbi.nlm.nih.gov/pubmed/12389812
http://doi.org/10.1016/j.algal.2015.11.020


Diversity 2023, 15, 521 15 of 16

5. Bates, S.S.; Hubbard, K.A.; Lundholm, N.; Montresor, M.; Leaw, C.P. Pseudo-nitzschia, Nitzschia, and Domoic Acid: New Research
since 2011. Harmful Algae 2018, 79, 3–43. [CrossRef]
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