
Diatom Research, 2013
http://dx.doi.org/10.1080/0269249X.2013.821424

Blooms of Pseudo-nitzschia pseudodelicatissima and P. calliantha, and associated domoic acid
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The toxigenic diatomPseudo-nitzschia pseudodelicatissima (Hasle) Hasle is reported for the first time in the south-western Atlantic Ocean,
and is associated with high concentrations of domoic acid (DA) in cultivated mussels. Water samples were collected from seven shellfish
farms along the coast of Santa Catarina State, South Brazil, from March 2008 to March 2009. The material was identified in transmission
electron microscopy, and typical morphological features of the species were presented and compared with data available in the literature.
Pseudo-nitzschia pseudodelicatissima appeared in higher abundances during the austral summer of 2009 from 21 January to 17 February,
accounting for 80.2–98.0% of the total Pseudo-nitzschia cells in the majority of the stations. Pseudo-nitzschia cells reached abundances
as high as 22.5 × 106 cells L−1 almost entirely composed of P. pseudodelicatissima. At four stations, blooms lasted 7–15 days, depending
on the sampling station. The concentrations of DA measured in the bivalve Perna perna (Linnaeus, 1758) surpassed the threshold value
of 20µg g−1 wet weight of tissue for 13 days, with maximum value of 98.5µg g−1, prompting the closure of harvesting and the embargo
of shellfish commercialization for 31 days. Other potentially harmful Pseudo-nitzschia species detected during the summer blooms of
P. pseudodelicatissima were P. calliantha Lundholm, Moestrup & Hasle, P. multiseries (Hasle) Hasle and P. pungens (Grunow ex Cleve)
Hasle. Among these, P. calliantha became the dominant species at one station, contributing 86–98% of total Pseudo-nitzschia cell counts
and DA concentrations as high as 14.4µg g−1. In conclusion, P. pseudodelicatissima was recorded in high abundance at 5 of the 50
shellfish farms along the Santa Catarina coastline in 2009, and was associated with high concentrations of DA in mussel tissues. This
correlative evidence points to this species as a probable novel threat to commercial shellfish farming and the regional tourism in Santa
Catarina State.
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Introduction

Pseudo-nitzschia H. Peragallo is a marine genus of mainly
colonial biraphid diatoms comprising some 37 species dis-
tributed worldwide (Fryxell & Hasle 2005, Hasle & Lund-
holm 2005, Hernández-Becerril & Díaz-Almeyda 2006,
Lundholm et al. 2006, 2012, Quiroga 2006, Amato &Mon-
tresor 2008, Quijano-Scheggia et al. 2009). Currently, 14
species are known to produce domoic acid (DA; Lelong
et al. 2012), a neurotoxin harmful to humans, causing nau-
sea, diarrhea, abdominal cramps, headaches, loss of mem-
ory and respiratorymalfunctions (Lefebvre et al. 2001). The
toxin can be accumulated by bivalve mollusks when filter
feeding on phytoplankton.

After a detailed study based on morphological and
molecular data of strains assigned to the P. pseudodeli-

catissima complex, Lundholm et al. (2003) identified high
genetic and valve structure diversity in clonal strains from
different regions of the world. Therefore, they redefined
the circumscription of P. cuspidata (Hasle) Hasle and
P. pseudodelicatissima (Hasle) Hasle, also proposing two
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new species, P. calliantha Lundholm, Moestrup & Hasle
and P. caciantha Lundholm, Moestrup & Hasle. Later,
Amato & Montresor (2008) described a new species in
the P. pseudodelicatissima complex, P. mannii Amato &
Montresor, from the Gulf of Naples in Italy. More recently,
P. hasleana Lundholm and P. fryxelliana Lundholm were
newly described from the coasts of Washington State, USA
(Lundholm et al. 2012).

The so-called P. pseudodelicatissima complex is dis-
tinguished by slender valves, uniseriate striae, poroids
subdivided into a variable number of hymenate sectors,
and a central nodule between the conspicuous interspace
left by the central fibulae. Regarding interspecific separa-
tion in the complex, the main characters for differentiating
the species are valve shape, the number of hymenate sectors
in the poroids, and the structure and number of poroids in
the band striae (Lundholm et al. 2003).

Strains ofP. pseudodelicatissimawere recently recorded
as being able to produce DA under culture condi-
tions (Moschandreou et al. 2010), although in lower

© 2013 The International Society for Diatom Research

� ���� ��� ��� 	
� �� ���� � 	� �� ����� �� ������ �
� �� ��� ���� ��� �� �� ������ ��� ���� ������ ��� ��� �� �!"



2 Fernandes et al.

concentrations than other toxic species like P. multiseries

(Hasle) Hasle or P. seriata (Cleve) Hasle (Bates et al. 1991,
Fehling et al. 2004).All previous reports of toxin production
by P. pseudodelicatissima (Martin et al. 1990, Lundholm
et al. 1997, Pan et al. 2001) were made before revision
of the P. pseudodelicatissima species complex by Lund-
holm et al. (2003). Therefore, they can be attributed to
either P. pseudodelicatissima or any other of the species
included in this complex (cf., Moschandreou et al. 2010).
Pseudo-nitzschia pseudodelicatissima is widely distributed
and has been recorded in temperate to cold waters in
Europe, the Mediterranean Sea, the east and west coasts of
USA and Canada, and Chile (Lundholm et al. 2003, Kacz-
marska et al. 2005, Trainer et al. 2007, Álvarez et al. 2009,
Moschandreou & Nikolaidis 2010). Despite the high cell
abundances sometimes recorded in some of these regions,
only a few reports have documented the presence of DA
associated with P. pseudodelicatissma, for example, in the
Bay of Fundy, eastern Canada (Martin et al. 1990), Puget
Sound, Washington State (Trainer et al. 2007), and Greece
(Moschandreou et al. 2010).

During blooms of harmful Pseudo-nitzschia species in
marine shellfish farms, DAmay accumulate in shellfish tis-
sues which, after being consumed by humans and other
vertebrates, such as sea mammals and birds, may intoxicate
them. Following regulations in other countries, a concentra-
tion of 20µgDAg−1 wet weight of tissue was established
by the Brazilian sanitation agencies as the threshold for safe
shellfish consumption. In South Brazil, the coastal region
of Santa Catarina State accounts for 95% of the national
mussel and oyster production, generating 18 000 tons annu-
ally for the national market, with an annual budget of
US $21 million (Proença et al. 2011, EPAGRI 2012b).
Twelvemunicipalities are enrolled in a state program aimed
at promoting shellfish mariculture among 700 producers
and fishermen, scattered over 50 marine farms along the
coast of southern Brazilian. In 2002, following concerns
about seafood quality and an increase in harmful microalgal
blooms, the state agriculture authority (EPAGRI) launched
a pioneer phytoplankton-monitoring program in all marine
farms along the Santa Catarina coast. Within the frame-
work of the program, harmful algal species were monitored
weekly, and technical reports and measures to be under-
taken by the producers in the case of sudden increases in
toxic microalgae in the water, were released. The reports
were also made available online (EPAGRI 2012a).

Since 2006, the state monitoring program has detected
high numbers of Pseudo-nitzschia cells in most of the
marine farms, especially during the austral late spring and
late summer (Tavares et al. 2009, Alves et al. 2010). To
date, 11 species have been identified, including the toxi-
genic P. calliantha, P. multiseries and P. pungens (Grunow
ex Cleve) Hasle (K. Cavalcante, unpubl. data). In summer
2009, DA concentrations well above the regulatory limit
of 20µg g−1 wet weight of tissue were detected in mus-
sels, with a simultaneous bloom of cells assigned to the

P. pseudodelicatissima complex. As a result, the federal
authorities stopped the harvesting of shellfish for 23 days,
with serious economic implications for the local population
and regional tourism.

In this study, the first results of investigations carried
out to describe the aforementioned harmful event are pre-
sented. Data on toxin concentrations in mussels and cell
abundances of Pseudo-nitzschia spp. in the water samples
are provided. The main species involved in the bloom has
been identified as P. pseudodelicatissima based on ultra-
structural analyses of natural samples using transmission
electron microscopy. Moreover, the presence of P. pseu-
dodelicatissima sensu stricto in the south-western Atlantic
Ocean is reported for the first time, together with its likely
associationwith an accumulation ofDAbymussels inSouth
Brazil shellfish farms.

Material and methods

Sampling was carried out at fixed stations in seven shellfish
farms (Fig. 1, Table 1) of Perna perna (Linnaeus, 1758)
from March 2008 to March 2009 at 1–7-day intervals.

Study area

The shellfish farms OVV, ATS, OVG and CDR are located
in calm and shallow (<10m depth) mesoeutrophic waters
of South Bay (Simonassi et al. 2010) between the continent
and Florianópolis Island (Fig. 1). South Bay is connected
to the open sea through a narrow and relatively deep (30m)
channel. Seawater is transported to and out of the bay by
semidiurnal tides and the wind regime. Annual temperature
and salinity measured at subsurface in those stations vary
from 15.8 to 28.0◦C and from 29 to 35, respectively (Alves
et al. 2010,L.A.O.Proença, unpubl. data).Marine farmPPG
(5mmaximum depth) is located directly south of the above
stations, and is directly exposed to the open sea. Annual
variations in temperature and salinity at the subsurface are
from 18.5 to 25.0◦C and from 32.0 to 35.5, respectively.
Finally, stations PA and AI belong to the Penha munici-
pality to the north, ca. 80 km from Florianópolis. They are
relatively protected by two small embayments,with an aver-
age depth of 8m. Temperature and salinity at the subsurface
vary from12.0 to 30.0◦Cand from21.8 to 37.0, respectively
(Tavares et al. 2009).

Species identification and cell counts

Phytoplanktonwas collected throughvertical hauls from the
bottom to the surface using a 20-µmmesh size plankton net
(Nitex®, Swiss). Water samples were fixed with a 2% final
solution of buffered formaldehyde. Subsamples were pre-
pared for light (LM) and transmission electron microscopy
(TEM) observations following Hasle & Fryxell (1970).
However, these protocols proved to be too harsh to preserve
the delicate valve ultrastructure of Pseudo-nitzschia cells.
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Fig. 1. Map showing seven sampling stations within shellfish farms in the municipalities of Penha and Florianópolis along the Santa
Catarina coast, Brazil.

Table 1. Location of sampling stations and ranges of temperature and salinity at the subsurface (0.5m) during
blooms of Pseudo-nitzschia spp. in Santa Catarina State, South Brazil in January and February 2009.

Station Latitude South Longitude West Temperature (◦C) Salinity

PA, Praia alegre, Penha 26◦45′48′′ 48◦39′06′′ 25–28 26.9–32.8
AI, Armação Itapocoroí, Penha 26◦46′48′′ 48◦36′41′′ 25.0–29.8 29.8–34.1
OVV, Baía Sul, Florianópolis 27◦43′21′′ 48◦34′01′′ n.d. 30.8–33.9
ATS, Baía Sul, Florianópolis 27◦44′40′′ 48◦33′45′′ 20–26 31.0–34.9
OVG, Baía Sul, Florianópolis 27◦47′56′′ 48◦34′04′′ 20–25 29.5–34.7
CDR, Baía Sul, Florianópolis 27◦46′39′′ 48◦37′38′′ 19–25 29.4–34.6
PPG, Ponta do Papagaio, Florianópolis 27◦51′00′′ 48◦35′00′′ 19–25 32.2–35.5

Note: n.d.: no data.

Therefore, thismaterial waswashedwith distilledwater and
submitted to a gentle reaction with 20% hydrogen peroxide
for 60min in a water bath at 60◦C (Swift 1967), followed by
rinsing with distilled water to remove the oxidant reagent.
Cleaned material was mounted permanently on glass slides
using Naphrax (refractive index of 1.74) and examined
with anOlympusBX-52 lightmicroscope.Cleanedmaterial
was mounted onto 300-mesh grids precoated with form-
var (EMS Supplies, Philadelphia, PA, USA), air-dried and
examined in aMorgagni 268D transmission electronmicro-
scope at State University of Santa Cruz and JEOL JEM1200
EXII TEM at the Federal University of Paraná.

Water samples (100mL) for phytoplankton counts dur-
ing the bloom period were taken at the surface (0.5m)
using a Van Dorn bottle and preserved with acidic Lugol’s
solution. Aliquots of 20mL were left to settle overnight
in settling chambers and counted using an Olympus
IX70 inverted microscope equipped with phase-contrast
optics. A total of 300 phytoplankton cells (>10µm) was

enumerated to the lowest possible taxonomic rank at ×400
magnification. Species identification was based on Tomas
(1997) and Lundholm et al. (2003). More specifically, a
gross estimation of the relative contribution of P. pseu-

dodelicatissima and P. calliantha in relation to the total
abundance of all Pseudo-nitzschia cells was obtained by
enumerating between 30 and 100 valves (average, 58) in
TEM grids, but recognizing that there is a large error with
this measurement. Net phytoplankton samples correspond-
ing to the bloom period, i.e., January to March 2009, were
prepared for TEM. The results were converted to rela-
tive abundances of Pseudo-nitzschia species from the TEM
grids and applied to the quantitative abundances obtained
from the enumeration of Pseudo-nitzschia species in the
inverted microscope. All net samples were collected along
with the water samples for phytoplankton counts but rep-
resent integrated samples from the whole depth profile, as
opposed to the quantitative samples, which were taken at
surface (0.5m).
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Domoic acid analysis

Sampling for DA analysis in the soft tissue of Perna perna
was carried out from early December 2008 to late
March 2009, along with phytoplankton and water
sampling.

Mussel specimens were collected directly from the
seven shellfish farms, and kept in a fridge in the dark prior
to further processing. About 100–150 g of soft tissue (in
duplicate) from each sampling station was drained on a
sieve for 5min. The tissue was hand-mixed until complete
homogenization. Toxin was extracted by adding 100mL
of 0.1N HCl to 100 g of homogenized soft tissue. The
suspension was boiled for 5min and quickly cooled in a
cold-water bath. The volume was adjusted to 200mL by
adding 0.1N HCl, shifting the pH of the solution between
2 and 4. The extract was centrifuged at 5000 g for 5min.
Before the chromatography procedure, the extracts were
cleaned byfiltering the supernatant throughMilliporeUltra-
free MC 100 000 MW glass fiber microfilters (Billerica,
MA, USA) followed by centrifugation for 10min at 5000 g.
The detection and quantification of DA followed Quilliam
et al. (1995) with some slight modifications. DA in the
extracts fromPerna pernawas analyzed by ultraviolet high-
performance liquid chromatography (UV-HPLC), using a
Shimadzu Model 10AD chromatographer (Kyoto, Japan)
equipped with two pumps (LC-10AD), an auto-injector
(SIL-10AF) with a 100µL loop and a Phenomenex C18

(Gemini 5µm250 × 4.6mm) column thermostated at 40◦C
(CTO-10A oven).

Detection was made using a diode array detector (SPD-
M10A) adjusted at a wavelength of 242 nm. After pre-
liminary calibrations, a gradient flow of the mobile phase
of 1.0mLmin−1 at 5–25% acetonitrile with 0.1% triflu-
oroacetic acid in 25min, plus 10min for stabilization in
5% acetonitrile was set, before injection of the next 25µL
sample.

Standard solutions of amnesic shellfish poisoning (ASP)
toxins (domoic, epidomoic, isodomoic-A, isodomoic-D and
isodomoic-E acid) and reference tissue material were pur-
chased from the National Research Council of Canada,
Halifax (CRM-ASP-MUS-c, Canada and CRM-DA-e,
Canada). A full set of calibration solutions of DA over the
range 0.99–99µgmL−1 was prepared, consistently gener-
ating calibration curves with high correlation coefficients
(> 0.993). Solvents used for UV-HPLC analysis were HCl,
acetonitrile and trifluoroacetic acid LC grade supplied by
Merck. Highly purified water was prepared in a Purelab
ELGA system. A working solution of standard DA was
injected after every five sample runs for checking the equip-
ment calibration (limit of detection = 0.2µgDAg−1 and
limit of quantitation = 1µgDAg−1).

Temperature and salinityweremeasured using chemical
thermometer Incoterm 5041.20 and induction salinometer
Yellow Springs 33 SCT, respectively. Pearson’s r correla-
tion analysis was used to verify any relationships between
cell abundance and DA concentrations.

Results

Pseudo-nitzschia pseudodelicatissima (Hasle) Hasle
emend. Lundholm, Hasle & Moestrup (Figs 2–9)

Basionym. Nitzschia pseudodelicatissima Hasle 1976.

Synonym. Nitzschia delicatulaHasle 1965, nonNitzschia
delicatula Skvortzow 1946.

In LM (number of specimens, n = 40), the frustules
are delicate and joined by their ends to form long, stepped
chains. The cell apices overlap at ca. 1/7–1/10 of the cell
length (Fig. 2). In both girdle and valve views, the cells are
linear, measuring 49.3–78.2µm in length, and the apices
are acute. The fibulae are visible at highmagnification and a
central interspace is present (Fig. 3); however, the interstriae
are inconspicuous.

In TEM (n = 68), the valves are linear, 1.1–1.3µm
wide, tapering only near the apices, which are rounded.
There are 36–39 striae in 10µm. The striae are composed
of single rows of poroids, 5–6 in 1µm, and each row has
a total of 4–8 poroids (Fig. 4). Each poroid is separated
into two sectors by a silica ridge almost perpendicular to
the apical axis (Figs 6–7). A delicate covering of hexago-
nal hymenes occludes the poroids. Interstriae and striae are
almost equal in size. The raphe system is extremely eccen-
tric and possesses a central nodule separating the two raphe
branches (Fig. 4); a central interspace is visible between
the fibulae. The distal raphe ends are terminated by small
helictoglossae (Fig. 5). Thefibulae are regularly spaced, 21–
22 in 10µm. The mantle is shallow and 1–2 poroids high.
The cingulum is composed of three bands. The valvocopula
is perforated by a longitudinal row of rectangular poroids,
50–55 in 10µm (Figs 8–9), each having one or two sectors
occluded by hymenes (Fig. 9). The second band has irregu-
lar poroids and a large hyaline strip, and the third has small
poroids (Figs 8–9).

Pseudo-nitzschia calliantha Lundholm, Moestrup & Hasle
(Figs 10–13)

In LM (n = 32), the frustules and valves are identical to
P. pseudodelicatissima, measuring 61.2–80.0µm in length
(Fig. 10).

In TEM (n = 56), the valves are linear, 1.5–2.0µm
wide, tapering only near the apices, which are rounded
(Fig. 11). There are 36 striae in 10µm, which are com-
posed of single rows of poroids, 4–5 in 1µm (Figs 12–13).
Each row has a total of 4–8 poroids and each poroid is sep-
arated into 7–10 sectors, radially arranged, with a central
sector often present (Figs 12–13). A delicate covering of
hexagonal hymenes occludes the poroids. The interstriae
and striae are almost equal in size. The raphe system is
extremely eccentric and possesses a central nodule sepa-
rating the two raphe branches, creating a central interspace
visible between the fibulae (Fig. 12). The fibulae are regu-
larly spaced, 17 in 10µm. The valvocopula is comprised of
longitudinal striae, 40–42 in 10µm, 2–3 poroids wide and
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Figs 2–9. Pseudo-nitzschia pseudodelicatissima, LM (Figs 2–3) and TEM (Figs 4–9).Fig. 2.Chain of cells in girdle view.Fig. 3.Cleaned
valve with discernible fibulae. Fig. 4. Part of mid-valve showing central nodule and larger fibular interspace. Fig. 5. Apex showing the
terminal raphe fissure. Fig. 6. Striae consisting of single rows of poroids divided into two hymenate sectors. Fig. 7. Overlapping of two
frustules at the apices. Fig. 8. Cingulum showing valvocopula (VC), second (II) and third (III) bands. Fig. 9. Detail of cingulum showing
valvocopula (VC) with poroids divided in 1–2 hymenate sectors, second (II) and third (III) bands. Note mantle with one row of poroids.
Scale bars = 10µm (Figs 2–3); 1µm (Figs 4–5, 7); 0.5µm (Fig. 8); 0.2µm (Figs 6, 9).
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Figs 10–13. Pseudo-nitzschia calliantha, LM (Fig. 10) and TEM (Figs 11–13). Fig. 10. Cleaned valve with discernible fibulae. Fig. 11.
Whole valvewith ornamentation.Fig. 12.Part ofmid-valve showing central nodule, larger fibular interspace and cingulumwith valvocopula
(VC), second (II) and third (III) bands. Fig. 13. Part of the valve near the apex showing reduction in the rows of poroids in the girdle bands.
Scale bars = 10µm (Fig. 10); 5µm (Fig. 11); 1µm (Figs 12–13).

Table 2. Variations in the cell abundance of Pseudo-nitzschia spp., the relative contribution of Pseudo-nitzschia spp. to total phyto-
plankton, and of P. pseudodelicatissima and P. calliantha to Pseudo-nitzschia spp., and the domoic acid (DA) concentration recorded in
the mussel Perna perna at seven shellfish farm stations along the Santa Catarina State coast during bloom events in January and February
2009.

Abundance Contribution to Contribution of Contribution of DA
Station Bloom period (106 cells L−1) phytoplankton (%) P. pseudodelicatissima (%) P. calliantha (%) (µgDAg−1)a

PA 22 Jan.–27 Feb. 1.37–3.52 20.2–39.7 <2.0 <2.0 <0.2 (4)
AI 22 Jan.–27 Feb. 0.43–3.03 18.4–42.1 <2.0 <2.0 <0.2 (10)
OVV 23 Jan.–2 Feb. 1.09–2.03 34.2–97.4 80.2–98.0 1.5–8.0 0.7–98.5 (4)
ATS 21 Jan.–17 Feb. 0.22–19.1 8–94 81.2–89.6 5.0–7.5 0.5–26.1 (9)
OVG 23 Jan.–17 Feb. 0.21–9.72 8.8–89.8 90–92 2.0–6.2 0.9–17.3 (7)
CDR 21 Jan.–10 Feb. 0.41–21.9 31.6–92.6 2.0–12.7 86.0–98.8 0.9–14.4 (8)
PPG 21 Jan.–10 Feb. 2.40–22.5 74.2–95.9 90–98 <2.0 2.3–27.0 (11)

Note: aThe number of samples analyzed is given in parentheses.

4–5 poroids high (Fig. 12). The second band is 2–3 poroids
wide and 3 poroids high. The third band presents very small
poroids. The number of poroids in the valvocopula and the
second band decreases in the abvalvar direction, becoming
2 poroids wide and 2 poroids high (Fig. 13).

Cell abundance of Pseudo-nitzschia spp. Blooms of
Pseudo-nitzschia spp. occurred during late January to

mid-February 2009 at the seven sampling stations, with
cell abundances varying from 0.2 to 22.5 × 106 cells L−1

(Table 2). The relative contribution ofPseudo-nitzschia spp.
to the total phytoplankton community during the bloom
period varied from 8.0 to 97.4% (Table 2), with the high-
est relative contributions recorded at stations ATS, OVV,
OVG, CDR and PPG, and the lowest at stations PA and
AI. At stations PA and AI, P. pungens and P. multiseries
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were the most abundant species. Pseudo-nitzschia pseudo-
delicatissima was also found at every station, although the
blooms of this species and its highest relative contributions
were observed at the marine farms ATS, OVV, OVG and
PPG (Table 2).At these stations, the highest cell abundances
of P. pseudodelicatissima were recorded from 21 January
to 17 February. Pseudo-nitzschia pseudodelicatissima was
the dominant taxon among the Pseudo-nitzschia species,
accounting between 80.2 and 98.0% of the total cell abun-
dance of Pseudo-nitzschia spp. Beside this species, only
P. calliantha was numerically detectable in the TEM sam-
ples during the bloom, but its contributionwas always<8%.
Other species recorded were P. pungens and P. multiseries,
but only in the plankton net material.

The maximum contribution of P. pseudodelicatissima
occurred at stations OVV, ATS and OVG between 21
and 29 January (Fig. 14), reaching 89.6% (ca. 16.1 ×

106 cells L−1) of the total Pseudo-nitzschia spp. on 23 Jan-
uary. Afterwards, the cell abundance decreased steadily,
along with DA concentrations in mussels, and on 5 Febru-
ary the abundances of Pseudo-nitzschia spp. were lower
than 5.0 × 105 cells L−1. By contrast, at station PPG, the
bloom persisted at least until 10 February, reaching ca.
22.0 × 106 cells L−1 and was mainly composed of P. pseu-
dodelicatissima which accounted for 98% (ca. 21.1 ×

106 cells L−1) of the total cell abundance. On 17 February,
the cell abundancedecreased to 4.6 × 103 cells L−1. Finally,
at stationCDR,P. callianthawas the species responsible for
the highest cell abundance recorded, contributing between
86.0 and 98.8% of the total Pseudo-nitzschia spp. The max-
imum cell abundance was recorded on 23 January, when
P. calliantha reached 86.0% of the Pseudo-nitzschia spp.
(ca. 20.0 × 106 cells L−1), whereas P. pseudodelicatissima
contributed <12.7% at this farm station.

Domoic acid concentrations in mussels during the

blooms

The concentration of DA in shellfish tissues increased
in most of the stations from > 0.5µg g−1 in early Jan-
uary to 98.5µg g−1 in late January (Table 2, Fig. 14A–E).
The highest toxin concentration was recorded at station
OVV on 24 January. At the five stations in Florianópo-
lis, DA concentrations were >10.0µg g−1 in at least one
sample.

As a general trend, DA concentrations were higher dur-
ing the blooms of Pseudo-nitzschia spp., diminishing as
cell abundance decreased (Fig. 14A–E), these two vari-
ables being significantly correlated (Pearson’s r = 0.643,
p < 0.005; Fig. 14F). The highest toxin concentration was
recorded at stationOVVon24 January,with 98.5µgDAg−1

(Fig. 14A). In the remaining stations located in Florianópo-
lis, the highest concentrations were <30.0µgDAg−1, and
occurred during January (Fig. 14B–E). At stations PA and
AI in Penha, the toxin concentrations were <0.2µgDAg−1

(Table 2). Closure of the mussel farms containing sampling
stations OVV, ATS, OVG, CDR and PPG was enforced
from 21 January to 20 February. By 2 February, DA con-
centrations in mussels decreased to <2.0µg g−1 at stations
OVV, ATS and OVG, along with a decrease in cell abun-
dances ofPseudo-nitzschia species. At station PPG, located
outside South Bay, DA concentrations varied between 2.3
and 27.0µg g−1 until 10 February, afterwhich no detectable
DAwas recorded (Fig. 14D). Overall, the concentrations of
DA in Perna perna tissues were above the regulatory limit
of 20µg g−1 wet weight of tissue for 13 days. At stations
OVV, ATS, OVG and PPG, where P. pseudodelicatis-

sima was the dominant species, DA concentrations ranged
from 0.5 to 98.5µg g−1. By contrast, DA concentrations
were lower at station CDR during the predominance of
P. calliantha, varying from 0.9 to 14.4µg g−1 (Fig. 14C).

Discussion

The toxigenic diatom P. pseudodelicatissima is reported for
the first time in the south-western Atlantic Ocean. Further-
more, its occurrence in high abundance is associated with
moderate concentrations of DA in the mussel Perna perna,
the main commercial shellfish product of Brazil. Pseudo-
nitzschia pseudodelicatissima had not been detected in
Brazilian waters, despite various projects carried out in the
region dealing with diatom taxonomy or harmful microal-
gae. Two factors can be considered to explain this absence
of previous records. First, the species is extremely delicate
and most of the distinctive features necessary for reliable
identification are not detectable under LM, a regular issue
for most Pseudo-nitzschia species. Second, the available
studies analyzingmaterial fromP. pseudodelicatissima-like
specimens from the south-westernAtlantic Oceanwere car-
ried out before the review of Lundholm et al. (2003) and,
therefore, were not able to differentiate the species belong-
ing to the complex. Fernandes & Brandini (2010) reviewed
previous records of P. pseudodelicatissima in the south-
western Atlantic Ocean (e.g., Ferrario et al. 1999, 2002,
Almandóz et al. 2007) and concluded that identifications
under the name P. pseudodelicatissima actually matched
P. calliantha. Other species recorded near the study region
by previous authors are P. australis Frenguelli, P. cal-
liantha,P.multiseries,P. pungens,P. pungens var. cingulata
Villac, and the non-toxic P. linea Lundholm, Hasle & G.A.
Fryxell (Mafra et al. 2006, Tavares et al. 2009, Alves et al.
2010, Fernandes & Brandini 2010, Proença et al. 2011).

Another important finding is the occurrence of P. pseu-
dodelicatissima blooms at five shellfish farms, associ-
ated with toxin contamination of bivalve mollusks. High
concentrations of DA in mussels were detected in Jan-
uary and February 2009, which were well above the
accepted limits for safe human consumption established at
20.0µg g−1, prompting a 31-day farm closure and other
measures by public authorities to prevent human contami-
nation. Although a direct relationship cannot be established
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8 Fernandes et al.

Fig. 14. Variations of cell abundance (lines) of planktonic Pseudo-nitzschia species and domoic acid (DA) concentration (bars) in the
mussel Perna perna at stations (A) OVV, (B) ATS, (C) CDR, (D) PPG and (E) OVG, where P. pseudodelicatissima (OVV, ATS, PPG,
OVG) and P. calliantha (CDR) were dominant during bloom events in Santa Catarina State, South Brazil in January and February 2009,
and (F) relation between the abundance of Pseudo-nitzschia species and DA concentration in mussels at stations OVV, ATS, CDR, PPG
and OVG, with Pearson’s correlation.
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between the P. pseudodelicatissima blooms and the accu-
mulation of DA in shellfish, evidence indicates that it
does exist. First, the period of highest cell abundances
of Pseudo-nitzschia coincided with the period of highest
abundances of P. pseudodelicatissima, which accounted
for at least 80–98% of the total Pseudo-nitzschia species.
Second, P. calliantha contributed only 1–8% of the total
Pseudo-nitzschia abundances during the blooms, except at
station CDR where P. calliantha reached 99% of the total
Pseudo-nitzschia cells. However, because P. calliantha has
been reported to be a DA producer (Álvarez et al. 2009,
Trainer et al. 2012), a fraction of the toxin measured in
mussels might have come from this species in addition to
P. pseudodelicatissima. The other toxigenic species were
P. pungens, which is reported as non-toxic or mildly toxic
(Lelong et al. 2012), and P. multiseries, which is known to
be highly toxic (Bates et al. 1998, Mafra et al. 2006). How-
ever, the relative contribution of these species was much
lower than 1% of the total Pseudo-nitzschia cells or they
were absent at some stations (personal observations). There-
fore, despite the aforementioned evidence, it is reckoned
that future studies of local P. pseudodelicatissima strains
should be performed to determine its toxicity and confirm
the production of DA.

In addition to the bloom of P. pseudodelicatissima,
another toxigenic species, P. calliantha, was recorded at
very high cell abundances at station CDR, located in
the environment where P. pseudodelicatissima blooms
occurred. Pseudo-nitzschia calliantha has been reported
as a DA producer under laboratory conditions (Besiktepe
et al. 2008, Álvarez et al. 2009, Sahraoui et al. 2009) and
has been implicated in at least one occurrence of shellfish
contamination in France (Quiroga 2006). Previous investi-
gations in areas near the Santa Catarina coast reported high
abundance of P. calliantha, with up to 2.3 × 106 cells L−1,
usually from December to March (Fernandes & Brandini
2004, Mafra et al. 2006, Tavares et al. 2009, Fernandes &
Brandini 2010).

This is the first report of relatively high concentrations
of DA accumulation in mussels on the east coast of South
America. InBrazil,DAassessments have been performed in
the study region since 2001. Almost undetectable amounts
of the toxin (0.16–0.32µgDAg−1 whole shellfish) were
previously recorded in bluemussels during bloomsofP. cal-
liantha to the north of our sampling stations (Schramm
2008). In Argentina, a bloom of P. australis coincided with
a toxin concentration of up to 7.7µgDAg−1in the bluemus-
selMytilus edulis Linnaeus in July 2000 (Negri et al. 2004).
DA was also recorded in the anchovy Engraulis anchoita

Hildebrand, with 76.6µg g−1 in the gastrointestinal tract
and 4.3µg g−1 in the muscle. Finally, Méndez & Medina
(2004) reported low DA concentrations (9.9µg g−1) in
mussels from Punta del Este, Uruguay in December 2001,
concurrent with a bloom of P. multiseries.

There are only a few reports of P. pseudodelicatissima
blooms associated with DA production around the world.

In the Bay of Fundy, eastern Canada, shellfish harvesting
was interrupted from September to December 1988 due to
an extensive Pseudo-nitzschia bloom, resulting from a pre-
dominance of P. pseudodelicatissima, which accounted for
>90% of the phytoplankton during the bloom (Martin et al.
1990). However, whether the causative species wasP. pseu-
dodelicatissima is still a matter of controversy (Lundholm
et al. 2012). Variable concentrations of DA were measured
in September, from undetectable to 38µg g−1 whole shell-
fish, and from 6 to 60µg g−1 in digestive glands (Martin
et al. 1990, Haya et al. 1991). One sample from 22 Septem-
ber contained 74µgDAg−1 whole shellfish, when cell
abundance reached 1.2 × 106 cells L−1, as reported in Gil-
gan et al. (1990). Prior to the bloom, P. pseudodelicatissima
dominated the phytoplankton in the Bay of Fundy with DA
concentrations varying from below the detection limit to
3.0µg g−1 recorded in July and August. Subsequent moni-
toring detected the presence of P. pseudodelicatissima and
reported abundances of ca. 105 cells L−1 in late summer of
1989 and 1990 (Martin et al. 1993); the last shellfish closure
being reported in 1995 (Bates et al. 1998).

In the continental shelf of Washington State, USA, reg-
ular blooms of Pseudo-nitzschia species take place every
spring and summer, fueled by the upwelling of cold and
nutrient-rich waters, and usually suspending the harvest
of the Pacific razor clam Siliqua patula (Dixon, 1789)
(Trainer et al. 2002, Pitcher et al. 2010). In this case,
several species of Pseudo-nitzschia were responsible for
toxin production, such asP. cf. pseudodelicatissima,P. aus-
tralis and P. pungens. Other co-occurring non-toxigenic
species included P. delicatissima (Cleve) Heiden, P. heimii
Manguin and P. fraudulenta (Cleve) Hasle (Trainer & Sud-
dleson 2005). More recently, a large bloom of confirmed
P. pseudodelicatissima during the fall 2005 prompted the
suspension of razor clam harvesting in Sequin Bay, Puget
Sound,Washington State (Trainer et al. 2007). Abundances
of P. pseudodelicatissima reached 13 × 106 cells L−1 and a
maximum of 32µgDAg−1 in shellfish. This is likely to be
thefirst confirmedASPevent caused by this species. Trainer
et al. (2007) concluded that, since other toxigenic Pseudo-
nitzschia species appeared in low abundances before and
after the closures, additional studies on the toxigenicity of
local P. pseudodelicatissima strains must be performed to
confirm DA production. No human casualties have been
reported to date, but deaths of seabirds andmarinemammals
through toxin accumulation by planktivorous fishes are
common events during spring and summer. Another closely
related species, P. cuspidata, bloomed off the Washing-
ton coast in September 2004, reaching 6.1 × 106 cells L−1

(Trainer et al. 2009). Maximum particulate DA in the water
column was 43 nmol L−1. No shellfish were contaminated
along the coast, because the bloom was kept offshore by
persistent southward winds.

Finally in July 2004, a bloom of P. pseudodelicatissima,
associated with the dinoflagellate Protoperidinium quin-

quecorne (Abé) Balech and an unidentified gymnodinioid,
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Table 3. Comparison of morphometric data for Pseudo-nitzschia pseudodelicatissima recorded during this study and from the literature.

Length Width Striae in Fibulae in Poroids in Cell overlapping
Reference (µm) (µm) 10µm 10µm 1µm at apex

This study 49.3–78.2 1.1–1.3 36–39 21–22 5–6 1/7–1/10
Lundholm et al. (2003) 54–87 0.9–1.6 36–43 20–25 5–6 n.d.
Kaczmarska et al. (2005) 54–80 1.2–2.0 38–43 20–27 5–6 10%
Amato et al. (2007) n.d. 1.5–1.9 34–45 20–29 4–7 n.d.
Churro et al. (2009) 75–82 1.2–1.6 38–41 22–26 5 1/5–1/6
Moschandreou et al. (2010) 49–106 1.2–1.7 39–45 21–26 5–7 n.d.

Note: n.d.: no data.

Table 4. Comparison of morphometric data for Pseudo-nitzschia calliantha recorded during this study and from the literature.

Reference Length (µm) Width (µm) Striae in 10µm Fibulae in 10µm Poroids in 1µm

This study 61.2–80.0 1.5–2.0 36 17 4–5
Lundholm et al. (2003) 41–98 1.3–1.8 34–39 15–22 4–6
Caroppo et al. (2005) 80–110 1.5–2.2 36 18–20 n.d.
Amato et al. (2007) n.d. 1.7–2.6 30–40 17–25 4.6
Burić et al. (2008) 64–98 1.5–2.1 39 17–19 4–5
Orlova et al. (2008) 63–94 1.5–1.8 35–39 14–18 4–6
Churro et al. (2009) n.d. 2 38–39 22 6
Fernandes & Brandini (2010) 60–105 1.6–2.2 35–37 18–21 4–5

Note: n.d.: no data.

was recorded inMazatlan Bay, Mexico, located at the south
of theGulf of California (Sierra-Beltrán et al. 2005). During
that event, dozens of brown pelicans (Pelecanus occiden-
talis Linnaeus, 1766) and fish were found dead; however,
the possible causative species could not be established with
confidence. Abundances up to 3.9 × 106 cells L−1 were
reported, although no DA analysis was performed.

These last examples illustrate the potential threats that
Pseudo-nitzschia can pose to the food webs and human
health for coastal populations. Since 2001, shellfish farms
in Santa Catarina State have experienced regular blooms
of toxigenic Pseudo-nitzschia species (Tavares et al. 2009,
Alves et al. 2010, Proença et al. 2011). Therefore, one could
expect that a harmful event like the blooms in January 2009
become more frequent in the near future. Fortunately, the
monitoring program conducted by public authorities has
succeeded to prevent human contamination.

The morphometric data from this study did not differ
from those referred for P. pseudodelicatissima and P. cal-

liantha previously reported from other regions around the
world (Tables 3–4). However, P. pseudodelicatissima is
very similar to P. cuspidata, since both exhibit poroids
usually divided into two sectors. The morphological differ-
ences are the lanceolate valve shape and the slightly larger
transapical axis (1.4–2.0µm) of P. cuspidata, whereas the
valves of P. pseudodelicatissima are linear with taper-
ing ends and the transapical axis is smaller (Lundholm
et al. 2003, Moschandreou et al. 2010). These taxonomic
features allowed us to discriminate our material as P. pseu-
dodelicatissima, even acknowledging that the range of the
transapical axis (Table 3) almost overlaps that recorded in

the literature for P. cuspidata. Moreover, both species are
closely related phylogenetically because they are grouped
in one well-supported clade, and distant from other allied
species likeP. calliantha,P. caciantha andP.mannii (Lund-
holm et al. 2003, Moschandreou et al. 2010). Recently,
Moschandreou et al. (2010) investigated a bloomofP. pseu-
dodelicatissima from Greece, discovering that their clones
were most closely related to P. cuspidata, when the inter-
nal transcribed spacer (ITS-2) rDNA and large subunit
(LSU) rDNA were used to build the phylogenetic trees. By
contrast, their results with the ITS-2 secondary structure
suggested a possible speciation process for P. pseudo-

delicatissima and P. cuspidata. Furthermore, Amato &
Montresor (2008) and Moschadreou et al. (2010) found
that the secondary structure (ITS-2) of the clone Tenerife8,
used in the emended description of P. cuspidata, almost
exactly matched the ITS-2 sequence of P. pseudodelicatis-
sima. Trainer et al. (2009) even suggested that the species
could be either merged into one single species or regarded
as two cryptic species, that is, not separated morphologi-
cally until more studies are done in the future. From the
results described above, it is clear that more investigations
on molecular markers and mating experiments are neces-
sary to definitely elucidate the identity of P. cuspidata and
P. pseudodelicatissima.

Regarding the remaining allied species, P. pseudodel-
icatissima is readily distinguishable from P. calliantha,
P. caciantha and P. mannii because the latter are wider
(transapical axis usually 2.0–2.6µm) and have a higher
number of hymenate sectors (3–9) in the poroids (Lund-
holm et al. 2003, Amato & Montresor 2008, Fernandes &
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Brandini 2010,Moschandreou&Nikolaidis 2010). In addi-
tion, P. pseudodelicatissima has girdle bands bearing two
rows of poroids in the valvocopula, whereas in the other
species the valvocopula is 2–3 poroidswide and 3–5 poroids
high, with the exception of P. cuspidata. The cingulum
structure of the latter species is poorly known, although the
valvocopula contains a single row of poroids (Lundholm
et al. 2003).

In conclusion, this is the first time that the occurrence
of blooms of P. pseudodelicatissima and P. calliantha in
the south-western Atlantic Ocean, South Brazil has been
reported. Moreover, simultaneously with these blooms,
moderate concentrations of DA were detected in mussels
grounded at several shellfish farms along the Santa Catarina
State coast. Thewidespread regional distribution ofP. pseu-
dodelicatissima coupledwith the high abundances that have
been regularly documented during recent summers indi-
cate a new threat to local mariculture. Future challenges
are to deliver experimental evidence supporting our con-
clusion based on correlative evidence that the two above
mentioned Pseudo-nitzschia species are indeed the produc-
ers of the DA found in mussels, to investigate the causes of
the blooms, to elucidate molecular andmorphological iden-
tity of the species implicated in those events, and tomaintain
and improve the monitoring program presently carried out
in the region.
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