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Pseudo-nitzschia is a globally distributed diatom genus, some species of which produce domoic acid (DA), the
neurotoxin that causes amnesic shellfish poisoning. This toxin killed at least three humans in 1987, launching numerous
studies concerning the identification, distribution, ecology and physiology of Pseudo-nitzschia spp. Since previous reviews
in 1998, knowledge has been gained about the fate of DA, including its accumulation by marine animals and its
degradation by light and bacteria. Molecular techniques and more precise microscopy have enabled the description of
new Pseudo-nitzschia species, 15 since 2002, including ones that are cryptic and pseudo-cryptic. An increasing number of
the 37 identified species, including oceanic and coastal species, have been studied in laboratory culture. The sexual
reproduction of 14 species has been documented. Fourteen species have now been shown to be toxigenic, although some
strains are not always toxic under the testing conditions. The biotic and abiotic factors that modify DA production are
reviewed, with a focus on how new discoveries have changed our original hypotheses about control mechanisms. Recent
studies confirm that silicate and phosphate limitation trigger DA production. However, stress by low concentrations of
iron or high concentrations of copper are newly discovered triggers, suggesting a trace-metal chelation role for DA.
Organic sources of nitrogen (urea and glutamine), as well as changes in pH, CO2, salinity and bacterial concentration,
also enhance DA production. Laboratory and field studies sometimes give divergent results for conditions that are
conducive to toxin production. Gaps in knowledge include further information about the whole genome of Pseudo-

nitzschia (including sexual stages), mechanisms of DA production and decline, presence or absence of a resting stage,
heterotrophic ability, impact of viruses and fungi, and a more complete description of the ecological and physiological
roles of DA.
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INTRODUCTION

Diatoms of the Pseudo-nitzschia genus (Heterokonta,

Bacillariophyceae) were first described by H. Peragallo

(1897–1908), before Hustedt included them in the Nitzschia

genus in 1958. Hasle (1994) then redescribed Nitzschia as

a specific genus: Pseudo-nitzschia (summarized by Bates

2000). Contrary to Nitzschia, the long and narrow Pseudo-

nitzschia cells form chains (‘stepped colonies’) by slightly

overlapping their cell tips (Figs 1–3), among other small

differences (Hasle 1994).

Interest in the Pseudo-nitzschia genus increased after

1987, when the first amnesic shellfish poisoning (ASP) event

occurred, caused by human consumption of blue mussels

(Mytilus edulis) containing the neurotoxin domoic acid

(DA) (Bates et al. 1989). This event resulted in at least three

deaths of elderly people and over 100 illnesses (reviewed by

Bates et al. 1998; Pulido 2008; Trainer et al. 2008). The

toxin was traced to a bloom of Pseudo-nitzschia multiseries,

upon which the mussels had been feeding. This was the first

time that a diatom was shown to produce a neurotoxin.

Until this event DA was not considered as a toxin, although

it was known as an anthelmintic treatment used by

Japanese to rid young children of intestinal worms (Wright

et al. 1989). However, an order-of-magnitude-lower con-

centration was used compared with the amount that the

affected adults had consumed during the toxic mussel event.

Interest further increased when DA caused the death of

seabirds (Fritz et al. 1992; Work et al. 1993) and marine

mammals (Scholin et al. 2000), thus the alternative name

domoic acid poisoning (DAP), and after it was found to be

transferred up the food web by various vectors (see below,

and summarized by Bargu et al. in press). Fortunately, no

known human deaths have occurred since the original 1987

mussel poisoning incident, although consumers in France

were affected when they ate uninspected shellfish (Donax

trunculus) in 2000 (Thébaud et al. 2005). This is because

surveillance programs worldwide now monitor the concentra-

tion of Pseudo-nitzschia species in seawater or the presence

of DA in the flesh of molluscan shellfish and finfish destined

for human consumption (Anderson et al. 2001). The

harvesting and sale of seafood products is prohibited when

the internationally accepted regulatory limit of 20 mg DA g21

wet weight of tissue is attained (Wekell et al. 1994). These

monitoring programs have taken advantage of research

findings, since 1987, that have shed some light on which

Pseudo-nitzschia species produce DA, the physical factors

that may control bloom dynamics and location, and the

environmental factors that are conducive for toxin production.

The goal of this review is to highlight some of the more

recent important research advances regarding Pseudo-

nitzschia biology and DA production in the context of

previous paradigms. Updates since Bates (1998) and Bates

et al. (1998) will be given on the chemistry of DA, fate of

DA, new toxigenic species of Pseudo-nitzschia, distribution

of these species and their blooms, biology of Pseudo-

nitzschia, environmental factors conducive for Pseudo-

nitzschia growth, and biotic and abiotic factors that trigger

DA production. Other reviews have covered the occurrence

of Pseudo-nitzschia species on the US west coast up to 1996

(Fryxell et al. 1997), the physiological ecology of Pseudo-

nitzschia species up to 1998 (Bates 1998; Bates et al. 1998),

general aspects (Todd 1993; Mos 2001; Jeffery et al. 2004),

the ecology of this diatom genus (Bates & Trainer 2006), the

molecular basis of DA toxicity (Ramsdell 2007), toxicologic

pathology (Pulido 2008), Pseudo-nitzschia biology, includ-

ing oceanographic factors that lead to toxic blooms

(Trainer et al. 2008), risks of DA to wildlife (Bejarano

et al. 2008b), molecular approaches for identifying Pseudo-

nitzschia spp. and assessing its physiology (Kudela et al.

2010), the neurotoxicity of DA (Costa et al. 2010), vectors

of DAP (Bargu et al. 2011a, b) and human exposure risks

(Grant et al. 2010; Lefebvre & Robertson 2010). Additional

literature is found in an updated, searchable compilation of

DA and Pseudo-nitzschia references (Bates 2011).

DOMOIC ACID

General characteristics

Domoic acid is a water-soluble (Falk et al. 1991) amino

acid of 311 Da, containing three carboxyl groups, and is an

analogue of L-glutamic acid, a neurotransmitter, and of

kainic acid (Falk et al. 1989). It has several geometrical

isomers (isodomoic acids A, B, C, D, E, F, G and H) and

the diastereoisomer epidomoic acid (Fig. 7) (de la Iglesia

et al. 2008). Some of these are produced by Chondria

armata (Maeda et al. 1986; Zaman et al. 1997), Nitzschia

navis-varingica (Kotaki et al. 2005; Romero et al. 2011),

P. australis (Holland et al. 2005; Rhodes et al. 2006) and

P. seriata (Hansen et al. 2011). Others are found in

molluscan shellfish, sometimes as degradation products

(Wright et al. 1990; Vale & Sampayo 2001; Holland et al.

2003; Rhodes et al. 2004; Costa et al. 2005b; Holland et al.

2005), including photodegradation (see below). Epi-DA

is a product of heat degradation (Thomas et al. 2008;

McCarron et al. 2011). Isodomoic acids C (Clayden et al.

2005), G and H (Ni et al. 2009; Denmark et al. 2011), and

B, E and F (Lemière et al. 2011) have been synthesized; DA

has not yet been synthesized.

DA biosynthesis requires high levels of ATP (Pan et al.

1996a) and its pathway in Pseudo-nitzschia has only

partially been resolved (Douglas et al. 1992; Thessen

2007). After ingestion, it can bind to N-methyl-D-aspartate

receptors in the central nervous system with a coefficient 3

times greater than that of kainic acid and 100 times greater

than that of glutamic acid (Teitelbaum et al. 1990). Because

DA is not released by the neuron, in contrast to glutamic

acid, depolarization is longer than it should be, thus

increasing intraneuronal calcium concentration. Calcium-

dependent enzyme activity is maintained, resulting in

neuron swelling and then death. Neurons situated in the

hippocampus (where memories are consolidated) are

affected in mammals (Pulido 2008), leading to anterograde

amnesia or short-term memory loss, hence the name ASP.

The intoxication is followed by diverse symptoms, from

gastric (nausea, diarrhea, gastroenteritis, cramps) and

confusion in the first 24 h, to neurological (ataxia,

headaches, breathing difficulties, disorientation, dizziness,

memory loss) and sometimes coma in the 48 h after
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intoxication (Teitelbaum et al. 1990). Death may then

occur. There is still no antidote to ASP.

Symptoms depend on the quantity of DA ingested and

on the health of the affected person. Elderly people and

those with impaired renal function or a compromised

blood–brain barrier are the most sensitive to DA intoxica-

tion. DA is more toxic when consumed with the shellfish

than is pure DA (Novelli et al. 1992) because of DA

Figs 1–6. Pseudo-nitzschia species. Photo credit: Karie Holtermann and E. Virginia Armbrust (University of Washington, Seattle,
WA, USA).

Fig. 1. Valve view of a P. australis chain, showing cells attached by their overlapping apices, sampled during a toxic bloom (Cabrillo
Beach, CA, USA; 09 March 2011). Note that the chain is slightly curved.
Fig. 2. Girdle view of a P. multiseries chain in culture; the cells are in the initial stages of dividing (strain originated from Goleta Beach,
CA, USA; 10 February 2011).
Fig. 3. Close-up of a P. multiseries cell in a chain (Goleta Beach, CA, USA; 10 February 2011).
Fig. 4. Auxospore of P. australis; observed after crossing two cultures containing cells of opposite mating type. Note empty parental
frustules on upper left of auxospore; the frustules are short as a result of continuous vegetative division and slightly deformed, an artifact
sometimes seen after prolonged growth in culture; differential interference microscopy (DIC).
Fig. 5. Girdle view, showing a swollen, fungal-infected P. pungens cell containing oomycete zoospores (Goleta Beach, CA, USA; 10
February 2011); DIC.
Fig. 6. A fungal-infected P. pungens cell, showing discharging zoospores (Hood Canal, WA, USA; March–April 2007); DIC.
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potentiation, caused by the high concentrations of glutamic

and aspartic acids in shellfish tissues. DA isomers bind less

strongly to kainate receptors and are therefore less toxic

than DA, with iso-F 2.7-fold less potent, iso-C, -D and -E

23 to 29-fold less potent and iso-B more than 95-fold less

potent than DA (Sawant et al. 2007, 2010; Munday et al.

2008). Munday et al. (2008) and Sawant et al. (2007) found

that iso-A was less toxic than DA, whereas Sawant et al.

(2010) reported that iso-A is not significantly different from

DA; however, different techniques were used.

Removal and degradation

DA does not accumulate in the water column because the

low quantities produced are diluted into the vast oceans or

sink to the depths while still within intact Pseudo-nitzschia

cells (Sekula-Wood et al. 2009, 2011; Silver et al. 2010).

Less than 20% of the available DA was adsorbed onto

humic acids in the colloidal phase, and adsorption onto

natural seawater particles and suspended sediment was

negligible (, 5%), but there were no losses onto suspensions

of clay minerals (Lail et al. 2007); isomeric DA behaved

similarly. Bacterial and photodegradation are the more

important pathways for its elimination (see below).

DEGRADATION/STABILITY UNDER DIFFERENT CONDITIONS: In-

terest in the stability of DA stems from the desire to: (1)

prevent DA degradation during transport and storage of

shellfish samples prior to DA measurement in biotoxin

monitoring programs; (2) develop efficient methods to

extract DA from toxic cells and shellfish tissues; and (3)

prevent DA degradation in certified reference materials

(CRMs) of aqueous solutions and tissue samples used to

calibrate instruments.

Stability studies showed that DA plus epi-DA extracted

from king scallops (Pecten maximus) into aqueous metha-

nol degraded by , 15% and , 45% in the whole-animal

extracts and gonad extracts, respectively, over a 2-wk

period (Smith et al. 2006). Indeed, methanol is known to

degrade DA (Vale & Sampayo 2001). Extracts should not

be stored in methanol but rather in citric acid buffer, which

was shown to be stable over a 3-mo period.

For DA extraction, exposure time to high temperature

and the extraction solvent used are critical in determining

the stability of DA. The original Association of Official

Analytical Chemists-approved method for DA determina-

tion used the paralytic shellfish poisoning toxin acid

extraction method, i.e. homogenizing the sample for 5 min

in boiling 0.1 N HCl. However, this acidic medium (but not

the boiling) results in a 5–10% loss in DA, so it has been

replaced by an aqueous methanolic (1:1) extraction solution

(summarized in Quilliam 2003). Regarding temperature

stability, boiling Dungeness crabs (Cancer magister) in fresh

or salt water for 20 min did not degrade the DA, although

its concentration was reduced by 67–71% because the

hydrophilic toxin leached from the shellfish tissues into the

surrounding water (Hatfield et al. 1995). Boiling whole

cultures of Pseudo-nitzschia (cells plus medium) in test tubes

for 3 min efficiently extracted DA from toxic diatom cells,

with no significant loss of toxin compared with the control

(Bajarias et al. 2006). Such extracted material was stable at

Fig. 7. Molecular structure of domoic acid and its isomers, glutamic acid and kainic acid (Courtesy of M. Quilliam, NRCC).

Lelong et al.: Review of Pseudo-nitzschia, domoic acid and ASP 171



room temperature for 10 d; it is then suitable for international

transport, in contrast to whole-culture samples, which must

be kept at a low temperature during transport. Steaming

mussels (M. edulis) over boiling water for 10 min, or

autoclaving mussel tissue at 121uC for 15 min, did not result

in a reduction in the DA concentration, indicating that such

processing or cooking is ineffective for eliminating DA

before consumption (McCarron & Hess 2006).

For preparation of CRMs, studies have shown that DA

is relatively stable (, 1% degradation) in an aqueous

acetonitrile solution at 20uC and pH 5–7 for 9 mo, although

a 12% loss of material was observed at 50uC after 8 mo

(Thomas et al. 2008); extremes of pH (2 or 12) and exposure

to oxygen also result in DA degradation (Quilliam 2003).

DA can be stored in darkness at 4uC, ideally at pH 5–7

under nitrogen or argon, for up to a year; long-term storage

is best at 280uC (Quilliam 2003). The stability of DA

isomers is similar to that of DA (M. Quilliam, personal

communication). Gamma-irradiation was tested as a way to

prevent bacterial degradation and therefore to stabilize DA

in aqueous and shellfish tissue CRMs (McCarron et al.

2007a). However, although irradiation sterilized the sam-

ples, it completely decomposed the DA in aqueous

solutions and reduced the DA concentration by 40–100%

in shellfish tissue, depending on the irradiation dose.

Addition of antibiotics, in combination with an antioxidant

addition (McCarron et al. 2007b) and freeze-drying the

standards (McCarron et al. 2007c), proved to be the most

effective in stabilizing the CRMs.

Freezing Dungeness crabs for 90 d at 223uC only

resulted in redistributing the toxin within different tissues

(Hatfield et al. 1995). Likewise, Leira et al. (1998) found

that freezing the crabs for 180 d resulted in a net transfer of

DA from the hepatopancreas to the rest of the body.

BACTERIAL DEGRADATION: Initial studies showed that

bacteria isolated from seawater and sediments (Stewart

et al. 1998) or from P. multiseries cultures (Bates et al. 2004)

seemed unable to degrade DA. This is supported by Pan

et al. (2001), who found no degradation of pure DA added

to the cell-free filtrate of P. sp. cf. pseudodelicatissima.

However, Hagström et al. (2007) found that the presence of

high concentrations of bacteria did result in DA degrada-

tion, but at different rates depending on their source;

bacteria from P. multiseries cultures were unable to,

whereas bacteria concentrated from the bloom location

were capable. Stewart (2008) found that the decline in DA

added to a bacterial growth medium was due to bacteria,

including Alteromonas sp. and Moraxella sp. (see below),

originating from a P. multiseries culture. As well, bacteria

of the genera Alteromonas and Pseudomonas, isolated from

blue mussels (M. edulis) and softshell clams (Mya arenaria),

were able to degrade DA and were thought to be partly

responsible for the more rapid depuration of DA in these

molluscan shellfish (Stewart et al. 1998). These bacteria

were thought to originate from the Pseudo-nitzschia cells

that the shellfish had consumed (Stewart 2008). Interest-

ingly, sea scallops (Placopecten magellanicus) and red

mussels (Modiolus modiolus), which do not readily depurate

the toxin, only occasionally yielded bacteria with this

capability (Stewart et al. 1997).

PHOTODEGRADATION: This was first discovered when dilute

aqueous solutions of DA were exposed to ultraviolet (UV)

light (253.7 nm) for 15 min (Wright et al. 1990). Later,

exposure of DA in cell-free growth media to the fluorescent

light normally used for growth studies showed a 68% decline

in DA concentration after 12 d; those kept in darkness

displayed a 17% decline (Bates et al. 2004). These results

suggest that DA production in cultures grown under these

same conditions may have been underestimated, and that

control flasks may be required. DA photodegradation also

occurred in artificial seawater, natural seawater and deionized

water, most rapidly during the first 5 min of exposure, at

wavelengths , 370 nm and in full-spectrum light, but not in

darkness; the addition of iron, which presumably chelated the

DA, enhanced the photodegradation in deionized water but

not in artificial seawater (Bates et al. 2003). Similar results

were found by Bouillon et al. (2006), with an exponential

loss of DA when irradiated with simulated sunlight; there

was no loss in dark controls. Radiation in the UV-B (280–

320 nm) was most effective, whereas visible light had no

apparent effect. Isodomoic acids D, E and F were produced,

and these could be further photodegraded, or be regenerated

to DA (Bouillon et al. 2008). Addition of humic material did

not affect the photodegradation rate, showing that DA is

most likely photodegraded via a direct photochemical

pathway (Bouillon et al. 2006). In contrast, Fisher et al.

(2006) found that iron and dissolved organic matter did

prompt DA photodegradation, which was believed to be

an indirect, not a direct, photochemical process. These

discrepancies are attributed to differences in experiment

design, illustrating that results of such experiments should

be interpreted with caution. Modelling showed that DA

photodegradation is limited to the first few centimetres or

metres of the water column (Bouillon et al. 2006). These

results indicate that photochemical removal of dissolved DA

by sunlight is an important sink for DA in natural waters on

a timescale of days. Its significance relative to bacterial

degradation, adsorption onto particles or dilution still

requires quantification in the field.

There is concern that dissolved or particulate DA could

be problematic in certain local waters, e.g. where seawater

is used for desalination (Bandala et al. 2009; Caron et al.

2010) or in biotoxin depuration facilities (Djaoued et al.

2009). Methods for photodegrading DA have therefore

been developed, although never used in a field situation.

Such methods use advanced oxidation processes that

include a combination of cobalt, peroxymonosulfate,

hydrogen peroxide or UV light (Bandala et al. 2009), or

UV light and the photocatalyst titanium dioxide (TiO2) on

thin films (Djaoued et al. 2008, 2009).

PSEUDO-NITZSCHIA SPP.

General characteristics

Members of the Pseudo-nitzschia genus are pennate diatoms

with a longitudinal symmetry, in contrast to centric diatoms

that exhibit a radial symmetry. They are distinguished, in

part, from the genus Nitzschia by their ability to form chains

(Hasle 1994), with the exception of Pseudo-nitzschia
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americana, which can be present as single cells (Hernández-

Becerril 1998; Orlova & Shevchenko 2002; Stonik et al.

2011) or as a chain of cells (Kaczmarska et al. 2005b; Nézan

et al. 2007); P. antarctica also forms solitary cells (Scott &

Thomas 2005), but this species has rarely been observed and

its status requires clarification. Chain length is somewhat

dependent on the species, but more likely on the degree of

turbulence and the nutritional state of the cells. For P.

multiseries, nutrient-replete, exponentially growing cells

have the longest chains, which usually separate into single

cells and sink when nutrient depleted, as during the

stationary phase (personal observation; Fryxell et al.

1990). This same pattern of chain formation was also

reported for P. brasiliana (Lundholm et al. 2002b).

Lundholm & Moestrup (2002) reported that P. galaxiae

lost its ability to form chains in culture and was found as

single cells, even in exponentially growing cultures. Chains

of young P. pungens (Chepurnov et al. 2005), P. australis

(Fig. 1) and P. multiseries (personal observation) in culture

and field material exhibit a curvature because the apical axes

of adjacent cells deviate by , 1u, where one cell attaches to

the next. Long chains reaching hundreds of cells, can form

spirals with a diameter of , 0.5 cm (Fryxell et al. 1990).

All species display the same general morphology. As all

diatoms, they have a cell wall, called a frustule, made of silicic

acid [Si(OH)4]. This frustule is composed of two valves, or

thecae, that fit tightly one inside the other, like a pillbox. The

hypotheca is the smaller valve and its edges fit inside the

epitheca (Fig. 8). A slit, called a raphe, runs all along each

valve and is reinforced inside the cell by silica bridges, called

fibulae (Amato et al. 2007; Trainer et al. 2008). In some

species, the raphe is interrupted by a central interspace.

Ribs, called interstriae, are separated by striae on the

underside of each valve (Figs 8, 9). Piercing these striae are

poroids (Figs 8, 9), which allow exchanges between inside

the cell and the exterior medium, through the otherwise solid

frustule. Numbers and spacing of fibulae, striae and poroids

are species dependent and allow a morphological species

determination (Hernández-Becerril 1998; Lundholm et al.

2002b, 2003; Orlova & Shevchenko 2002; Kaczmarska et al.

2005b; Amato et al. 2007; Almandoz et al. 2008). However,

these morphometrics may vary from one strain to another,

even for the same species, depending on the environment

(Orlova & Shevchenko 2002; Lundholm et al. 2003; Amato

et al. 2007; Trainer et al. 2008; Hansen et al. 2011). In the

case of P. galaxiae, the large differences in cell shape and

length are caused by variable extensions of the rostra

(Cerino et al. 2005).

The cause of ‘lobed’, ‘undulate’ or ‘sickle-shaped’ cell

deformities (Mengelt & Prézelin 2002), most often found in

Fig. 8. Silica frustule of Pseudo-nitzschia sp. shown in three different views. The cell in valve view is made purposely larger than actual
Pseudo-nitzschia cells to show poroids and striae. Redrawn from Thessen (2007).
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older cultures (Amato et al. 2005; Li et al. 2005; Hagström

et al. 2010) but also reported in some field samples

(discussed in Bates et al. 1998), is still not fully explained.

Deformed cells, characterized as ‘boomerang’ or ‘handle

bar’ shaped, have also been found at depths of 150 m in the

Santa Barbara Channel, California, USA, as well as in

surface samples associated with toxic P. pseudodelicatissima-

complex species (C. Anderson, personal communication).

Once present, these deformities are propagated because

they form the template for subsequent cells produced by

vegetative cell division. This is a mechanism that could

(although rarely) lead to ‘abrupt cell size reduction’

(Chepurnov et al. 2005). It starts with the appearance of

the small bulge on one side of the valve and a constriction,

which can get progressively deeper, on the other side,

leading to the cell separating in two. Likewise, it is still not

known what causes the appearance of ‘stacked’ (or ‘ribbon-

shaped’) colonies (e.g. Lundholm et al. 2002b), although

this, plus cell deformities, may be an artefact, at least in

cultures, e.g. caused by prolonged silicate limitation.

Finally, it is still not known if these variants affect cell

physiology, including DA production. They may or may not

be associated with the gradual decline in DA production as a

culture ages (see below), because not all cultures display

deformed cells.

Presently, 37 species of Pseudo-nitzschia have been

described (Table 1). More recent additions include: P.

sinica (Qi et al. 1994), P. multistriata (Takano 1995), P.

galaxiae (Lundholm & Moestrup 2002), P. micropora

(Priisholm et al. 2002), P. brasiliana, P. linea (Lundholm

et al. 2002b), P. calliantha, P. caciantha (Lundholm &

Moestrup 2002), P. antarctica (Marchant & Thomas 2005),

P. obtusa (Hasle & Lundholm 2005), P. decipiens, P.

dolorosa (Lundholm et al. 2006), P. roundii (Hernández-

Becerril & Dı́az-Almeyda 2006), P. mannii (Amato &

Montresor 2008), P. arenysensis (Quijano-Scheggia et al.

2009b), P. hasleana and P. fryxelliana (Lundholm et al. in

press).

Identification

Precise determination of Pseudo-nitzschia species identity

by light microscopy is difficult, or impossible. Most of the

above frustule morphometrics needed for species determi-

nation are visible only by scanning or transmission electron

microscopy, with the exception of cryptic species (see

below). Nevertheless, cell shape, length and width can be

determined by light microscopy, although cell length is the

least diagnostic character because it decreases with each cell

division. Thus, a crude categorization of field samples can

be made by separating Pseudo-nitzschia species into two

distinct groups, on the basis of cell width: (1) seriata group,

containing wide species (. 3 mm width) and (2) delicatis-

sima group (, 3 mm width) (Hasle & Syvertsen 1997)

(Table 1). Sometimes three groups are made: (1) multiseries/

pungens group, (2) australis/fraudulenta/heimii group and

(3) pseudodelicatissima/delicatissima group (Trainer et al.

2008). Pseudo-nitzschia americana is separated from the

other groups as it is different, with short (, 37 mm),

rounded cells that may or may not form chains (see above),

and because its cell width overlaps that of both the seriata

and the delicatissima groups (Table 1).

Early descriptions were based on morphology, but it is

becoming increasingly important to supplement this with

Fig. 9. Transmission electron microscope image of Pseudo-nitzschia calliantha. Dotted arrow indicates the fibulae, solid arrow the wider
separation of the two central fibulae (5 central interspace), dotted ellipse a stria, solid ellipse an interstria and the square shows a poroid,
with the structural pattern of the poroid hymen.
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Table 1. List of described Pseudo-nitzschia species and their distribution (see also Fig. 6 and the listings for each species in http://diatoms.
lifedesks.org/pages/990, and Hasle 2002). Species were identified by electron microscopy or molecular techniques. ‘Group’ refers to a
classification based on the width of the cell as seen by light microscopy: seriata group . 3 mm width; delicatissima group , 3 mm width
(Hasle & Syvertsen 1997); ‘Neither’ indicates that the species cell width spans both groups. Cell widths (mm) are the minimum and maximum
values found in the references listed for each species. ‘Toxicity’ indicates if toxin analyses have been carried out: ‘yes’ 5 the species produces
domoic acid (only the first reference demonstrating toxicity is given); ‘no’ 5 values are below the limit of detection; ‘yes/no’ 5 not all strains
show toxicity; ‘not tested’ 5 species not yet tested.

Species
Group

(cell width) Toxicity
References
for toxicity Geographical distribution References for distribution

P. americana
(Hasle) Fryxell

neither
(2.5–4.5)

no Australia, Bay of Fundy,
Bermuda, Brazil, California,
Chile, Costa Rica, France
(Atlantic), Gulf of Mexico,
Japan, Malaysia, Mexico
(Pacific), Monterey Bay,
Narragansett Bay, New
Zealand, North Carolina,
North Sea, NW Africa,
Oregon, Peru, Portugal,
Russia (NW Sea of Japan,
Sea of Okhotsk), Skagerrak,
South Africa, Thailand,
Uruguay, Vietnam,
Washington

Miller & Kamykowski 1986;
Rhodes 1998; Villac et al.
1993; Hallegraeff 1994;
Hernández-Becerril 1998;
Gailhard et al. 2002;
Lundholm et al. 2002b;
Orlova & Shevchenko 2002;
Kaczmarska et al. 2005b;
Nézan et al. 2007; Álvarez et
al. 2009; Churro et al. 2009;
Del Rio et al. 2010; Stonik
et al. 2011

P. antarctica
Manguin

seriata
(3–4)

not tested Terre Adélie (Antarctica) Scott & Thomas 2005

P. arenysensis
Quijano-Scheggia,
Garcés,
Lundholm

delicatissima
(1.6–2.5)

no France (Atlantic), Gulf of
Naples, Mexico (Gulf of
Mexico), Spain
(Mediterranean)

Quijano-Scheggia et al. 2009b;
Orive et al. 2010; Lundholm
et al. in press

P. australis
Frenguelli

seriata
(4.6–10.0)

yes/no Fritz et al. 1992;
Garrison

et al. 1992

Alaska, Argentina, Australia,
Brazil, Chile, France
(Atlantic), Ireland, Mexico
(Pacific), Monterey Bay,
Namibia, New Zealand,
Peru, Portugal, Russian
Arctic seas (White Sea,
Barents Sea), Scotland,
South Africa, Spain
(Atlantic, Mediterranean),
Uruguay, US west coast

Buck et al. 1992; Fritz et al.
1992; Bates et al. 1993a,
1998; Hernández-Becerril
1998; Rhodes 1998; Hasle
2002; Suárez-Isla et al. 2002;
Lundholm et al. 2003;
Procopiak et al. 2006;
Almandoz et al. 2007;
Howard et al. 2007; Álvarez
et al. 2009; Churro et al.
2009; Orive et al. 2010;
Quijano-Scheggia et al. 2010

P. brasiliana
Lundholm,
Hasle & G.A.
Fryxell

delicatissima
(1.8–3.4)

yes/no Sahraoui
et al. in press

Brazil, Gulf of Mexico, Gulf
of Panama, Indonesia,
Korea, Malaysia, Mexico
(Pacific), Spain
(Mediterranean),
Thailand, Tunisia, Vietnam

Lundholm et al. 2002b;
Quijano-Scheggia et al.
2005, 2010; Thessen et al.
2005; Villac et al. 2005;
Amato & Montresor 2008;
Sahraoui et al. in press

P. caciantha
Lundholm,
Moestrup &
Hasle

delicatissima
(2.7–3.5)

no Greece, Gulf of Naples,
Mexico (Gulf of Mexico),
New Zealand, Russia (NW
Sea of Japan, Sea of
Okhotsk), Spain
(Mediterranean), Thailand

Lundholm et al. 2003; Amato
et al. 2007; Amato &
Montresor 2008; Quijano-
Scheggia et al. 2010; Stonik
et al. 2011; L. Rhodes,
personal communication

P. calliantha
Lundholm,
Moestrup &
Hasle

delicatissima
(1.1–2.6)

yes/no Martin et al. 1990 Adriatic Sea, Argentina,
Australia, Beaufort Sea,
Bermuda, Brazil,
Chesapeake Bay, Chile,
Denmark, France
(Mediterranean),
Germany (Kiel Bay),
Greece, Gulf of Mexico,
Gulf of Naples, Gulf of St.
Lawrence, North Atlantic,
Norway, Portugal, Russia
(NW Sea of Japan, Sea of
Okhotsk), Russian Arctic
seas (White Sea, Barents
Sea), Scotland, Slovenia,
Spain (Atlantic,
Mediterranean), Tunisia,
Turkey (Black Sea), Vietnam

Martin et al. 1990; Bargu et al.
2002a; Lundholm et al.
2003; Thessen et al. 2005;
Procopiak et al. 2006;
Almandoz et al. 2007;
Amato et al. 2007; Besiktepe
et al. 2008; Thessen &
Stoecker 2008; Álvarez et al.
2009; Churro et al. 2009;
Sahraoui et al. 2009; Del
Rio et al. 2010;
Moschandreou et al. 2010;
Quijano-Scheggia et al.
2010; Stonik et al. 2011;
L. Rhodes, personal
communication
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Table 1. Continued

Species
Group

(cell width) Toxicity
References
for toxicity Geographical distribution References for distribution

P. cuspidata
(Hasle) Hasle

delicatissima
(1.0–2.0)

yes/no Bill et al. 2005 Australia, Brazil, Canary
Islands, Chesapeake Bay,
Hong Kong, Korea, Mexico
(Gulf of Mexico), Portugal,
Spain (Atlantic), Thailand,
US west coast, Vietnam,
West Africa (Mauritania)

Hasle 1965; Fraga et al. 1998;
Cho et al. 2001; Priisholm et
al. 2002; Lundholm et al.
2003; Bill et al. 2005; Amato
et al. 2007; Doan-Nhu et al.
2008; Thessen & Stoecker
2008; Churro et al. 2009;
Trainer et al. 2009a;
L. Rhodes, personal
communication

P. decipiens
Lundholm &
Moestrup

delicatissima
(1.4–2.5)

no Black Sea, Canary Islands,
Italy (Tyrrhenian Sea),
Mexico (Gulf of Mexico),
Portugal

Lundholm et al. 2006; Amato
& Montresor 2008;
Congestri et al. 2008

P. delicatissima1

(Cleve) Heiden
delicatissima

(1.0–2.4)
yes/no Smith et al. 1991 Adriatic Sea, Australia,

Azores, Brazil, California,
Chile, China, Denmark,
France (Atlantic), Greece,
Greenland, Gulf of Naples,
Gulf of St. Lawrence,
Ireland, Japan, Mexico
(Pacific, Gulf of Mexico),
Morocco, New Zealand,
North Sea, Norway,
Portugal, Russia (NW Sea
of Japan, Sea of Okhotsk,
Baltic Sea), Scotland, South
Africa, Spain (Atlantic,
Mediterranean), Sweden,
Thailand, US northeast
coast, US west coast,
Vietnam, West Africa
(Mauritania)

REPHY; Hasle 1965, 2002;
Hasle et al. 1996; Bates et al.
1998; Parsons et al. 1999;
Lundholm et al. 2006;
Procopiak et al. 2006;
Kaczmarska et al. 2007;
Amato & Montresor 2008;
Quijano-Scheggia et al.
2008; Vershinin & Orlova
2008; Trainer et al. 2009b;
Moschandreou et al. 2010;
Stonik et al. 2011

P. dolorosa
Lundholm &
Moestrup

seriata
(2.5–3.0)

no Australia, Drake Passage,
Greece, Gulf of Naples,
Ireland, Monterey Bay,
Portugal, subarctic Pacific
(Ocean Station Papa)

Ferrario et al. 2004;
Lundholm et al. 2006;
Amato et al. 2007;
McDonald et al. 2007;
Marchetti et al. 2008;
Churro et al. 2009;
Moschandreou et al. 2010;
Quijano-Scheggia et al.
2010; L. Rhodes, personal
communication;
G. Hallegraeff, personal
communication

P. fraudulenta
(Cleve) Hasle

seriata
(4.0–8.0)

yes/no Rhodes et al. 1998 Argentina, Australia, Azores,
Bay of Fundy, Bering Sea,
Brazil, Chesapeake Bay,
Chile, Denmark, France
(Atlantic), Greece, Gulf of
Alaska, Gulf of Maine,
Gulf of Naples, Gulf of St.
Lawrence, Hong Kong,
Ireland, Japan, Korea,
Mexico (Pacific), Morocco
(Atlantic), New Zealand,
Norway, Portugal, Russia
(NW Sea of Japan, Sea of
Okhotsk, Baltic Sea),
Scotland, South Africa,
Spain (Atlantic), Uruguay,
US central and northeast
coasts, US west coast

Hallegraeff 1994; Hasle et al.
1996; Bates et al. 1998;
Rhodes 1998; Hasle 2002;
Lundholm et al. 2003;
Kaczmarska et al. 2005b;
Almandoz et al. 2007;
Quijano-Scheggia et al.
2008, 2010; Thessen &
Stoecker 2008; Vershinin &
Orlova 2008; Trainer et al.
2009a; Churro et al. 2009;
Moschandreou et al. 2010;
Orive et al. 2010; Silver et al.
2011; Stonik et al. 2011

P. fryxelliana
Lundholm

delicatissima
(2.1–2.5)

not tested Washington Lundholm et al. in press
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Table 1. Continued

Species
Group

(cell width) Toxicity
References
for toxicity Geographical distribution References for distribution

P. galaxiae
Lundholm &
Moestrup

delicatissima
(1.0–1.8)

yes/no Cerino et al. 2005 Australia, France (Atlantic),
Greece, Gulf of Naples,
Mexico (Gulf of Mexico),
Spain (Mediterranean)

Lundholm & Moestrup 2002;
Lundholm et al. 2003;
Cerino et al. 2005; Trainer
et al. 2008; Moschandreou
et al. 2010; Orive et al. 2010;
Quijano-Scheggia et al. 2010

P. granii (Hasle)
Hasle

delicatissima
(1.3–1.8)

yes/no Trick et al. 20102 Korea, Russian Arctic seas
(White Sea, Barents Sea),
subarctic Pacific (Ocean
Station Papa)

Cho et al. 2001; El-Sabaawi &
Harrison 2006; Marchetti et
al. 2008; Vershinin &
Orlova 2008; Trick et al.
2010

P. hasleana
Lundholm

delicatissima
(1.5–2.8)

no Japan, NE Pacific (off
Washington), Spain
(Atlantic), Washington

Lundholm et al. in press

P. heimii
Manguin

seriata
(3.5–6.0)

no Argentina, Drake Passage,
Monterey Bay, New
Zealand, Norway, Russia
(Sea of Okhotsk), Skagerrak,
Subarctic Pacific (Ocean
Station Papa), Thailand,
US west coast, Weddell
Sea (Antarctica)

Hasle et al. 1996; Fryxell et al.
1997; Rhodes 1998; Ferrario
et al. 2004; Almandoz et al.
2007, 2008; Marchetti et al.
2008; Trainer et al. 2009a;
Stonik et al. 2011

P. inflatula
(Hasle) Hasle

delicatissima
(1.3–2.0)

no Denmark, Italy (Tyrrhenian
Sea), Mexico (Pacific),
Monterey Bay, NE
subarctic Pacific,
Thailand, Vietnam

Hasle 1965; Fryxell et al. 1997;
Priisholm et al. 2002; Skov
et al. 2004; Hernández-
Becerril & Dı́az-Almeyda
2006; Congestri et al. 2008

P. linea
Lundholm,
Hasle &
G.A. Fryxell

delicatissima
(1.8–2.2)

not tested Brazil, Costa Rica, Gulf
of Mexico, Narragansett
Bay, Spain
(Mediterranean)

Lundholm et al. 2002a, b;
Quijano-Scheggia et al.
2010; Fernandes & Brandini
2010

P. lineola
(Cleve) Hasle

delicatissima
(2.0–2.7)

no Argentina, Australia,
Denmark, Drake Passage,
Mexico (Pacific), NE
Pacific (off Washington),
US west coast, Weddell
Sea (Antarctica)

Hasle 1965; Hallegraeff 1994;
Fryxell et al. 1997;
Hernández-Becerril 1998;
Ferrario et al. 2004;
Almandoz et al. 2007, 2008;
Trainer et al. 2009b;
Lundholm et al. in press

P. mannii Amato
& Montresor

delicatissima
(1.7–2.6)

not tested Adriatic Sea, Greece, Gulf
of Naples, Spain
(Mediterranean)

Almandoz et al. 2008; Amato
& Montresor 2008;
Moschandreou et al. 2010;
Quijano-Scheggia et al.
2010; Z. Ljubešić, personal
communication

P. micropora
Priisholm,
Moestrup &
Lundholm

delicatissima
(1.3–2.0)

not tested Thailand, Vietnam Priisholm et al. 2002; Skov et
al. 2004; Lundholm et al.
2003

P. multiseries
(Hasle) Hasle

seriata
(3.5–4.8)

yes Bates
et al. 1989

Algeria, Argentina, Baltic
Sea, Bay of Fundy, Bering
Sea, Brazil, British
Columbia, Chesapeake
Bay, China, Denmark,
France (Atlantic), Greece,
Gulf of Maine, Gulf of
Mexico, Gulf of St.
Lawrence, Hong Kong,
Ireland, Japan, Korea,
Monterey Bay, New
Zealand, Norway,
Portugal, Russia (NW
Sea of Japan, Sea of
Okhotsk, Baltic Sea),
Scotland, Spain (Atlantic),
Uruguay, US northeast
coast, US west coast

Bates et al. 1989, 1998; Hasle
et al. 1996; Pan et al. 1996a;
Rhodes 1998; Kotaki et al.
1999; Hasle 2002;
Kaczmarska et al. 2005b;
Procopiak et al. 2006;
Hagström et al. 2007;
Thessen & Stoecker 2008;
Vershinin & Orlova 2008;
Moschandreou et al. 2010;
Stonik et al. 2011
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Table 1. Continued

Species
Group

(cell width) Toxicity
References
for toxicity Geographical distribution References for distribution

P. multistriata
(Takano)
Takano

neither
(2.5–3.7)

yes/no Rhodes
et al. 2000

Australia, Brazil, China,
France (Atlantic), Greece,
Gulf of Mexico, Gulf of
Naples, Japan, Korea, New
Zealand, Portugal, Russia
(NW Sea of Japan, Sea of
Okhotsk), Spain (Atlantic,
Mediterranean), Thailand,
Uruguay, Vietnam

Takano 1995; Hasle 2002;
Orsini et al. 2002; Skov et al.
2004; Lundholm et al. 2003;
Quijano-Scheggia et al.
2005, 2008; Thessen et al.
2005; Churro et al. 2009;
D’Alelio et al. 2009; Méndez
& Ferrario 2009;
Moschandreou et al. 2010;
Orive et al. 2010; Stonik
et al. 2011

P. obtusa (Hasle)
Hasle &
Lundholm

seriata
(2.9–5.0)

no Alaska, Barents Sea,
Canadian Arctic, Denmark,
Greenland, Gulf of St.
Lawrence, Hudson Strait,
Ireland, Newfoundland,
Norway, Russia (Sea of
Okhotsk, Kamchatka)

Hasle 2002; Hasle &
Lundholm 2005; Stonik
et al. 2011

P. prolong-
atoides
(Hasle)
Hasle

delicatissima
(0.5–2.5)

not tested Gulf of Mexico, Weddell
Sea (Antarctica)

Almandoz et al. 2008;
Krayevsky et al. 2009

P. pseudodeli-
catissima3

(Hasle)
Hasle

delicatissima
(1.1–2.1)

yes/no Lundholm
et al. 1997

Australia, Bay of Fundy,
Chile, China, Croatia,
Denmark, France (Atlantic),
Greece, Gulf of Maine,
Gulf of Mexico, Gulf of
Naples, Iceland, Ireland,
Mexico (Gulf of Mexico),
New Zealand, Norway,
Portugal, Russia (Black Sea,
Baltic Sea), Russian Arctic
seas (White Sea), Scotland,
Spain (Atlantic
Mediterranean), Thailand,
US west coast, Vietnam

Martin et al. 1990; Bates et al.
1993a; Hasle et al. 1996;
Fraga et al. 1998; Rhodes
1998; Pan et al. 2001; Hasle
2002; Lundholm et al. 2003;
Kaczmarska et al. 2005b;
Churro et al. 2009;
Moschandreou et al. 2010;
Orive et al. 2010; Ljubešić
et al. 2011

P. pungens
(Grunow
ex Cleve) Hasle

seriata
(2.2–5.4)

yes/no Rhodes
et al. 1996

Argentina, Australia, Bay of
Fundy, Bering Sea, Brazil,
British Columbia, Caribbean
Sea, Chesapeake Bay, Chile,
China, Denmark, Ecuador,
France (Atlantic,
Mediterranean), Greece,
Gulf of Mexico, Gulf of
St. Lawrence, Hong Kong,
Indian Ocean, Indonesia,
Ireland, Japan, Korea,
Mexico (Pacific, Gulf of
Mexico), Morocco,
Mozambique, New Zealand,
Norway, Peru, Portugal,
Russia (NW Sea of Japan,
Sea of Okhotsk, Bering Sea,
Black Sea, Baltic Sea),
Russian Arctic seas
(White Sea), Scotland,
Spain (Atlantic,
Mediterranean), Thailand,
US east coast, US west
coast, Vietnam, West
Africa

Forbes & Denman 1991; Bates
et al. 1993a, 1998;
Hallegraeff 1994; Hasle et
al. 1996; Rhodes et al. 1998;
Hasle 2002; Lundholm et al.
2003; Kaczmarska et al.
2005b; Procopiak et al.
2006; Almandoz et al. 2007;
Thessen & Stoecker 2008;
Moschandreou et al. 2010;
Orive et al. 2010; Stonik
et al. 2011

P. pungiformis
(Hasle) Hasle

seriata
(4.0–5.0)

not tested Monterey Bay Hasle et al. 1996; Fryxell et al.
1997

P. roundii
Hernández-
Becerril

seriata
(4.6–6.5)

not tested Mexico (Pacific) Hernández-Becerril & Dı́az-
Almeyda 2006
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molecular studies, as well as with mating studies, especially

because of the number of cryptic and pseudo-cryptic species

being identified (see below). As well, growth temperature

has been shown to affect cell morphology, e.g. for P.

multiseries (Lewis et al. 1993) and P. seriata (Lundholm

et al. 1994; Fehling et al. 2004; Hansen et al. 2011), further

confusing species identification. We must still not lose sight

of the importance of training qualified taxonomists to work

alongside those using molecular approaches.

Molecular studies involve sequence analyses of the

nuclear-encoded large-subunit (LSU) ribosomal DNA

(rDNA) (Stehr et al. 2002; Amato et al. 2007; McDonald

et al. 2007; Thessen et al. 2009; Moschandreou et al. 2010)

or of the internal transcribed spacer (ITS1 or ITS2) regions

(e.g. Lundholm et al. 2003, 2006; Orsini et al. 2004; Amato

et al. 2007; Kaczmarska et al. 2008; Casteleyn et al. 2009b;

Thessen et al. 2009; Andree et al. 2011), the mitochondrion-

encoded cytochrome c oxidase 1 (Kaczmarska et al. 2008;

Lundholm et al. in press) or the chloroplast-encoded large

subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase

(rbcL) (Amato et al. 2007; Casteleyn et al. 2009b, 2010;

Lundholm et al. in press) or small (rbcS) (Delaney et al. in

press) gene. Such molecular information has been used to

develop an automated ribosomal intergenic spacer analysis

approach to identify Pseudo-nitzschia species rapidly in

environmental samples (Hubbard et al. 2008; Marchetti et al.

Table 1. Continued

Species
Group

(cell width) Toxicity
References
for toxicity Geographical distribution References for distribution

P. seriata
(Cleve) H.
Peragallo

seriata
(4.6–8.0)

yes/no Lundholm et al.
1994

Argentina (Beagle Channel),
Baltic Sea, Barents Sea,
Bay of Fundy, Canadian
Arctic (Resolute Bay),
Chesapeake Bay, Denmark,
Greece, Greenland, Gulf
of St. Lawrence, Iceland,
Ireland, Newfoundland,
North Sea, Norway, Russia
(NW Sea of Japan, Sea of
Okhotsk), Russian Arctic
seas (White Sea, Barents
Sea), Scotland, US
northeast coast

Bates et al. 1998; Lundholm et
al. 1994; Hasle et al. 1996;
Hasle 2002; Lundholm et al.
2003; Fehling et al. 2004;
Kaczmarska et al. 2005b;
Davidson & Fehling 2006;
Procopiak et al. 2006;
Almandoz et al. 2009;
Ignatiades & Gotsis-Skretas
2010; Stonik et al. 2011;
Hansen et al. 2011

P. sinica Qi,
Ju & Lei

neither
(2.5–5.0)

not tested China, Thailand, Vietnam Qi et al. 1994; Priisholm et al.
2002; Li et al. 2005; Doan-
Nhu et al. 2008

P. subcurvata
(Hasle) Fryxell

delicatissima
(1.5–2.0)

no Argentina, Drake Passage
(Antarctica), Gulf of
Mexico, Weddell Sea
(Antarctica)

Fryxell et al. 1991; Bates et al.
1993a; Almandoz et al.
2007, 2008; Aké-Castillo &
Okolodkov 2009

P. subfraudulenta
(Hasle) Hasle

seriata
(5.0–7.0)

no Australia, Chile, China,
France (Mediterranean),
Greece, Gulf of Mexico,
Gulf of Naples, Gulf of
Panama, Japan, Korea,
Mexico (Pacific, Gulf of
Mexico), Monterey Bay,
Northwest Africa,
Vietnam

Hasle 1965, 2002; Skov et al.
2004; Thessen et al. 2005;
Hernández-Becerril & Dı́az-
Almeyda 2006; Álvarez
et al. 2009; Moschandreou
et al. 2010

P. subpacifica
(Hasle) Hasle

seriata
(5.0–7.0)

no Australia, Bay of Fundy,
California, Chesapeake
Bay, China, France
(Atlantic), Gulf of Mexico;
Gulf of Panama, Ireland,
Korea, Monterey Bay,
Northwest Africa,
Portugal, Spain (Atlantic),
Washington

Hasle 1965; Hallegraeff 1994;
Fryxell et al. 1997; Fraga
et al. 1998; Cho et al. 2001;
Lundholm et al. 2003;
Kaczmarska et al. 2005b;
Thessen & Stoecker 2008;
Churro et al. 2009; Orive
et al. 2010

P. turgidula
(Hasle) Hasle

neither
(2.5–5.0)

yes Rhodes et al. 1996 Argentina, Australia,
Barents Sea, Bay of Fundy,
China, Drake Passage,
Monterey Bay, New Zealand,
Scotland, Subarctic Pacific,
Weddell Sea (Antarctica)

Hallegraeff 1994; Rhodes
et al. 1996; Hasle 2002;
Ferrario et al. 2004;
Almandoz et al. 2007, 2008;
Leandro et al. 2010a; Trick
et al. 2010

P. turgiduloides
Hasle

delicatissima
(1.7–2.5)

no Argentina, Drake Passage,
Ross Sea, Weddell Sea
(Antarctica)

Lundholm et al. 2003;
Ferrario et al. 2004;
Almandoz et al. 2007, 2008

1 Some species may be P. arenysensis (sensu Quijano-Scheggia et al. 2009).
2 Shipboard batch culture of natural seawater containing P. granii as the only species of Pseudo-nitzschia.
3 May be multiple species within the P. pseudodelicatissima complex (sensu Lundholm et al. 2003; Amato & Montresor 2008), if reports

are earlier than 2003.
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2008). McDonald et al. (2007) identified different species

and pseudo-cryptic species in the natural environment by

amplifying LSU fragments, which appeared to be more

reliable than microscopic observations. Microsatellite mark-

ers, requiring isolates in culture, have been developed for P.

pungens (Evans & Hays 2004), P. multiseries (Evans et al.

2004), P. multistriata (Tesson et al. 2011) and P. australis (N.

Adams, personal comunication). These can be used to help

determine if Pseudo-nitzschia populations are made up of

cryptic species, different varieties of the same species or

contain hybrid forms of species varieties (reviewed in

Trainer et al. in press).

Phylogenetic trees on the basis of LSU rDNA sequence

analysis have proven that Pseudo-nitzschia is a paraphyletic

genus (Lundholm et al. 2002b). Often, the above groupings

on the basis of cell width are consistent with those shown in

phylogenetic trees (e.g. Cerino et al. 2005). The taxonomic

status and phylogeny of P. americana, however, is still not

clear because it is uncertain if the original sequences

submitted came from the single-celled or chain-forming

strains (Lundholm et al. 2002a; Orsini et al. 2002).

On the basis of molecular evidence and careful light

microscopy examination of existing species, some of these

species have recently been emended and several new ones

defined (included in Table 1). It is likely that new species

will continue to be discovered in this way, thus increasing

the known species diversity (Medlin & Kooistra 2010;

Lundholm et al. in press). Pseudo-nitzschia pseudodelica-

tissima was split into three species: P. calliantha, P.

pseudodelicatissima and P. caciantha, and P. cuspidata was

redefined (Lundholm et al. 2003). The genotype identified

as P. calliantha2 (Amato et al. 2007) was named as a new

species, P. mannii, within the P. pseudodelicatissima/

cuspidata complex (Amato & Montresor 2008). Further-

more, a recent more thorough examination of the above

narrow (, 1.5–2.5 mm) species has revealed even greater

diversity, with the identification of two new species: P.

hasleana and P. fryxelliana (Lundholm et al. in press).

Reports of DA production by strains identified as P.

pseudodelicatissima before 2003 should therefore be ques-

tioned. Pseudo-nitzschia seriata f. obtusa was raised in rank

to P. obtusa (Hasle & Lundholm 2005). Pseudo-nitzschia

delicatissima was redefined and split into two new species:

P. dolorosa and P. decipiens (Lundholm et al. 2006). Later,

the P. delicatissima del1 strain of Amato et al. (2007) was

named a new species, P. arenysensis (Quijano-Scheggia

et al. 2009b). The detection of three ITS1 fragments, which

differed from any known species, were assumed to

correspond to uncultivated, and therefore not yet discov-

ered, Pseudo-nitzschia species (Hubbard et al. 2008).

The molecular approach has also allowed the discovery of

cryptic species, i.e. those that are morphologically identical, or

too similar to be distinguished, but genetically different, so they

are reproductively isolated from other members of their own

‘species’. For example, Amato et al. (2007) showed that

P. pseudodelicatissima is in fact a group of five species

(P. cuspidata, P. calliantha, P. calliantha2, P. caciantha and

P. pseudodelicatissima) and that P. delicatissima is a group

of three species (P. delicatissima, P. delicatissima2 and

P. dolorosa). Pseudo-cryptic species are likewise genetically

distinct but also have minor ultrastructural differences that

are difficult to detect (Amato et al. 2005). McDonald et al.

(2007) found three new genotypes among the Pseudo-

nitzschia by studying subtle morphological differences and

LSU rDNA sequences: two were from within the galaxiae

clade and one was possibly of an undescribed delicatissima-

like cell. Such studies document the process of speciation

and may also eventually help to explain the existence of

toxic and nontoxic strains of presumably the same species.

Using both nuclear-encoded rDNA ITS and plastid-

encoded rbcL sequences, three distinct clades (I–III) of P.

pungens have been revealed that are also distinguishable by

subtle differences in frustule ultrastructure (Casteleyn et al.

2010). The clades differ in their geographical distribution:

clade I (P. pungens var. pungens) has a cosmopolitan

distribution in temperate waters of the Atlantic and Pacific

oceans; clade II (P. pungens var. cingulata), originally

described by Villac & Fryxell (1998), has only been found

in the northeastern Pacific, where it co-occurs with clade I;

and clade III (P. pungens var. aveirensis), described by

Churro et al. (2009), occurs in the tropical to warm-

temperate waters of the Atlantic and Pacific oceans. Clades I

and II are sexually compatible in culture (Casteleyn et al.

2008), and hybrids have been found in the field (Casteleyn

et al. 2009a; Holtermann et al. 2010). So far, the correlation

between the reported abilities of some strains of P. pungens

to produce small quantities of DA (e.g. , 0.2 pg DA cell21)

(see Bates et al. 1998; Calu et al. 2009) and the clade to which

they belong has not been investigated. These studies support

the existence of factors that limit gene flow in a presumably

cosmopolitan species, and how this can lead to speciation.

Reproduction

Pseudo-nitzschia spp. exhibit asexual and sexual reproduc-

tion. In asexual reproduction, the parental hypotheca (the

smaller theca) becomes the epitheca (the larger theca) of the

daughter cell. A new hypotheca will then be formed within

that smaller epitheca. Thus, the cells become smaller each

time they divide. Because of the rigid frustule, sexual

reproduction is generally required to restore the largest cell

size of Pseudo-nitzschia spp. (Fig. 10). Unusually, Pan et al.

(2001) observed a vegetative cell enlargement of P. cf.

pseudodelicatissima on five occasions in monocultures.

Sexual reproduction (also called auxosporulation) occurs

when daughter cells reach a lower size threshold (Davidovich

& Bates 1998; Hiltz et al. 2000; Amato et al. 2005) as a result

of continued vegetative cell division (except for the unusual

abrupt reduction in cell length; Chepurnov et al. 2005). This

threshold, however, is not universal and is species depen-

dent, often having a wide size range, e.g. for P. delicatissima,

20–90% of the maximal cell length (Amato et al. 2005); for

P. multiseries, 23–70% (Hiltz et al. 2000; Bates &

Davidovich 2002); 20–60% for P. pungens (Chepurnov

et al. 2005); and 20–90% for P. delicatissima (Amato et al.

2005). In a field study, the upper size thresholds for sexual

induction were , 62% and 75% of the maximum size for P.

pungens and P. australis, respectively (Holtermann et al.

2010). Below a given size window, cells can no longer

reproduce sexually and will eventually die.

To date, sexual reproduction has been reported, in

laboratory cultures, for 14 Pseudo-nitzschia species and one
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variety: P. arenysensis (Quijano-Scheggia et al. 2009b), P.

australis (Holtermann et al. 2010), P. brasiliana (Quijano-

Scheggia et al. 2009a), P. calliantha (Amato et al. 2007;

Lundholm et al. in press), P. cuspidata (Lundholm et al. in

press), P. delicatissima (Amato et al. 2005, 2007; Kaczmarska

et al. 2008; Quijano-Scheggia et al. 2009b), P. dolorosa

(Amato et al. 2007), P. fraudulenta (Chepurnov et al. 2004),

P. mannii (Amato & Montresor 2008), P. multiseries

(Davidovich & Bates 1998; Hiltz et al. 2000; Kaczmarska

et al. 2000), P. multistriata (D’Alelio et al. 2009), P.

pseudodelicatissima (Davidovich & Bates 1998; which may

be P. cuspidata; Lundholm et al. 2003), P. pseudodelicatis-

sima sensu stricto (Amato et al. 2007), P. pungens

(Chepurnov et al. 2004, 2005; Casteleyn et al. 2008), P.

pungens var. aveirensis (Churro et al. 2009) and P.

subcurvata (Fryxell et al. 1991). Mating compatibility

studies are increasingly being used to confirm species

differences (Davidovich & Bates 1998; Amato et al. 2007;

Casteleyn et al. 2008; Orlova et al. 2008; Quijano-Scheggia

et al. 2009b; Lundholm et al. in press).

Most Pseudo-nitzschia species are heterothallic, requiring

two parental cells (gametangia) of opposite mating type, a

‘+’ and a ‘2’ (Chepurnov et al. 2005; D’Alelio et al. 2009).

Exceptions are P. brasiliana, which is homothallic, i.e. it

does not require the opposite mating type (Quijano-

Scheggia et al. 2009a), and P. subcurvata, which produced

auxospores in a clonal culture and is therefore also

apparently homothallic (Fryxell et al. 1991). After several

hours, the + and 2 gametangia find each other and align

themselves in a parallel fashion, without mucilage or any

physical link. Sexual reproduction may occur between two

single cells or between a cell in a chain and a single cell.

Gametogenesis starts and two identical nonflagellated,

spherical gametes appear from each gametangium. This is

a cis-anisogamy, i.e. the + and 2 gametes do not behave in

the same way: each of the two slightly mobile (active) +
gametes fuse with the two immobile 2 (passive) gametes

that are directly opposite to them, but not necessarily at the

same time. Gamete fusion (plasmogamy) occurs within 1–

2 min, resulting in the formation of a spherical zygote for

each pair of gametes. Each zygote, which remains attached

to the 2 parental frustule, expands to form an elongated

auxospore, which is surrounded by a perizonium (Fig. 4).

The initial cell develops inside the auxospore and, after 2–

4 d when it reaches the maximum cell length for the species,

it escapes by breaking through the tips of the perizonium

(Davidovich & Bates 1998; Amato et al. 2005; D’Alelio

et al. 2009). The initial cell does not have the same mor-

phology as the vegetative cell (Kaczmarska et al. 2000).

Curiously, initial cells of P. multiseries, at least, must be

isolated from the parental cell mixture for them to survive

(personal observation). After the first cell division, the

morphology begins to appear like the normal vegetative cells.

The sexual stages are fragile and easily broken during the

sampling, rendering them difficult to observe (Davidovich

& Bates 1998; Mann & Bates 2001). Furthermore,

Fig. 10. Sexual reproduction of Pseudo-nitzschia sp., carried out to restore the large cell size, after size diminution as a result of
asexual reproduction (vegetative cell division).
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identification of these different sexual stages is difficult.

Molecular probes must still be developed for identifying the

sex of the cell, sexually induced cells, as well as the sexual

stages (Mann & Bates 2001). In the ocean, only 9–14% of

the cells, depending on the species, would be able to

reproduce at the same time (Sarno et al. 2010). Neverthe-

less, two massive sexual reproduction events have recently

been observed, for the first time, in natural populations

(Holtermann et al. 2010; Sarno et al. 2010). These field

studies, and that of D’Alelio et al. (2010), show a period

between cycles of sexual reproduction (2–3 yr) similar to

that found in culture studies (Davidovich & Bates 1998).

Questions remain as to how cells of opposite mating type

find each other, and when they do, what triggers them to

initiate the steps in sexual reproduction. There is some

evidence that a compound is released by P. multiseries cells

when cells of opposite mating type are placed together in

14–40 ml of medium (Haché 2000; Bates & Davidovich

2002). When cell-free filtrate collected from the medium

containing the mating cells was added to other pairs of cells

of opposite mating type, the number of gametes produced

increased. Furthermore, some compound in that filtrate

caused cells to produce gametes even in absence of any cells

of the opposite mating type. Could that compound be a

pheromone? The coincidence of auxosporulation occurring

at the same time and location as high DA concentrations in

razor clams at Kalaloch Beach (Washington, USA)

(Holtermann et al. 2010) also raises the question about a

possible relationship between sexual reproduction and

production of DA.

One conclusion from the above studies is that defining a

species from morphology only is inadequate; combining

morphology and genetic sequencing is better (Lundholm &

Moestrup 2002; Lundholm et al. 2002a, b, 2003, 2006), and

adding mating compatibility (Amato et al. 2007; Lundholm

et al. in press) provides the most complete picture (Mann

1999). For example, strains of opposite mating type and

grouped together on the basis of their ITS2 sequences,

which also gave the same morphological features, produced

viable offspring when crossed, whereas crosses between

strains of different ITS2 sequences failed to mate success-

fully (Amato et al. 2007).

Producers of DA

Domoic acid was first discovered in the red alga Chondria

armata (Takemoto & Daigo 1958), and is also produced by

two other pennate diatoms, in addition to certain Pseudo-

nitzschia species: Amphora coffeaeformis from Canada

(although this finding has been questioned; Bates 2000),

and N. navis-varingica from Southeast Asia (Kotaki et al.

2000). In the Philippines, strains of N. navis-varingica from

one region only produced DA, although elsewhere some

isolates did produce isodomoic acids A and B (Bajarias

et al. 2006; Kotaki et al. 2006).

Of the 37 species of Pseudo-nitzschia, 14 have been

reported to produce DA, although not all strains are toxic

under the testing conditions (Table 1; Bates et al. 1998;

Thessen et al. 2009). Pseudo-nitzschia cf. granii is the most

recent addition to the list of toxigenic species, although

toxicity was demonstrated only in a shipboard continuous

culture of a natural seawater sample at Ocean Station

PAPA (OSP) (Trick et al. 2010; see below), not in a clonal

isolate. In contrast, Guannel et al. (2011) determined that

an isolate of P. granii from OSP was undectable for DA.

They did report, however, relatively high levels of cellular

DA (13.48 pg DA cell21) in an unidentified new species of

Pseudo-nitzschia (P. sp. 233, strain PNWH20 233), isolated

from Sequim Bay, Washington (USA). Ten species have

not yet been tested for toxigenicity: P. antarctica, P.

fryxelliana, P. linea, P. lineola, P. mannii, P. micropora, P.

prolongatoides, P. pungiformis, P. roundii and P. sinica.

Some researchers believe that all species of Pseudo-nitzschia

will prove to be toxigenic, given the proper growth

conditions and sensitive-enough detection protocols, al-

though perhaps not at levels great enough to generate

toxicity at higher trophic levels under all conditions

(Parsons et al. 1999; Wells et al. 2005).

Most toxic species are coastal, with cellular DA values on

the order of , 1 to , 100 pg cell21 (although usually ,

100 pg cell21), depending on the species, cell size and

growth conditions (laboratory studies summarized by

Trainer et al. 2008; field studies summarized by Caron et

al. 2010). For example, the large (73–129 mm long, 6.0–

7.8 mm wide) P. australis contained a maximum of 78 pg

DA cell21 (Trainer et al. 2000), and the small (10–82 mm

long, 1.0–1.8 mm wide) P. galaxiae, when toxic, contained

only 0.36 fg DA cell21 (Cerino et al. 2005). Other examples

of cellular DA values, calculated from total abundances of

Pseudo-nitzschia spp. and particulate DA concentrations in

the field, are: 2.7 pg cell21 (Adams et al. 2000), 88 pg cell21

(Anderson et al. 2009) and 117 pg cell21 (Schnetzer et al.

2007); 43 pg cell21 was reported for P. australis (Howard

et al. 2007).

There are few oceanic species: P. turgidula, P. heimii, P.

inflatula, P. granii and P. prolongatoides, although the first

three are also found along some coasts (Rhodes et al. 1996;

Priisholm et al. 2002; Hernández-Becerril & Dı́az-Almeyda

2006; Congestri et al. 2008). Previously, none of the species

isolated from mid-ocean waters was reported to produce

DA at detectable levels (Marchetti et al. 2008); P.

prolongatoides has not yet been tested (Table 1). However,

a recent study carried out in the eastern subarctic Pacific (at

OSP) has shown exceedingly low levels of DA in seawater

(0.1 pg DA ml21) and in P. cf. granii cells (4 ag DA cell21)

from a shipboard growth experiment that used a natural

seawater sample (Trick et al. 2010). By comparison, coastal

waters contained much greater concentrations, ranging

from 0.15–9.39 ng DA ml21 in San Francisco Bay (Howard

et al. 2007) to 136 ng DA ml21 in Washington State

(Trainer et al. 2007). The above oceanic studies are

among many that have been carried out to examine the

effects of adding iron to stimulate the growth of iron-

limited phytoplankton in the high-nitrate, low-chlorophyll

(HNLC) regions of mid-oceans. It has been proposed that

the phytoplankton growth stimulated by this artificial

fertilization could result in a drawdown of atmospheric

CO2 concentrations and hence a slowing of global warming,

although the effectiveness of this approach has recently

been questioned (Hamme et al. 2010). Moreover, it has

raised concerns because numerous tests have resulted in

favouring the growth of Pseudo-nitzschia spp. (summarized
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by Trick et al. 2010). Furthermore, Trick et al. (2010)

showed that iron addition stimulated not only Pseudo-

nitzschia spp. growth, but also the production of DA by

P. cf. granii (see above) and P. turgidula (see more on

iron stimulation, below). Although the amounts of toxin

produced are low (4 ag DA cell21 and 0.3 fg DA cell21 for

P. cf. granii and P. turgidula, respectively), there are still

unknown consequences of this to the ocean ecosystem.

Blooms

Diatoms, including Pseudo-nitzschia spp., often bloom in

upwelling zones, where currents allow them to remain in the

upper, sunlit water column and to take advantage of the rich

nutrients coming from the ocean depths. For example,

Pseudo-nitzschia blooms are common along the west coast

of the United States (Horner et al. 2000; Trainer et al. 2000;

Kudela et al. 2005; Anderson et al. 2006), where river runoff

can also supply nutrients (Schnetzer et al. 2007), although

runoff is not always implicated (Kudela et al. 2004a).

Worldwide, Pseudo-nitzschia blooms are also common along

the west coast of continents because of upwelling as well as

to circulation patterns caused by seafloor and coastal

topographies (Trainer et al. 2008). This can cause them to

be retained for long periods under conditions that are

favourable for elevated DA production, e.g. in the Juan de

Fuca eddy region off the coasts of Washington (USA) and

British Columbia (Canada) (Trainer et al. 2009a) and in the

eddy of the Santa Barbara Channel, California (USA)

(Anderson et al. 2006). Otherwise, Pseudo-nitzschia spp. can

be found in other coastal or mid-oceanic waters (Trainer

et al. 2008), as well as in cold (polar) (Orlova & Shevchenko

2002; Almandoz et al. 2008), temperate (Amato et al. 2005)

or tropical/subtropical waters (Hernández-Becerril 1998;

Hasle 2002) (Table 1). Pseudo-nitzschia spp. are found on all

continents, including Antarctica, although no toxigenic

species have yet been found there (Fig. 11). Since last

reported in 2007, the number of species and locations

documented has increased; compare the distribution map in

Thessen (2007) with that shown in Fig. 11. The increases are

for all continents except Antarctica, but it appears that they

are usually associated with locations where research

institutions devote particular attention to this genus.

The increased interest directed at Pseudo-nitzschia spp.,

and the latest naming of new species, has resulted in their

recent discovery in new locations (Table 2). Some species

are described as being cosmopolitan: P. australis, P.

delicatissima, P. fraudulenta, P. multiseries, P. pseudodelica-

Fig. 11. World distribution of Pseudo-nitzschia spp. (see also Table 1). Toxigenic species are in bold and shown with an *; note that only
certain strains of these species are toxigenic at some locations.1 Toxicity determined from a shipboard continuous culture of a natural
seawater sample containing P. cf. granii as the only species of Pseudo-nitzschia (Trick et al. 2010). Symbols outlined in blue indicate that the
report was made before major taxonomic revisions were made for P. delicatissima and P. pseudodelicatissima, although updates were made
when available. Modified and updated from Thessen (2007). A color version of this map is available online.
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tissima and P. pungens (Hasle 2002; Lundholm & Moestrup

2002), but Table 1 and Fig. 11 suggest that most of the

others could also be in that category, except for: P.

antarctica, P. arenysensis, P. fryxelliana, P. granii, P.

mannii, P. micropora, P. prolongatoides, P. pungiformis,

P. roundii, P. subcurvata and P. turgiduloides, which have a

more restricted distribution, including polar regions. As

well, some of the cosmopolitan species may actually be more

diverse, if cryptic species are considered. It is not yet clear if

the distribution of the noncosmopolitan species is in fact

caused by an inability to grow in a broad spectrum of

conditions, or if they are truly stenohaline or stenothermal

Table 2. New records for Pseudo-nitzschia spp. at different locations of the world, since 2002.

Species Location Reference

P. americana Russia (NW Sea of Japan, Sea of Okhotsk) Orlova & Shevchenko 2002
Bay of Fundy Kaczmarska et al. 2005b
Atlantic coast of France Nézan et al. 2007
Portugal Churro et al. 2009
Denmark and Scandinavia Lundholm et al. 2010

P. brasiliana Mediterranean coast of Spain Quijano-Scheggia et al. 2005
Tokyo Bay, Japan
Eastern Russian seas

Yap-Dejeto et al. 2010
Stonik et al. 2011

Bizerte Lagoon, Tunisia Sahraoui et al. in press
P. caciantha Tokyo Bay, Japan Yap-Dejeto et al. 2010
P. calliantha Turkish coast of the Black Sea Bargu et al. 2002a

southern Adriatic coastal waters Caroppo et al. 2005
Chesapeake Bay Thessen & Stoecker 2008
Black Sea1 Besiktepe et al. 2008
Bizerte Lagoon, Tunisia Sahraoui et al. 2009
northern Chile Álvarez et al. 2009
Portugal Churro et al. 2009
Gulf of Mexico Del Rio et al. 2010
Tokyo Bay, Japan Yap-Dejeto et al. 2010

P. cuspidata2 coastal Washington State Trainer et al. 2009b
Portugal Churro et al. 2009

P. delicatissima southern Adriatic coastal waters Caroppo et al. 2005
Greece Moschandreou et al. 2010

P. dolorosa3 Drake Passage Ferrario et al. 2004
Greece Moschandreou et al. 2010

P. fraudulenta Bay of Fundy Kaczmarska et al. 2005b
Russian waters of the Japan Sea Stonik et al. 2008
Greece Moschandreou et al. 2010

P. galaxiae Greece, Spain (Mediterranean Sea) Moschandreou et al. 2010; Quijano-Scheggia et al. 2010
France (Atlantic) Orive et al. 2010
Tokyo Bay, Japan Yap-Dejeto et al. 2010

P. heimii Argentina Almandoz et al. 2007
Denmark and Scandinavia Lundholm et al. 2010

P. inflatula Mexico (Pacific) Hernández-Becerril & Dı́az-Almeyda 2006
Tyrrhenian Sea (Italy) Congestri et al. 2008

P. linea Mediterranean Sea (Spain) Quijano-Scheggia et al. 2010
Paraná coast, Brazil Fernandes & Brandini 2011

P. lineola Argentina Almandoz et al. 2007
P. mannii Greece Moschandreou et al. 2010
P. multiseries Bay of Fundy Kaczmarska et al. 2005b
P. multistriata Mediterranean coast of Spain Quijano-Scheggia et al. 2005

Uruguay Méndez & Ferrario 2009
Portugal Churro et al. 2009
Greece Moschandreou et al. 2010
Sea of Okhotsk (Russia) Stonik et al. 2011

P. pseudodelicatissima Denmark and Scandinavia Lundholm et al. 2010
Greece Moschandreou et al. 2010

P. pungens Bay of Fundy Kaczmarska et al. 2005b
P. seriata west coast of Greenland Hansen et al. 2011

Eastern Russian seas Stonik et al. 2011
Greece Moschandreou et al. 2010

P. subfraudulenta northern Chile Álvarez et al. 2009
Greece Moschandreou et al. 2010

P. subpacifica Bay of Fundy Kaczmarska et al. 2005b
Portugal Churro et al. 2009

P. turgidula Bay of Fundy Leandro et al. 2010a
P. turgiduloides Argentina Almandoz et al. 2007

1 Lundholm et al. (2003) previously reported that the P. pseudodelicatissima used by Davidovich & Bates (1998) and isolated from the
Black Sea was actually P. calliantha.

2 Previously reported as P. cf. pseudodelicatissima in these waters (e.g. Marchetti et al. 2004).
3 Indicated as ‘one strain similar to P. dolorosa’ by Moschandreou et al. (2010).
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(see below). Interestingly, all of noncosmopolitan species

have so far been shown to be nontoxic (Table 1), which

supports the hypothesis that the cosmopolitan species are

toxigenic (Hasle 2002). Curiously, although P. australis is

listed as a cosmopolite (Hasle 2002), it is absent from the

northwestern Atlantic (east coasts of the United States and

Canada). A worldwide distribution may be explained by

ballast water transport, relocation of aquacultured bivalve

molluscs and a greater adaptive ability of some species

(Zhang & Dickman 1999; Burkholder et al. 2007; Hégaret

et al. 2008). Two recent reports of an unexpected presence of

a Pseudo-nitzschia species require further investigation:

P. cf. subcurvata (identified by light microscopy only, so

not shown in Fig. 11), normally in polar regions (Fryxell et

al. 1991; Bates et al. 1993a; Almandoz et al. 2007, 2008), was

reported along the Mexican coast of the Gulf of Mexico

(Aké-Castillo & Okolodkov 2009), and P. seriata, normally

in the North Atlantic Ocean (Hasle 2002; Hasle &

Lundholm 2005) and recently in eastern Russian seas

(Stonik et al. 2011), was reported in the Beagle Channel of

Argentina (Almandoz et al. 2009), although it exhibited only

two rows of poroids. It should be pointed out that a strain of

Pseudo-nitzschia isolated from Puget Sound, Washington

(USA) was reported to be P. seriata on the basis of its

morphometrics and ITS1 sequences (Hubbard et al. 2008).

Pseudo-nitzschia spp. are a frequent part of the phyto-

plankton community. Several species of Pseudo-nitzschia

often grow at the same time and location, e.g. in the Bay of

Fundy (Canada), where seven species are found, among

them five potentially toxic (Kaczmarska et al. 2005b)

(Table 1). Nine species are found in Monterey Bay,

California, two of which are toxigenic (P. australis, P.

multiseries; Kudela et al. 2004b) and one (P. turgidula)

potentially so. Seven species are found in coastal Washing-

ton waters; all except possibly P. cf. heimii are toxigenic

(Stehr et al. 2002). Likewise, seven Pseudo-nitzschia spp. are

in Chesapeake Bay (Marshall et al. 2005; Thessen &

Stoecker 2008), only one of which (P. subpacifica) has never

been proven to be toxigenic. Ten species of Pseudo-nitzschia

grow in the Gulf of Naples, although some during different

seasons (Orsini et al. 2002; Lundholm et al. 2003; Cerino et

al. 2005; Amato et al. 2007; McDonald et al. 2007; D’Alelio

et al. 2009). Only P. multistriata (Orsini et al. 2002) and P.

galaxiae (Cerino et al. 2005) are toxigenic, but with low

cellular DA content (0.8 ag DA cell21 for P. galaxiae)

because of their small cell size, thus possibly explaining the

absence of any ASP events in Italian waters. Six species

were documented over an entire year in Normandy

(France), with P. australis as the most important toxigenic

diatom (Klein et al. 2010).

Where there are sufficient long-term data on Pseudo-

nitzschia spp. and accompanying environmental informa-

tion, it has been possible to develop predictive models of

toxigenic Pseudo-nitzschia blooms, e.g. the northwest coast

of the Iberian Peninsula, Spain (Corchado et al. 2004);

Monterey Bay [Lane et al. 2009; although the presence of P.

australis in thin layers (McManus et al. 2008) is one

challenge for applying the model]; Santa Barbara Channel,

California (Anderson et al. 2009); Chesapeake Bay

(Anderson et al. 2010); and Lisbon Bay, Portugal (Palma

et al. 2010). Improvements are still required to predict more

accurately the timing of a bloom’s appearance and its

intensity. Commonalities of the above locations are that

they are either in upwelling zones or in coastal bays, with

high levels of macronutrients and perhaps trace metals

(Trainer et al. 2008, and see below).

Shifts in the relative abundance of Pseudo-nitzschia spp.

have been documented on seasonal, decadal and centennial

timescales. Different species of Pseudo-nitzschia have unique

seasonal distributions, often linked to temperature and

salinity (Klein et al. 2010), although some may be present all

year at the same location (Hasle et al. 1996). Blooms mainly

occur between January and May in European waters, rarely

during summer (Hasle et al. 1996); in the fall in eastern

North America (Bates et al. 1998); early summer (Trainer et

al. 2002) or early fall in Washington State (Trainer et al.

2010); or late spring in Southern California (Anderson et al.

2006, 2009) and the Pacific Mexican coast (Garcı́a-Mendoza

et al. 2009). There is sometimes a seasonal succession of

Pseudo-nitzschia spp., e.g. P. pungens has tended to bloom in

late summer waters, before P. multiseries in eastern and

western Canadian waters, and in the Gulf of Mexico (Bates

et al. 1998). In Scottish waters (Fehling et al. 2006), blooms

of P. pungens, P. pseudodelicatissima and P. australis are

more likely to occur during the warm season, whereas

blooms of P. multiseries tend to occur during the cold season

(late fall and spring). In the Bay of Naples, blooms of

P. galaxiae occur between February and November, with

higher concentrations in May and August (Cerino et al.

2005). Numbers of Pseudo-nitzschia species in Peter the

Great Bay (eastern Russia) peak at the summer and fall

(Stonik et al. 2011). In the Argentine Sea, P. pungens and

P. australis reach high densities at warm temperatures

(15.8uC), high salinities [33.8 practical salinity units (psu)]

and low nutrient concentrations (Almandoz et al. 2007).

Pseudo-nitzschia heimii, P. lineola, P. turgidula and

P. turgiduloides are more restricted in distribution and reach

lower cell densities. They are associated with low salinity

(32.45 psu) and cold (8.8uC) waters that are rich in nutrients

(Almandoz et al. 2007). In contrast to the above, P. pungens

was present all year in Normandy (France), indicating that it

exhibited lower environmental constraints than the other

local Pseudo-nitzschia species (Klein et al. 2010).

On a decadal timescale, there was a shift in the Skagerrak

from P. multiseries during 1967–1968 to P. pungens in the

1970s and 1980s. This was speculated to be caused by

warmer waters that favoured the latter (Hasle 1995), in

agreement with the above seasonal patterns. In the southern

Gulf of St. Lawrence (Bates et al. 1998), and perhaps

elsewhere in the world, P. multiseries abundance has also

drastically decreased since c. 1990, to the point that it has

become more difficult, recently, to obtain fresh isolates of

this species in the field (personal observation). Further

work is required to determine if this decline correlates with

the worldwide increasing trend in sea surface temperatures

over the past century, which is also linked to the global

decline of phytoplankton biomass (Boyce et al. 2010). A

study of species composition along the California coast

during 2000–2006 discovered a decrease in P. multiseries

and P. australis, as well as a significant decline in shellfish

contaminated with DA, after 2004, when the species

composition shifted toward toxic Alexandrium and Dino-
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physis (Jester et al. 2009). However, after 2007, toxigenic

Pseudo-nitzschia spp. again became dominant, with the

exception of P. multiseries, along with a recurrence of DA

contamination (Jester et al. 2009).

On a centennial timescale, one dominant species has been

shown to replace another. The sediment record showed that

P. multiseries in Mariager Fjord (Denmark) made up .

90% of the Pseudo-nitzschia cells from 1905 to 1947, but

then it decreased dramatically to , 5% in 2002 (Lundholm

et al. 2010). It was replaced by P. pungens, which increased

in relative abundance from , 1% in the period 1905–1947

to 63% in c. 1964. Consistent with the above, because P.

pungens tends to be favoured by warmer temperatures in

the field (but supported by only some laboratory experi-

ments; see below), Lundholm et al. (2010) hypothesized that

the increase in seawater temperature observed over the last

century could have affected the competitive balance

between the two species.

Pseudo-nitzschia spp. are sometimes a large proportion of

the total diatom biomass. The contribution of the seriata

group species reached 77% in western Scottish waters; that

for the delicatissima group was 14% (Fehling et al. 2006). In

those waters, there was a negative correlation between

Pseudo-nitzschia abundance and concentrations of nitro-

gen, phosphorus and silicon, with a depletion of each before

the bloom reached its maximum. Each species, whatever its

group, can be linked to different physicochemical factors

(Kaczmarska et al. 2007; Schnetzer et al. 2007; Almandoz et

al. 2008). For example, in Scottish waters, the seriata group

species are linked to temperature, whereas the delicatissima

group species are linked to salinity and the presence of

ammonium (Fehling et al. 2006). Photoperiod can influence

the timing of Pseudo-nitzschia blooms and showed a strong

positive correlation with their presence (Fehling et al. 2006).

It also affects sexual reproduction (see above; Hiltz et al.

2000).

Pseudo-nitzschia spp. may be located throughout the

water column or concentrated in layers. Healthy, motile

chains of P. fraudulenta were found in thin layers at depths

of , 5 m and , 24 m, in an estuarine fjord (Washington

State); these were likely advected from the surface (Rines

et al. 2002). High concentrations of P. australis were found

in a narrow band at 10–20-m depth, in Monterey Bay,

California (Ryan et al. 2005). Thin layers of P. cf.

pseudodelicatissima and P. australis, likely senescent and

therefore containing DA, were also found at 10–20 m, in a

Galician Rı́a, Spain (Velo-Suárez et al. 2008). Such layers

may be missed by conventional monitoring methods. All

were just above or within the pycnocline and may be

displaced vertically during downwelling events, allowing

them to contaminate benthic organisms (Velo-Suárez et al.

2008). Single cells, apparently dead, were found in sediment

traps at 10–16 m in the Gulf of Mexico (Dortch et al. 1997).

Cellular DA was found in sediment traps below the euphotic

zone in coastal California waters (Trainer et al. 2000).

Particulate DA, chlorophyll-containing cells and even intact

chains were found sinking at depths of up to 800 m off the

coast of Southern California (Schnetzer et al. 2007; Sekula-

Wood et al. 2009, 2011). Such cells may be a source of DA

that contaminates benthic communities (Kvitek et al. 2008;

see below). These cells may also be a seed population if

brought to the surface during the next upwelling event

(Trainer et al. 2000; Mengelt & Prézelin 2002).

PHYSICAL PARAMETERS AFFECTING GROWTH

AND TOXICITY

Growth phase

DA production is associated with different phases of the

Pseudo-nitzschia growth cycle, perhaps linked to changes in

physicochemical parameters of the surrounding medium

caused by the cells’ growth. Early studies with P. multiseries

and a Danish strain of P. seriata showed that DA

production started in late-exponential phase and continued

more rapidly during the stationary phase (summarized by

Bates 1998). This was confirmed by Fehling et al. (2004) in

another strain of P. seriata. Likewise, P. cuspidata (Trainer

et al. 2009b), P. fraudulenta and P. calliantha (Thessen et al.

2009) produced most of its DA during the stationary phase,

although some was reported during the exponential phase.

Interestingly, N. navis-varingica showed this same pattern

(Kotaki et al. 2000). In contrast to the above, DA was

produced by P. sp. cf. pseudodelicatissima during the early

exponential phase (Pan et al. 2001). Few studies have since

been carried out to examine the timing of DA production in

batch culture, and existing results are sometimes contradic-

tory. In the case of P. pseudodelicatissima, this may perhaps

be explained by the recent finding that this species is actually

composed of at least seven species (see above), some of

which may behave differently. For example, the P. sp. cf.

pseudodelicatissima mentioned above could be identified as

either P. pseudodelicatissima or P. cuspidata (Lundholm et

al. 2003). Likewise, the true identity of ‘P. pseudodelicatis-

sima’ from Washington State coastal waters is not known

with certainty; it produced DA steadily through the

exponential phase, and then production increased dramat-

ically during the late-stationary phase (Adams et al. 2000).

Garrison et al. (1992) showed that P. australis produced DA

during most of the exponential phase but not during stationary

phase. In contrast, Cusack et al. (2002) documented that P.

australis began DA production in late-exponential phase

and it continued into stationary phase. Interestingly, under

conditions of silicate or phosphate limitation, the cells

release increasing proportions of produced DA into the

growth medium during stationary phase (reviewed by Bates

1998). Additional species require study to verify these

patterns. In the end, it must still be resolved if changes in DA

production over the growth cycle are due to some intrinsic

alteration in the cells’ physiology during growth, or to a

specific nutrient limitation per se (see below).

Over a longer timescale, the viability and toxicity of P.

multiseries (Bates 1998), P. australis (Rhodes et al. 2004) and

perhaps other species as well decline over a period of several

years in culture. For several strains of P. multiseries, the

decrease in cellular toxicity was exponential and was

associated with a reduction in cell length over a 2.7-yr

period, resulting in a positive linear relationship between

cellular DA and cell volume (Mafra et al. 2009a). As

discussed above, a cell decreases to a species-specific length

before it is capable of rejuvenating its large cell size via sexual
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reproduction. Large cells, just after sexual reproduction,

produced more DA than their smaller-celled parents, once

they had first divided several times (Bates et al. 1999). Some,

but not all, offspring of P. cuspidata were also more toxic

than their parents (Lundholm et al. in press). There may thus

be a relationship between cell toxicity and readiness to

undergo sexual reproduction, but this has not been proven.

Interestingly, the cellular DA content of P. sp. cf.

pseudodelicatissima increased by an order of magnitude

after ‘cell enlargement’ (apparently not related to sexual

reproduction) (Pan et al. 2001). The decline in ability to

produce DA may also be related to a gradual decline in

cellular chlorophyll a, which provides photosynthetic energy

required for DA biosynthesis (Pan et al. 1998), although this

requires more study. Another hypothesis is that it could be

related to changes in the bacterial assemblage growing with

Pseudo-nitzschia (Bates 1998). Stewart (2008) proposed that

the presence of DA-degrading bacteria could explain the

decline over months in culture. Differences were found in the

bacterial community composition over time in culture,

although for nontoxic P. pungens, which supports this

possibility (Sapp et al. 2007). On the other hand, Guannel et

al. (2011) found no shifts in bacterial assemblages in a

Pseudo-nitzschia culture over its initial 9 mo (see below).

Results of any study that used only one strain of a given

Pseudo-nitzschia species to evaluate a factor affecting DA

production must be interpreted with caution, because of the

high variability among strains of the same species (Bates

et al. 1999; Kudela et al. 2004b; Thessen et al. 2009; Amato

et al. 2010; Lundholm et al. in press). This was the case in

most of the studies below, unless otherwise indicated. A

summary of factors affecting DA production is given in

Table 3 and Fig. 12.

Temperature

Laboratory studies, up to about 1998, on the effects of

temperature on DA production, growth and photosynthesis

of P. multiseries are reviewed in Bates (1998); P.

pseudodelicatissima (Lundholm et al. 1997) was not

included in that review. Additional species have since been

studied: P. cuspidata, P. granii and P. pungens (Table 4),

but this is still a small fraction of the 37 known species. As

well, only one strain of each species has been studied.

Acclimatization time (, 7 d: Miller & Kamykowski 1986;

Lundholm et al. 1997; 10 generations: El-Sabaawi &

Harrison 2006), interactions between temperature and

salinity (Miller & Kamykowski 1986; Lundholm et al.

1997; Doan-Nhu et al. 2008), as well as irradiance

(El-Sabaawi & Harrison 2006) must be considered when

temperature characteristics are measured. This is because

growth at different temperatures is salinity dependent. For

example, P. cuspidata tolerated a wider range of temper-

atures when grown at its optimum salinity (30 psu) (Doan-

Nhu et al. 2008). Likewise, P. pseudodelicatissima achieved

the highest growth rate at 25uC when measured at its

optimum salinity for growth (25%), although higher

temperatures were not tested (Lundholm et al. 1997).

Furthermore, this species reached a lower temperature limit

for growth (5uC) at this optimum salinity than at any other

salinity. Similar findings were reported for P. americana,

whose optimum growth temperature (25 6 2.5uC) was

salinity dependent (Miller & Kamykowski 1986). This

species was unable to grow at a low salinity (8%), even at

its optimum growth temperature.

The growth responses from individual laboratory exper-

iments tend to support the temperature ranges found in the

waters from which the Pseudo-nitzschia spp. were isolated.

For example, the ability of P. multiseries to grow at a lower

temperature than P. pungens in culture (Table 4) can

explain its higher cell concentration at lower temperatures

in the fall and spring in Chinhae Bay (South Korea) (Cho

et al. 2001). Likewise, P. multiseries was more likely to be

abundant at lower temperatures than P. pungens in Prince

Edward Island (Canada) and elsewhere (Bates et al. 1998).

The growth response of P. cuspidata at high temperatures

(Table 4) and salinities (Table 5) may account for its

presence under these conditions in Nha Trang Bay

Fig. 12. Synthesis of all the factors (nutritional, internal, physical or biological) studied and their impacts on domoic acid (DA) production
(increase or decrease). Black arrow 5 effect of increasing the parameter; black dotted arrow 5 effect of decreasing the parameter; grey
dashed arrow 5 conflicting results found. Grey arrow 5 result depends on species or strain, or no change observed in DA production.
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Table 3. Summary of factors affecting the production of domoic acid (DA) by Pseudo-nitzschia spp. in culture; modified and updated
from Mafra (2009).

Factor Species
Effect on DA production (range in

growth parameter) Reference

Physicochemical

Temperature P. seriata DA higher at 4uC than at 15uC; 1.0–33.6
pg cell21, 0.31–1.6 pg cell21, respectively

Lundholm et al. 2004

P. multiseries increased DA (5–25uC); 100 times more
at 25uC

Lewis et al. 1993

Salinity P. multiseries increased DA (10–40 psu); three to four
times more at highest salinity

Doucette et al. 2008

Irradiance P. multiseries increased DA (35–130 mmol photons m22 s21);
seven times more DA at highest irradiance

Bates 1998

P. australis increased DA (11.7 and
115 mmol photons m22 s21); 24–130
times more at the higher irradiance

Cusack et al. 2002

Photoperiod P. seriata increased DA (18:6 L:D cycle compared
with 9:15 L:D); 1.5 times more with
longest photoperiod

Fehling et al. 2005

pH P. multiseries increased DA at higher pH (7.9–8.9); 74
times more at highest pH

Lundholm et al. 2004; Trimborn
et al. 2008

P. multiseries increased DA at lower pH (8.38–7.94);
1.4–5 times more at lower pH

Sun et al. 2011

Nutritional

Silica P. multiseries produced DA under Si limitation Bates et al. 1991; Pan et al.
1996b, c; Kudela et al. 2004b;
Hagström et al. 2010

P. sp. cf. pseudodelicatissima produced DA under Si limitation Pan et al. 2001
P. australis produced DA under Si limitation Cusack et al. 2002
P. cuspidata produced DA under Si limitation Trainer et al. 2009a
P. seriata produced DA under Si limitation Fehling et al. 2004; Kudela et al.

2004b
Phosphorus P. multiseries produced DA under P limitation Bates et al. 1991; Pan et al. 1996a

P. seriata produced DA under P limitation Fehling et al. 2004
Nitrate P. multiseries no detectable DA under N deficiency Bates et al. 1991

P. multiseries low DA in N-limited chemostat cultures;
1000 times less than in Si-limited chemostats

Kudela et al. 2004b

P. multiseries low DA in N-deficient batch culture;
2.5 times less than urea, 15 times less
than nitrate, but reported only on 1 d

Calu et al. 2009

P. australis increased DA (50 mM added) Howard et al. 2007
Ammonium P. multiseries increased DA (110–440 mM added); two to

four times more than at 55 mM and the
same concentration of nitrate

Bates et al. 1993b

P. multiseries increased DA in some strains (88 mM added) Thessen et al. 2009
P. calliantha increased DA in some strains (88 mM added) Thessen et al. 2009
P. fraudulenta increased DA in some strains (88 mM added) Thessen et al. 2009
P. australis increased DA (10 mM added) Howard et al. 2007

Urea P. australis increased DA (20 mM added); two times
more DA than nitrate, three times more
than ammonium and control treatments

Howard et al. 2007

P. multiseries increased DA (220 mM added); , two
times more than nitrate on day 8 in batch
culture, then the same

Calu et al. 2009

P. pungens increased DA (220 mM added); , two
times more than nitrate in chemostat culture

Calu et al. 2009

P. multiseries increased in some strains (88 mM added) Thessen et al. 2009
P. calliantha increased in some strains (88 mM added) Thessen et al. 2009
P. fraudulenta increased in some strains (88 mM added) Thessen et al. 2009

Tris buffer P. multiseries increased DA (2.1–8.2 mM added); two to
three times more than the control with no
Tris added

Douglas et al. 1993

Bicarbonate P. multiseries increased DA (1–2 mM added); 4.8 times
and 11.5 times more when supplemented
with 1 and 2 mM bicarbonate, respectively

Bates & Léger 2006

Carbon dioxide P. multiseries increased DA (220–730 ppm added); 1.4
times and 5.0 times more when supplemented
with 400 ppm and 730 ppm CO2, respectively

Sun et al. 2011

Lithium P. multiseries increased DA (386 mM added); 1.7 times
compared with control

Subba Rao et al. 1998
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(Vietnam) (Doan-Nhu et al. 2008). Nevertheless, P.

cuspidata was also found in colder (12 to 15uC) upwelling

waters of coastal Washington State (Trainer et al. 2009b).

Thus, it appears that the origin of the isolate may be

important, and generalizations about growth temperature

should be made with caution.

As well, because Pseudo-nitzschia spp. have such a broad

tolerance for temperature, found in nature from 21.5 to at

least 30uC (summarized by Bates et al. 1998), temperature

can be used only in a general way to elucidate species

distributions. The cosmopolite nature of several Pseudo-

nitzschia spp. (Table 1; Hasle 2002) may be explained in part

by their wide temperature tolerance. In contrast, polar,

tropical and oceanic species likely have different tempera-

ture optima and a narrower tolerance; e.g. P. granii, the only

polar Pseudo-nitzschia species studied, has a lower optimum

temperature (, 14uC) than the other species (Table 4) and is

also found in colder waters (Table 1). Its ability to grow at

lower temperatures is related to an increased cellular

chlorophyll a level (El-Sabaawi & Harrison 2006).

As more growth temperature data are obtained from

laboratory studies, it is becoming clearer that there is a

, 10uC overlap in the temperature tolerance of some

Pseudo-nitzschia spp. (Table 4). It has thus become more

difficult to correlate seawater temperature with species

succession (see above). Nevertheless, temperature has been

correlated with the presence of certain species in the field,

e.g. a negative correlation for P. calliantha in the southern

Adriatic Sea (Italy) (Caroppo et al. 2005) and Chesapeake

Bay (USA) (Thessen & Stoecker 2008), and a positive

correlation for delicatissima group species in Bizerte

Lagoon (Tunisia) (Sahraoui et al. 2009) and for P.

americana and P. australis in Normandy (France) (Klein

et al. 2010). These findings often simply reflect that the

species is found under summer or winter conditions.

Bates (1998) summarized earlier studies for five species of

Pseudo-nitzschia, showing that DA production generally

increases with increasing temperature, as expected. No

further studies have been carried out to advance this area of

research.

Salinity

Up to 1998, three species had been studied with respect to

salinity tolerance for growth (Bates 1998): P. multiseries, P.

pungens and P. pseudodelicatissima. Since then, additional

data have become available for these species, and three more

Pseudo-nitzschia spp. have been studied (Table 5): P.

delicatissima, P. cuspidata and P. multistriata; P. americana

(Miller & Kamykowski 1986) and P. pseudodelicatissima

(Lundholm et al. 1997) were studied earlier but were not

included in Bates (1998). All are estuarine/coastal species.

Most studies were carried out at one temperature only,

although as the above has shown, temperature and salinity

interact to affect the growth response. For example, P.

cuspidata can tolerate a wider range of salinities when grown

at higher temperatures (Doan-Nhu et al. 2008), illustrating

the importance of including several temperatures when

studying the growth response to salinity. As well, the

acclimation time to the different salinities before the growth

measurements is important (Thessen et al. 2005). For

example, a gradual acclimation resulted in a wider salinity

growth range for P. pungens and P. multistriata than when

the cells were shocked with a sudden change in salinity

(Villac et al. 2004), although abrupt salinity changes may

indeed occur in nature, e.g. at the mouth of a river. An

ability to persist at low salinities, even without growing, is

also an important aspect that is often not considered in these

laboratory studies (Thessen et al. 2005).

The new studies add increasing evidence that these

species are euryhaline and halotolerant. In the natural

environment they are able to grow at salinities ranging from

1 to 39.8 psu (Thessen et al. 2005), e.g. with a maximum

abundance between 10 and 20 psu in the Chesapeake Bay

(Anderson et al. 2010) and 22 and 28 psu in Louisiana–

Texas coastal waters (Thessen et al. 2005). The salinity

range was slightly higher (26–32 psu) in Alabama coastal

waters, where the maximum in the mean population density

of Pseudo-nitzschia spp. occurred at 30.1 6 3.2 psu (Liefer

et al. 2009). When all the laboratory studies are examined

there appears to be little difference between most species

with respect to salinity, because of the broad range in

salinity tolerance for each species (Table 5). Exceptions are

P. delicatissima, which can grow at lower salinities and P.

cuspidata, which grows less well at low salinities.

The salinity ranges determined in these studies are often

broader than those actually found where the species are

growing in nature, especially at the high end. Thus, one

cannot necessarily use these laboratory studies to define

when and where a particular species will bloom. Neverthe-

Table 3. Continued

Factor Species
Effect on DA production (range in

growth parameter) Reference

Iron P. multiseries; P. australis increased DA under Fe limitation,
during late-exponential phase

Rue & Bruland 2001; Maldonado
et al. 2002; Wells et al. 2005

P. multiseries decreased DA under Fe deficiency,
during stationary phase

Bates et al. 2001

Copper P. multiseries; P. australis increased DA at high Cu concentration,
during late-exponential phase

Rue & Bruland 2001; Maldonado
et al. 2002; Wells et al. 2005

Biological

Allelopathy – not studied specifically to test for DA
production

Subba Rao et al. 1995; Lundholm
et al. 2005b

Bacteria P. multiseries DA increased in the presence of bacteria Douglas et al. 1993; Bates et al.
1995a, b, 2004; Kobayashi et al.
2009
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less, salinity has been shown to be an important parameter,

among several others, that correlates with the presence of

Pseudo-nitzschia spp. Several studies have shown significant

positive correlations between salinity and the appearance of

species or groups of species, e.g. P. delicatissima (Caroppo

et al. 2005) and the delicatissima group (Fehling et al. 2006;

Sahraoui et al. 2009). As well, certain Pseudo-nitzschia

spp. were associated with specific salinity ranges in the

Chesapeake Bay (Thessen & Stoecker 2008), and stenohaline

species were found in two different bays in Vietnam

(Doan-Nhu et al. 2008).

Only one study (Doucette et al. 2008) has examined the

effects of salinity on DA production. When acclimated to

different salinities, the cell division rate of P. multiseries was

greatest at the three highest salinities tested (20, 30 and

40 psu) but declined by about half at the lowest salinity

(10 psu). Cellular DA and toxin production were also maximal

at the highest salinities (30 and 40 psu). DA production

declined significantly (three- to sevenfold) in cells adapted to

lower salinities (10 and 20 psu). The authors suggested that P.

multiseries was able to maintain a high growth rate at 20 psu,

but at the expense of being able to produce DA at elevated

levels. They hypothesized that energy generated from

photosynthesis may have been diverted from DA produc-

tion to the maintenance of an osmotic balance, required to

survive at the low salinity. Their findings suggested that DA

levels should be greatest in higher-salinity coastal waters

compared with low-salinity estuaries, which was consistent

with their field observations along the Louisiana coast. In

spite of the above finding that DA production was greatest

at the highest salinities, there is still no proof that DA is

acting as an osmolyte (Bates 1998). There are also no further

studies advancing how taurine (Jackson et al. 1992), sorbitol

(Stewart et al. 1997) or other such compounds may play this

role for P. multiseries growing at high salinities.

Irradiance

Earlier research on P. multiseries (reviewed by Bates 1998;

Bates et al. 1998) showed that photosynthesis saturated at

100–600 mmol photons m22 s21 and growth at 80–200 mmol

photons m22 s21. The photosynthesis of P. americana saturated

at 140 mmol photons m22 s21 (Miller & Kamykowski 1986).

Growth rates of the oceanic P. granii increased when the

irradiance was increased from 20 to 150 mmol photons

m22 s21, and photosystem II activity increased under the

high irradiance (El-Sabaawi & Harrison 2006). The growth

of P. australis saturated at 100 mmol photons m22 s21

(Cochlan et al. 2008). Surprisingly, there is still a paucity of

studies on irradiance–growth–photosynthesis relationships

for Pseudo-nitzschia spp.

Metabolic energy derived via photosynthesis is essential

for DA production (Bates et al. 1991; Pan et al. 1998) and

thus a minimum irradiance is necessary to satisfy this

energy requirement. For P. multiseries, at least, this is

100 mmol photons m22 s21 or greater (reviewed by Bates

1998); this should also be determined for other species.

Cultures of P. australis produced 24–130 times more DA

when grown at 115 compared with 12 mmol photons

m22 s21 (Cusack et al. 2002). DA is produced under

continuous irradiance (e.g. Kudela et al. 2004b) as well as

under different photoperiods, although comparisons have

not been made to determine the optimum irradiance

condition. However, Fehling et al. (2005) determined that

cultures grown under a long photoperiod [18:6 light:dark

(L:D)] had a higher division rate than those under a short

photoperiod (9:15 L:D). As well, greater amounts of DA

were produced under the long photoperiod, in support of

the requirement for photosynthetic energy to produce DA;

interestingly, more DA was released from the cells under

the short photoperiod.

Pseudo-nitzschia multiseries cells are capable of surviving

for up to 6 wk in darkness, whether or not they are given

dissolved organic nitrogen in the form of glutamate plus

glutamine (Mengelt & Prézelin 2002). This dark survival

ability, however, does not necessarily provide them with a

competitive advantage because other diatoms may survive

for longer periods in darkness. Moreover, the time required

to resume rapid growth upon return to the light was on the

order of weeks. Thus, dark survival and upwelling of a seed

population from the depths were deemed less likely

mechanisms for initiating blooms. The heterotrophic ability

of Pseudo-nitzschia spp., which would allow dark survival,

has not yet been studied sufficiently (see below).

There is an apparent contradiction in the requirement for

light in DA production. No DA was produced by P.

multiseries during the dark cycle in a batch culture (Bates

et al. 1991). In contrast, cellular DA did increase during the

Table 4. Summary of temperature data (uC), showing the minimum (Min), maximum (Max) and the optimum temperature at which the
Pseudo-nitzschia spp. are able to grow in culture. The location of each isolate, as well as the salinity (% or psu) used for the measurements,
are also shown. n/a 5 data not available. A , or . indicates that the minimum or maximum temperature, respectively, that allows growth
was not reached.

Species Location of isolate Salinity Min Max Optimum Reference

P. americana Cape Fear River estuary,
North Carolina, USA

26 15 . 32 25 6 2.5 Miller & Kamykowski 1986

P. cuspidata Nha Trang Bay, Vietnam 25–35 , 20 . 30 30 Doan-Nhu et al. 2008
P. granii Ocean Station Papa, NE

subarctic Pacific
n/a , 8 20 , 14 El-Sabaawi & Harrison

2006
P. multiseries Pomquet Harbour, Nova

Scotia, Canada
n/a , 5 . 25 20–25 Lewis et al. 1993

Chinhae Bay, South Korea 30 10 . 25 20 Cho et al. 2001
P. pseudodelicatissima1 Limfjord, Denmark 25 5 . 25 . 25 Lundholm et al. 1997
P. pungens Chinhae Bay, South Korea 30 15 . 25 20 Cho et al. 2001

Nha Trang Bay, Vietnam 26 , 26 . 26 26 Doan-Nhu et al. 2008

1 May be multiple species within the P. pseudodelicatissima complex (sensu Lundholm et al. 2003; Amato & Montresor 2008).
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dark cycle when this species was grown in a silicon-limited

chemostat culture (Bates 1998). Further research is required

to resolve this.

Except for one study on UV irradiation (reviewed in

Bates 1998), light quality has otherwise not been studied.

Subsequent research has shown that UV-A exposure

enhanced the primary production of P. australis, in con-

trast to the surrounding phytoplankton community in the

Santa Barbara Channel (California, USA), perhaps via a

photoprotective or photorepair mechanism (Gorga et al.

2002). UV-B exposure, however, inhibited primary produc-

tion, as expected. Nevertheless, the enhancement by UV-A

was still thought to provide a competitive advantage,

especially at depths where UV-A and photosynthetically

active radiation are high but UV-B is absent.

pH

The decline in ocean pH, due to atmospheric CO2 increase

or to respiration, as well as an increase in pH due to

photosynthesis, affects phytoplankton by altering the

inorganic carbon species available for uptake during

photosynthesis (see below). Pseudo-nitzschia multiseries is

capable of using both CO2 and HCO{
3 (Trimborn et al.

2008), which gives it an advantage at both low and high pH.

Despite the long-term ocean acidification accompanying

global climate change, a more immediate interest is the high

pH reached at the end of intense blooms or in batch

cultures, which results in a decrease in CO2 available for

photosynthesis. When cultures reached a pH . 8.6, the

division rate of P. multiseries slowed, then stopped

(Lundholm et al. 2004). Because the cultures were not

limited by light, vitamins, nitrate, silicate or phosphate, the

authors argued that the pH specifically, and not inorganic

carbon, was the factor that limited growth at stationary

phase. DA was detected simultaneously with the rise in pH;

thus they further argued that elevated pH, rather than

silicate or phosphate limitation, was the trigger for DA

production under their growth conditions.

Trimborn et al. (2008) found that P. multiseries cellular

DA increased more than 70-fold with an increase in pH (i.e.

1.9 pg DA cell21 at pH 7.9; 4.2 pg cell21 at pH 8.4 and

140 pg cell21 at pH 8.9; note that the latter cellular DA

value is the highest ever reported for P. multiseries), thus

supporting the results of Lundholm et al. (2004). Both

papers speculated that the increased cellular DA may be

due to a change in internal pH, thus favouring DA

biosynthesis. If validated by others, this finding adds one

more trigger for DA production, in addition to silicate and

phosphate limitation and trace metals (see below). Contrary

to the above studies, an earlier study showed no significant

effect of pH on division rates of P. multiseries and P.

pungens when grown at pH 5–9 (Cho et al. 2001). A recent

study by Sun et al. (2011) also showed contrary results, i.e.

an increase in cellular DA (from 2.0 to 10.0 pg cell21, i.e.

fivefold) when the pH was decreased (from 8.38 to 7.95), in

Table 5. Summary of salinity data, showing the minimum (Min), maximum (Max) and the optimum salinity at which the Pseudo-nitzschia
spp. are able to grow in culture. The location of each isolate and the temperatures (Temp) at which the salinity-growth experiments were
carried out are also shown. A , or . indicates that the minimum or maximum salinity, respectively, that allows growth was not reached.

Species Location of isolate Temp (uC) Min Max Optimum Reference

P. americana Cape Fear River estuary,
North Carolina, USA

25 , 8 . 32 26 Miller & Kamykowski 1986

P. cuspidata Nha Trang Bay, Vietnam 20 25 30 30 Doan-Nhu et al. 2008
Nha Trang Bay, Vietnam 25 25 35 25–35 Doan-Nhu et al. 2008
Nha Trang Bay, Vietnam 30 25 35 25–35 Doan-Nhu et al. 2008

P. delicatissima1 nearshore coastal
Louisiana, USA

24.5 6.25 . 45 15–40 Thessen et al. 2005

Terrebonne Bay,
Louisiana, USA

24.5 6.25 . 45 10–30 Thessen et al. 2005

P. multiseries Galveston, Texas, USA 20 21 . 34 25–28 Reap 1991
Pomquet Harbour, Nova

Scotia, Canada
15 15 . 48 30–45 Jackson et al. 1992

Chinhae Bay, South Korea 20 20 . 50 20–40 Cho et al. 2001
Santa Cruz, California,

USA
19 10 40 15–40 Thessen et al. 2005

Monterey Bay, California,
USA

19 7 . 45 25–30 Thessen et al. 2005

Monterey Bay, California,
USA

19 10 40 20–40 Doucette et al. 2008

P. multistriata Guanabara Bay, Brazil 22–23 , 15 . 40 25–40 Villac et al. 2004
P. pseudodelicatissima2 Limfjord, Denmark 25 12 . 35 25 Lundholm et al. 1997

offshore coastal Louisiana 24.5 13 . 45 25–40 Thessen et al. 2005
offshore coastal Louisiana 24.5 13 . 45 25–40 Thessen et al. 2005
Bermuda 24.5 13 . 45 15–30 Thessen et al. 2005

P. pungens Galveston, Texas, USA 20 21 . 34 25–28 Reap 1991
Brudenell River, Prince

Edward Island, Canada
15 , 6 30 15–30 Jackson et al. 1992

Chinhae Bay, South Korea 20 10 . 50 20–30 Cho et al. 2001
Guanabara Bay, Brazil 22–23 , 15 . 40 20–40 Villac et al. 2004
Nha Trang Bay, Vietnam 26 20 35 25–35 Doan-Nhu et al. 2008

1 May be multiple species within the P. delicatissima complex (sensu Lundholm et al. 2006; Quijano-Scheggia et al. 2009a, 2010).
2 May be multiple species within the P. pseudodelicatissima complex (sensu Lundholm et al. 2003; Amato & Montresor 2008).
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this case because of addition of CO2 (see below). Clearly,

additional experiments are required to resolve these

different findings about the effects of pH on growth,

carbon limitation and DA production. This is also

important because of the direct effect of pH on trace-metal

availability (see below), one factor in bloom development

(Hutchins et al. 1998).

NUTRITIONAL PARAMETERS AFFECTING

GROWTH AND TOXICITY

Macronutrients

Nutrient enrichment of seawater has led to increases in

Pseudo-nitzschia spp. abundance and may be responsible

for an increase in harmful algal blooms (HABs) worldwide

(Anderson et al. 2008; Heisler et al. 2008). Sometimes,

however, links to eutrophication are not easily made, e.g.

when there is a negative correlation between Pseudo-

nitzschia abundance and ambient nutrient concentration

(Dortch et al. 1997; Schnetzer et al. 2007). This may be

caused by an immediate drawdown of nutrients by the

developing bloom and may therefore obscure the true,

longer-term relationship. When cells become nutrient

limited they can no longer divide but are still able to

photosynthesize and acquire energy. This energy may be

used for the production of secondary metabolites, including

DA (Pan et al. 1998).

SILICON AND PHOSPHORUS: Early studies showed that DA

production by P. multiseries is triggered by silicate and

phosphate limitation in cultures (Pan et al. 1996a, b, c;

reviewed by Bates 1998). Later studies have confirmed this

for silicate (Kudela et al. 2004b; Lundholm et al. 2004) and

phosphate (Pan et al. 1996a; Hagström et al. 2010; Sun

et al. 2011). DA production by P. seriata is similarly

triggered (Fehling et al. 2004). Growth of P. australis in f/2

medium containing low concentrations of silicate also

resulted in DA production (Cusack et al. 2002), as was

also found for P. sp. cf. pseudodelicatissima (Pan et al.

2001), which could be identified as either P. pseudodelica-

tissima or P. cuspidata (Lundholm et al. 2003), and P.

cuspidata (Trainer et al. 2009b). Studies are still required to

determine if any other species are similarly triggered.

Mathematical models have described the growth and DA

production of P. seriata under limitations by silicate and

phosphate (Davidson & Fehling 2006). It is possible,

however, that other limiting factors (e.g. carbon, trace

metals; see below) are responsible; these would still slow cell

division, thus permitting DA to accumulate within the cells.

The exact mechanism that triggers DA production never-

theless remains elusive.

Phosphorus limitation decreased the chlorophyll a

content of P. multiseries (Pan et al. 1996a), which runs

counter to an energy requirement for the observed increase

in DA production. Silicon limitation, on the other hand,

increased the chlorophyll a content of P. multiseries (Pan

et al. 1996a) and decreased its efficiency of photosynthesis,

as measured by variable fluorescence (Kudela et al. 2004b).

In contrast to other diatoms, the lipid content of P.

multiseries decreased, rather than increased, in response to

silicon deficiency during stationary phase (Parrish et al.

1991). This was thought to be caused by light limitation in

the dense cultures, but an alternative explanation is that

shared precursors, such as acetyl coenzyme A, are

channelled into DA rather than lipid synthesis at that time

(Pan et al. 1998).

NITROGEN: In mesocosm experiments, species of the genus

Pseudo-nitzschia responded to nitrate addition (Carter et al.

2005; Claquin et al. 2010). In the Gulf of Mexico, the

abundance of wide Pseudo-nitzschia species (‘pungens’

group) and thin species (‘delicatissima’ group) has increased

since the 1960s and 1980s, respectively (Parsons et al. 2002).

A positive correlation between nitrate flow and Pseudo-

nitzschia concentration suggested the Mississippi River as

the nitrogen source. Nitrate from submarine groundwater

discharge (as distinct from surface runoff or river discharge)

is thought to have created a ‘hot spot’ for Pseudo-nitzschia

spp. growth in coastal Alabama (USA) waters (Liefer et al.

2009; MacIntyre et al. 2011).

Nitrogen is indispensable to amino acid synthesis, thus to

cell growth and division. As DA is an amino acid, it requires

nitrogen to be synthesized. Early studies (Bates 1998; Pan et

al. 1998), and later ones (Fehling et al. 2004; Kudela et al.

2004b) showed that N limitation resulted in diminished P.

multiseries cell yield and no detectable DA production.

However, some studies showed that low levels (, 0.2 pg DA

cell21) were produced (Kudela et al. 2004b; Calu et al. 2009).

Pseudo-nitzschia multiseries can grow on multiple sources of

nitrogen, both inorganic (nitrate, ammonium) (Thessen et al.

2009) and organic (urea, glutamine) (Hillebrand & Sommer

1996; Calu et al. 2009; Thessen et al. 2009), as can P.

delicatissima (Ilyash et al. 2007, Loureiro et al. 2009b) and

P. australis (Howard et al. 2007). Pseudo-nitzschia delica-

tissima took up ammonium more readily than urea but was

able to grow on urea when other nitrogen sources were low,

giving comparable photosynthetic rates with either substrate

(Loureiro et al. 2009b). The growth rate of P. delicatissima

was similar when nitrogen was provided as urea, nitrate or

ammonium, or as an undefined form in high-molecular-

weight organic matter. Pseudo-nitzschia multiseries is

sensitive to high concentrations of ammonium, compared

with Skeletonema costatum; four strains showed growth or

photosynthetic impairment at concentrations . 220 mM

(Bates et al. 1993b). At the same time, DA production was

enhanced two- to fourfold.

Interpretation of results about the ability of different

species of Pseudo-nitzschia to take up and grow on different

nitrogen sources must consider the finding that there is great

interstrain variability, even if the strains are isolated from

the same water sample. For example, of the five P.

fraudulenta strains studied, two grew fastest on nitrate and

ammonium, two on ammonium and one on urea (Thessen

et al. 2009). One strain of P. calliantha grew fastest on

nitrate and ammonium and the other on ammonium. The

one commonality of all three species (P. multiseries, P.

fraudulenta and P. calliantha) was that they all had higher

growth rates on ammonium and lower growth rates on urea.

The effect of nitrogen source on DA production is just as

unpredictable, with some strains of each species producing
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more DA when grown with nitrate, ammonium or urea,

and others showing no variation in toxicity with nitrogen

source (Thessen et al. 2009). Cellular DA levels were highest

in P. multiseries and only near the detection limit in toxic P.

fraudulenta and P. calliantha. Intraspecific variation in

toxin production was greater than the interspecific varia-

tion and could be caused by bacteria or genetics (or both).

The following studies included only one strain of a given

species. Pseudo-nitzschia australis showed a preference for

taking up nitrate, followed by glutamine, ammonium and

urea (Cochlan et al. 2008). Growing P. australis with urea

resulted in two times more DA than with nitrate and three

times more than with ammonium or the control (Howard

et al. 2007). The ability to produce DA when grown with

glutamine was not tested. Growth of one strain of axenic P.

multiseries with glutamate resulted in a higher cell number

and 34 times more cellular DA than the axenic control,

although this was still less than the xenic (containing

bacteria) control (Lyons 2002); the results could not be

replicated using another strain. Similar to P. australis, P.

multiseries and P. pungens also produced more DA when

grown with urea than with nitrate in batch and chemostat

cultures (Calu et al. 2009). Curiously, the finding of cellular

DA in P. pungens (up to 0.2 pg DA cell21), which would be

the first report for a European strain, was not discussed.

Artificial sources of nitrogen must also be considered

when carrying out experiments. Adding 2.1–8.2 mM Tris

buffer, a primary amine, to cultures of P. multiseries (three

different strains) enhanced DA production by two- to

threefold, perhaps by providing a nitrogen source or acting

indirectly on the cells, rather than by affecting pH (Douglas

et al. 1993).

Taken together, these results indicate the ability of different

Pseudo-nitzschia species to take advantage of the wide

variety of nitrogen sources available in different environ-

ments. Of special concern is that urea enhanced the toxicity

of P. australis (Howard et al. 2007) and P. multiseries (Calu

et al. 2009), although more variable results were found for

two other strains of P. multiseries and strains of P. calliantha

and P. fraudulenta (Thessen et al. 2009). Nevertheless, the

use of urea has increased threefold over the last 4 decades in

certain agricultural areas of the world (Glibert et al. 2006),

making this nutrient especially problematic.

ORGANIC NUTRIENTS AND HETEROTROPHIC ABILITY: Some

organic sources of nitrogen were discussed above, but

other studies have also suggested a heterotrophic ability

for Pseudo-nitzschia spp. Addition of sewage effluent to

microcosms resulted in the dominance of P. multiseries or

P. pungens over other phytoplankton (Pan & Subba Rao

1997). After treating the effluent with UV light to break

down organic material, Pseudo-nitzschia spp. no longer

dominated, suggesting that members of this genus had been

taking advantage of the presence of organic material for

growth. Loureiro et al. (2009a) later demonstrated that

addition of dissolved organic matter to seawater samples

resulted in an increase in Pseudo-nitzschia spp., although

not in chlorophyll a, suggesting that the cells fulfilled their

nutritional needs via assimilation of the organic matter.

The heterotrophic capacity of P. multiseries has not been

well studied. Acetate (labeled with 13C or 14C) was used in

DA biosynthesis studies (Douglas et al. 1992; Ramsey et al.

1998) and has thus been indirectly shown to be taken up by

the diatom. Although gluconic acid/gluconolactone appar-

ently increased DA production in axenic cultures (see

below), uptake of the compound was not demonstrated.

The uptake of other organic substrates and their potential

effects on DA production was investigated by Lyons (2002).

No growth or DA production occurred when a strain of

axenic P. multiseries was placed in darkness for 35 d in

media supplemented with 28 mM glucose, acetate, gluconic

acid/gluconolactone or glutamate, which argues against its

ability for heterotrophy. However, other concentrations of

these organic substrates should be tested, using several

strains and different acclimation times, before coming to a

solid conclusion about its heterotrophic ability.

Tang et al. (2010) recently determined that P. pungens

requires cobalamin (B12), biotin (vitamin B7) and thiamin

(vitamin B1), whereas P. multiseries (two strains) requires

only cobalamin (B12), indicating different auxotrophic

abilities. The significance of this difference is not yet

known, especially with respect to the ability to produce DA.

CARBON: In most culture studies, with P. multiseries at

least, nearly all of the DA is produced postexponential

phase. At that time, the concentration of CO2 is decreased

because of photosynthetic uptake, the pH is high and the

carbonate system is shifted toward higher proportions of

bicarbonate and carbonate. Although P. multiseries is

capable of using both of these forms of inorganic carbon

(Trimborn et al. 2008), total inorganic carbon (TIC)

becomes low. It is therefore possible that the available

TIC concentration may modify DA biosynthesis during the

stationary phase. This hypothesis was tested by amending

medium f/2 (containing 1.9 mM TIC) with sodium

bicarbonate to give 2.8 and 3.7 mM TIC (Bates & Léger

2006). These additions resulted in 4.8 times and 11.5 times

more cellular DA, respectively, than the unamended

control. The significant linear relationship between cellular

DA concentration and initial TIC concentration suggested

carbon limitation of DA biosynthesis. Likewise, agitation

on a rotary shaker table as well as bubbling with air can

increase DA production (unpublished results; Mafra 2009),

another indication of possible inorganic carbon limitation.

The bicarbonate addition experiments also showed a

positive relationship between DA levels and pH, in support

of Lundholm et al. (2004) and Trimborn et al. (2008) (see

above).

Interestingly, results from a recent study showed that

increasing the partial pressure (Pa) of CO2 (pCO2) in

phosphorus limited P. multiseries semicontinuous cultures

stimulated DA production 1.4-fold when supplemented

with , 41 Pa [400 parts per million (ppm)] and fivefold with

, 74 Pa (730 ppm) CO2 (Sun et al. 2011). The differences in

pH were small when CO2 was added (8.38 to 7.94), but the

greatest DA production occurred at the lowest pH, in

contrast to Lundholm et al. (2004) and Trimborn et al.

(2008). Surprisingly, even though the CO2 addition

increased the growth rate and DA production, carbon

limitation was believed not to have been alleviated by the

CO2 addition (Sun et al. 2011). This is because the

photosynthetic rates were lower in the phosphorus-limited
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culture, which had the highest DA production, than in the

phosphorus-replete culture, where DA production was

lowest. As well, P. multiseries has a high affinity for CO2

(Trimborn et al. 2008), which argued against the likelihood

of inorganic carbon limitation. Nevertheless, results of

Bates & Léger (2006) do support this possibility (see above).

The ratio of carbon fixation to the degree of nutrient stress

may be an important determinant of DA production (Sun

et al. 2011). Clearly, additional research is required to verify

the effects of pH and carbon limitation on toxin production

and to understand mechanisms of action.

Trace-metal nutrients

LITHIUM: The first study conducted with trace metals and

Pseudo-nitzschia concerned lithium, which was shown to

stimulate DA production in P. multiseries (Subba Rao et al.

1998). Lithium was found at concentrations of 1.5 to

47.8 mM in Cardigan Bay, Prince Edward Island (Canada)

during the DA episode of 1987–1988, presumably from

waters flowing over an adjacent dump. Enrichment of a

culture with 386 mM lithium, although substantially more

than was found in the original episode, resulted in a higher

cellular DA level (230 fg cell21 on day 17) than in the

control (135 fg cell21 on day 25); released DA was also

substantially higher. Because silicate and phosphate re-

mained at nonlimiting concentrations, it was believed that

lithium was responsible for enhancing DA biosynthesis,

perhaps by increasing the levels of cyclic adenosine

monophosphate (cf. Pan et al. 1998).

IRON AND COPPER: At least three situations can be

described whereby toxic Pseudo-nitzschia blooms occur

along the west coast of the United States in relation to

differing concentrations of macronutrients, iron and

copper. First, toxic blooms in the Juan de Fuca eddy

(discussed above, Marchetti et al. 2004; Trainer et al. 2009a,

b) occurred in waters that were not limited by silicate

or phosphate. Instead, the lowest iron concentrations

(, 0.5 nM) in the eddy were found where particulate DA

was the highest (Trainer et al. 2009a), suggesting that iron

limitation, not macronutrients, was responsible for trigger-

ing DA production. Second, toxic blooms occurred along

the California coast where iron was not limiting, but neither

were silicate and phosphate (Hutchins & Bruland 1998;

Trainer et al. 2000; Kudela et al. 2004a). What then, could

trigger DA production? Ladizinsky (2003) found high

correlations between DA accumulation and elevated

concentrations of copper from anthropogenic sources,

suggesting that copper could have triggered DA production

(see below). Third, areas of southern California experienced

toxic blooms in the presence of low concentrations of

macronutrients (Schnetzer et al. 2007; Seeyave et al. 2009),

which may have been caused by the concurrent growth of

the phytoplankton population; unfortunately, these studies

did not report information about iron or copper.

The presence of both iron-replete and iron-limiting

upwelling waters in California may be explained by the

coastal bathymetry (Bruland et al. 2001). Those waters with

a narrow continental shelf, thus depriving them of iron

from sediments, and with no riverine iron inputs (e.g. Big

Sur), can have limiting concentrations of iron similar to the

mid-oceanic HNLC waters. Other upwelling areas (e.g.

Peru) are also characterized by such ‘coastal’ HNLC waters

(Eldridge et al. 2004). Iron bioavailability is further reduced

in these waters by its complexation with strong organic

ligands released by microbes (Wells et al. 2005). On the

other hand, coasts with wide continental shelves and

shallow bays with freshwater inputs (e.g. Monterey Bay)

have high concentrations of iron that do not limit

phytoplankton growth (Hutchins et al. 1998), although

copper concentrations may also be high and potentially

toxic (Ladizinsky 2003). The presence of toxigenic Pseudo-

nitzschia spp. in waters that have both high and low iron

and macronutrient concentrations indicates that there are

multiple conditions, including macronutrients, iron and

copper, that are conducive to these blooms. Given that

macronutrients could not always explain the distribution of

Pseudo-nitzschia spp. and the physiology of DA produc-

tion, we now focus attention on the potential role of trace

metals, particularly iron and copper, in this respect.

Interestingly, the addition of iron to mid-ocean HNLC

waters that are limited by iron often results in the increased

growth of pennate diatoms, including Pseudo-nitzschia spp.

(as discussed above). Transition zones (‘ecotones’), where

iron-poor, nitrate-rich oceanic HNLC waters are trans-

ported toward iron-rich, nitrate-poor coastal waters, also

promote the growth of Pseudo-nitzschia spp., as document-

ed in the northeast Pacific Ocean (Ribalet et al. 2010). This

indicates that low numbers of these species are always

present in these waters, so they must have particular

adaptations for low iron conditions. Furthermore, such

seed populations are capable of responding rapidly to

periodic inputs of iron from aeolian deposition or

intermittent upwelling and mixing (Marchetti et al. 2006b;

Silver et al. 2010).

Several strategies are used to survive at low ambient iron

levels. In the case of pennate diatoms, oceanic Pseudo-

nitzschia species have significantly lower iron cell quotas

and higher iron-use efficiencies than the coastal P. multi-

series (Marchetti et al. 2006a). Growth rates were therefore

not as reduced when iron concentrations were low. The

oceanic P. granii uses the iron-concentrating protein ferritin

to enhance its storage of iron (Marchetti et al. 2009). This

ability to sequester iron from sporadic inputs of this metal

allowed P. granii to maintain near-maximum growth rates

in culture, even at low iron concentrations. Although the

coastal species P. multiseries also exhibits the ability to

produce ferritin, it has only a twofold range in ferritin

transcript abundance compared with a 20-fold range in

P. granii. On the basis of ferritin sequence phylogenies,

Marchetti et al. (2009) argue that this allowed P. granii to

grow at low ambient iron concentrations and ultimately to

radiate into open ocean waters.

Similar to other pennate diatoms (Leynaert et al. 2004),

iron depletion in Pseudo-nitzschia spp. leads to a decrease

in cell volume (by decreasing the cell width), cellular

chlorophyll a, carbon, nitrogen and silicon cell quotas,

maximum photochemical yield and growth rate (Marchetti

& Harrison 2007). A decrease in cell size results in an

increase in the cells’ surface-to-volume ratio, which could

increase the number of receptors available to scavenge the
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limiting concentrations of iron (Eldridge et al. 2004). Iron-

deficient Pseudo-nitzschia spp. cells were also characterized

by elevated Si:N ratios, which increased twofold in the case

of P. cf. calliantha (Marchetti & Harrison 2007).

A final strategy may involve DA as a chelator of iron and

copper. The correlation between DA production and the

presence of low concentrations of iron (Trainer et al. 2009a,

b) or high concentrations of copper (Ladizinsky 2003) in

field studies supports the hypothesis that one metabolic role

of DA in Pseudo-nitzschia spp. may be to chelate iron and

copper, for survival in low-iron or high-copper environ-

ments. This would be similar to the strategy of siderophore

production by cyanobacteria during iron depletion or

limitation to enhance their access to this metal (Wilhelm

& Trick 1994), or metallothionein production to alleviate

copper toxicity. There are some architectural similarities

between the phytosiderophore mugenic acid and DA (Rue

& Bruland 2001), which supports a chelation role of DA.

Trace-metal chelation is possible because of the three

carboxyl groups in the DA molecule (Bates et al. 2001).

Values for the conditional stability constant of DA binding

to iron and copper indicate that environmental concentra-

tions of DA can compete for these trace metals with natural

ligands in the seawater (Rue & Bruland 2001). The

hypothesis was therefore put forward that DA production

may be tied closely to the acquisition of iron or the

detoxification of copper in marine waters.

A test of this hypothesis (Maldonado et al. 2002) showed

that iron-deficient P. multiseries cells released DA more

rapidly into the medium when grown with low levels of iron

compared with iron-sufficient cells during the exponential

phase of a semicontinuous culture (Table 6). Because 95%

of the DA produced ended up in the medium, less DA

remained within the iron-deficient cells than in the iron-

sufficient cells. Nevertheless, the total DA production

(intracellular DA plus extracellular release) was about six

times faster for the iron-deficient than iron-sufficient cells

(Table 6). Furthermore, addition of DA to the growth

medium resulted in a threefold increase in iron uptake.

When stressed by high copper levels, the cells released , 20

times more DA than the control. Similar results were found

for P. australis producing DA (Ladizinsky 2003) and

isodomoic C (Rhodes et al. 2004, 2006). It was thus argued

that DA was produced and then released as a trace-metal

chelator. This strategy would allow Pseudo-nitzschia cells to

acquire iron at low concentrations by scavenging it, or to

alleviate copper toxicity by chelation, which would reduce

its bioavailability. Laboratory and field studies support

these findings for copper (Ladizinsky 2003).

Further work carried out by some of the coauthors of the

Maldonado et al. (2002) study extended these findings, but

also revealed that the mechanisms could be much more

complex (Wells et al. 2005). First, P. multiseries, P. australis

and P. fraudulenta had low growth rates as well as low

cellular DA concentrations only during an initial period of

adaptation to iron-depleted media. As in Maldonado et al.

(2002), this was interpreted to be caused by a greater release

of DA from the cells to chelate the low levels of available

iron. However, after acclimation, as shown by the

resumption of a high growth rate (requiring about eight

transfers), less DA was released because the cells were able

to satisfy their iron requirement by accessing the DA-

chelated iron; cellular DA then increased. Second, copper

deficiency increased DA per cell by 20-fold, compared with

a doubling when iron was the only limiting trace metal.

Third, addition of dissolved DA increased growth rates in

low-copper culture media, as well as in an iron-stressed

Juan de Fuca eddy population composed mainly of Pseudo-

nitzschia spp., to the same extent as did iron addition.

Fourth, addition of ferrichrome, a nonmarine siderophore,

to this field population to further increase iron limitation

resulted in a three- to fourfold increase in cellular DA, but

this was not observed when copper was also added. Taken

together, these results were interpreted as showing a

synergy between iron and copper with regard to controlling

DA production. This led Wells et al. (2005) to develop a

hypothesis that incorporated a role for DA and copper in

alleviating iron limitation in Pseudo-nitzschia spp. It is

based on the copper-dependent, high-affinity iron acquisi-

tion system of the yeast, Saccharomyces cerevisiae. They

hypothesized that Pseudo-nitzschia cells actively release DA

under low-iron conditions to first facilitate copper acqui-

sition. This copper is then used to induce a high-affinity

transport system that would allow it to access iron bound to

strong ligands such as siderophores and therefore to

alleviate the cells’ iron deficiency. Wells et al. (2005) argue

that without sufficient iron and copper, Pseudo-nitzschia

will become more toxic by increasing its DA production

rate to obtain the low levels of these trace metals via

released DA. This hypothesis relies on the presence of a

multicopper iron oxidase (Peers et al. 2005; Wells et al.

2005), as is found on the membrane of S. cerevisiae cells.

The oxidase reoxidizes Fe(II) to Fe(III), making it available

to the Fe(III) high-affinity transporters. It is found in the

oceanic Thalassiosira oceanica, and a putative version of it

was found in Thalassiosira pseudonana (Maldonado et al.

2006). Its presence, however, has not been verified in P.

multiseries. Among other approaches, this will be deter-

Table 6. Comparison of domoic acid (DA) production by Pseudo-nitzschia multiseries growing in synthetic seawater with sufficient iron or
with limited/depleted iron. n.d. 5 not determined.

Iron condition Growth phase
Cellular DA
(pg cell21)

Dissolved DA
production

(fg cell21 h21)

Cellular DA
production

(fg cell21 h21)

Total DA
production

(fg cell21 h21) Reference

Sufficient stationary 401 n.d. n.d. 63.0 Bates et al. 2001
Limited 41 n.d. n.d. 4.7
Sufficient exponential 0.021 1.6 0.61 2.2 Maldonado et al.

2002Depleted 0.011 12.3 0.24 12.5

1 Includes dissolved DA.
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mined when the whole-genome study of P. multiseries, now

underway, is completed.

In contrast to the results of Maldonado et al. (2002) and

Wells et al. (2005), which have been interpreted to mean

that iron-stressed cells increase their DA production to

alleviate iron limitation, Bates et al. (2001) had earlier

found that total DA production by P. multiseries decreased,

not increased, during iron limitation; i.e. the cellular DA

levels and production rates were , 10-fold lower in iron-

limited cells than in iron-sufficient cells during the

stationary phase (Table 6). This decrease was attributed

to a reduction in the iron-limited cells’ ability to take up

nitrogen and to produce sufficient photosynthetic energy,

two processes that require iron and are also essential for

DA production. It should be noted, however, that Bates

et al. (2001) measured only total DA production (DA in the

cells plus medium), and not dissolved DA, which means

that direct comparisons cannot be made with the dissolved

fraction in Maldonado et al. (2002). Nevertheless, differ-

ences in the results for total DA production can be

compared and may perhaps be reconciled by noting that

the cells used by Bates et al. (2001) were in stationary phase,

whereas those used by Maldonado et al. (2002) were in

exponential phase. Thus, the stationary-phase cells pro-

duced more DA whether or not they were iron limited,

compared with the exponential-phase cells, as expected

(Table 6). It could also be argued that the stationary-phase

cells tested by Bates et al. (2001) were more iron stressed

(5 ‘iron limited’) than those used by Maldonado et al.

(2002), which were in exponential growth and therefore less

severely stressed (5 ‘iron depleted’). This could mean that

the iron-depleted cells still had access to sufficient iron, via

the hypothesized DA chelation mechanism, to function

normally. In contrast, the stationary-phase, iron-limited

cells may have depleted the available iron, thus impairing

their ability to take up and metabolize nitrogen and to

synthesize sufficient amounts of chlorophyll, and ultimate-

ly, of DA. The results suggest that DA production and

release as a strategy to scavenge limiting concentrations of

iron is useful only if the cells are mildly stressed by low

concentrations of iron, and not if they are more severely

iron limited. It then becomes important to know, e.g. for

modeling or monitoring purposes, what state the cells are in

within the spectrum of iron depletion to limitation, to

predict if they will be capable of producing larger or smaller

amounts of DA. This information may be gained, for

example, by using variable fluorescence measurements

(Bates et al. 2001; Kudela et al. 2004b). The finding of

particulate DA at several depths in unamended HNLC

waters at OSP (Trick et al. 2010) suggests that these waters

were not severely iron limited.

The combined results of all previous studies with nutrients

and trace metals suggest that DA would accumulate in the

cells when triggered by silicate or phosphate limitation, but

only when iron is still in excess. If iron also becomes limiting,

then cellular DA levels would decrease because an increasing

proportion of the cellular DA would be released by the cells.

Maldonado et al. (2002) argue that this could account for

the large variability in cellular DA levels observed during

Pseudo-nitzschia blooms in coastal waters. It could also

explain why little DA is produced by exponentially growing,

nonlimited cells in batch cultures, whereas large amounts

are produced during early to mid-stationary phase when

limited by silicate or phosphate, but not by iron. In late-

stationary phase, cellular DA decreases and increasing

amounts of DA are released into the medium, perhaps

triggered by iron limitation. To validate this hypothesis, mea-

surements of DA production with respect to macronutrient

and iron concentrations must be made during the entire

growth cycle in batch culture, from exponential to late-

stationary phase. It follows that increasing the concentration

of iron, and possibly even of copper, in the growth medium

may result in greater DA production and less release of DA

from the cells.

Clearly, many physical factors are able to influence DA

production, and others will likely be found. Ultimately, the

only commonality among them may be how the factor

affects gene expression within the DA biosynthetic path-

way, which still requires fuller elucidation.

BIOLOGICAL PARAMETERS AFFECTING GROWTH

AND TOXICITY

The appearance of Pseudo-nitzschia blooms is linked to

numerous biotic factors, some of which are species specific.

This makes it a challenge to understand bloom dynamics,

which is essential to forecast bloom timing, intensity and

location, and to predict cellular toxicity. Nevertheless, the

growth of Pseudo-nitzschia with other phytoplankton and

with bacteria may provide some clues.

Association with other phytoplankton

Most Pseudo-nitzschia spp. cells form chains that are free-

living in the water column (e.g. Rines et al. 2002) or on the

sediment surface (Dortch et al. 1997). Several examples,

however, show Pseudo-nitzschia spp. living amongst colo-

nies of other diatoms or other unicellular, photosynthetic

algae: P. pseudodelicatissima in Chaetoceros socialis colonies

(Gailhard et al. 2002; Rines et al. 2002); P. americana

(Lundholm et al. 2002b; Nézan et al. 2007; Stonik et al.

2011) and P. linea (Lundholm et al. 2002b; Quijano-

Scheggia et al. 2010) as single cells on Chaetoceros and

Odontella spp. colonies; P. delicatissima as single cells in

Phaeocystis colonies (Lundholm et al. 2002a; Sazhin et al.

2007); and P. cf. granii var. curvata in Phaeocystis pouchetii

colonies (Sazhin et al. 2007). The advantages of these

associations are unknown, but the colonies could provide a

growth substrate or organic compounds, including protec-

tive aldehydes, that could benefit the colonies and the

Pseudo-nitzschia cells. Note that the above identifications of

P. pseudodelicatissima and P. delicatissima may in fact be

any of the several new species named in the P. pseudodeli-

catissima/cuspidata complex (Lundholm et al. 2003) or the

P. delicatissima complex (Lundholm et al. 2006), respec-

tively (see above). Recently, the sexual pairing between

parental cells of P. australis or P. pungens was observed on

dense colonies of surf-zone diatoms (Holtermann et al.

2010). In that case, it is possible that the sexualized Pseudo-

nitzschia cells (see above) could be taking advantage of the

surf-zone diatom substrate to move toward each other.
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Allelopathy

As with many other phytoplankton species (Granéli &

Hansen 2006), it is reasonable to assume that Pseudo-

nitzschia may have allelopathic effects on sympatric

species. However, thus far, no studies have been able to

demonstrate allelopathic interactions between Pseudo-

nitzschia and any other algal species. Early trials showed

no influence of DA addition on diatom (C. gracilis,

Skeletonema costatum) growth (Windust 1992). Subba

Rao et al. (1995) reported an allelopathic interaction

between toxic P. multiseries and the diatom Rhizosolenia

alata in a mixed culture. However, the results show that

increasing the proportion of R. alata, or its filtrate, resulted

in a decrease in P. multiseries growth, not the other way

around. Thus, it was not proven that P. multiseries produced

an allelopathic compound. Likewise, Lundholm et al.

(2005b) later confirmed that DA addition had no effect on

the growth of nine different phytoplankton species, nor did

toxic P. multiseries have an effect on four algal species in

mixed-batch culture experiments.

A recent meta-analysis of possible allelopathic effects on

HAB species (but not Pseudo-nitzschia) found that, in the

few studies that included low cell numbers, none detected

any allelopathic effects (Jonsson et al. 2009). Modelling

showed that the concentrations of such compounds in the

bulk seawater would be too low to be effective. They

therefore doubted that allelopathy is a mechanism in

HAB formation. Nevertheless, their modelling also showed

an order-of-magnitude-higher concentration of a putative

allelopathic compound immediately around the cell, which

opens the possibility of such effects during cell-to-cell

encounters. For example, Olson & Lessard (2010) argued

that the localized high DA concentrations within the

diffusion zone of a cell, in contrast to its concentration in

the bulk seawater, could play a role as a microzooplankton

grazing deterrent (but see below). Likewise, the proximity

of the cells within thin layers may facilitate the usefulness of

any allelopathic compound or increase the likelihood of

cell-to-cell encounter, leading to sexual reproduction.

Bacteria

Amongst other biotic factors is the existence of bacteria,

which have a complex relationship with HAB species. This

includes both positive and negative effects on algal growth,

as well as a role in phycotoxin production (reviewed by

Kodama et al. 2006). Bacteria are capable of lysing some

diatoms, although there is no solid proof that bacteria have

killed Pseudo-nitzschia spp. There is only the observation

that bacteria attached to P. sp. cf. pseudodelicatissima

appeared to coincide with the lysis of the diatom cells (Pan

et al. 2001). As well, empty frustules of P. multiseries in late

stationary phase were packed with bacteria, but this may

have occurred after cell death (Kaczmarska et al. 2005a).

Otherwise, positive effects have been documented. The

presence of bacteria in P. multiseries cultures increased the

cells’ growth rate and longevity relative to axenic cultures

(Douglas et al. 1993), although another study found that

axenic and xenic P. multiseries cultures had the same

growth rates (Kobayashi et al. 2009).

Bacteria isolated from P. multiseries (Kaczmarska et al.

2005a) and P. pungens (Sapp et al. 2007) cultures were

found to be members of the Alphaproteobacteria, Gam-

maproteobacteria and Bacteroidetes. Another study, using

automated ribosomal intergenic spacer analysis (ARISA)

profiling, reported Flavobacteria, Alphaproteobacteria and

Gammaproteobacteria in both P. multiseries and P. multi-

series (Guannel et al. 2011). More specifically, Alteromonas,

Moraxella and Spirosoma-like bacteria were reported in

other P. multiseries cultures (Stewart et al. 1997). All

bacteria found are Gram negative (Bates et al. 1995a).

Depending on the study, the bacterial composition in

Pseudo-nitzschia cultures shifted, or not, over time in

culture. A shift in the bacterial community within a P.

pungens culture was observed 4–12 mo after isolating the

cells (Sapp et al. 2007). Moreover, the bacterial assemblage

in the freshly isolated culture was different from that in the

waters from which the diatoms were originally isolated. In

contrast, Guannel et al. (2011), using ARISA profiling,

found that two strains of nontoxic P. delicatissima did not

exhibit any shifts in bacterial assemblages over 9–14 mo in

culture, nor did toxic P. multiseries and P. sp. 233 over a

2-mo period. Moreover, some of the assemblages in the

cultures were similar to those found in field samples where

the diatoms originated, again, contrary to Sapp et al.

(2007). Interestingly, Guannel et al. (2011) found, using

ARISA profiling, no differences in bacterial community

composition between the exponential and stationary phases

for all Pseudo-nitzschia strains tested, including the five

toxic strains. As well, the composition of the attached and

free-living communities (defined operationally, on the basis

of what passed through or was retained on filters) did not

differ significantly for 9 of the 11 Pseudo-nitzschia strains

assessed. These findings argue against the hypothesis that

bacterial composition is in part responsible for the decline

in toxicity in culture (see above) or for the differences in

toxicity between exponential-phase and stationary-phase

cultures. However, their study did report differences

between toxigenic and nontoxigenic Pseudo-nitzschia spe-

cies. Toxigenic strains hosted fewer bacterial ARISA

operational taxonomic units, in comparison with nontoxi-

genic strains. Although both P. multiseries (toxigenic) and

P. delicatissima (nontoxigenic) cultures hosted members of

the Gammaproteobacteria and Flavobacteria, 16S rDNA

sequencing revealed that the specific bacteria coexisting

with each Pseudo-nitzschia strain differed on a finer

taxonomic scale, i.e. P. multiseries hosted members of the

order Oceanospirillales, whereas P. delicatissima hosted

Alteromonadales. The results of Guannel et al. (2011)

provided evidence for their hypothesis that DA plays a

role in structuring bacterial community composition, i.e.

that the growth environment may become enriched with

DA-utilizing, DA-tolerant or DA-intolerant bacteria in

response to exposure to DA.

The existence of intracellular bacteria in P. multiseries is

debated, with some authors not finding any (Bates et al.

1995b) and others reporting molecular evidence of them

(Kobayashi et al. 2003). In the latter case, Kobayashi et al.

(2003) argued that the intracellular bacteria originated from

the culture medium, although it was not clear how the P.

multiseries cells acquired them. Extracellular bacteria may
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be either epiphytic or free living. Pan et al. (2001) reported

an increase in bacterial abundance during the stationary

phase of P. sp. cf. pseudodelicatissima, with the majority of

them attached to the cell surface. In P. multiseries cultures,

only , 40% of cells carried epiphytic bacteria (one to five

per cell), but their number and the diversity of morphotypes

increased during growth in batch culture (Kaczmarska et al.

2005a), in contrast to the above ARISA results (Guannel

et al. 2011). Two subclones of P. multiseries from the same

parent stock, but grown under slightly different conditions

in a different laboratory, developed different epiphytic

bacterial assemblages (Kaczmarska et al. 2005a).

The presence of bacteria in Pseudo-nitzschia cultures has

raised considerable interest because several research groups

have independently demonstrated that axenic cultures

produce less DA than xenic cultures, and that bacteria

can enhance DA production (Douglas et al. 1993; Bates

et al. 1995a, b; Kotaki et al. 1999; Kobayashi et al. 2003).

Not all bacteria enhanced DA production, but a wide

variety from different locations was capable of it. Axenic

cultures produced 2- to 95-fold less DA than xenic cultures,

and readdition of the bacteria restored DA production

(Douglas et al. 1993; Bates et al. 1995a, b). There is still no

proof that bacteria themselves are able to produce DA

(Bates et al. 2004). DA production by N. navis-varingica

was also enhanced by bacteria (Kotaki et al. 2000), and

bacteria were suggested to play a role in the isodomoic acid

composition in this species (Kotaki et al. 2008). The effect

of epiphytic bacteria, specifically, on DA production has

yet to be determined, although the P. multiseries strain that

had the greatest number and diversity of epiphytic bacteria

also had the highest DA production (Kaczmarska et al.

2005a). Notwithstanding the above results of Guannel et al.

(2011), the effects of free-living and attached bacteria, their

abundance and composition must be considered, along with

the abiotic factors discussed above, in studies of toxin

production.

It is still not known how the bacteria enhance DA

production. One hypothesis is that some bacteria have

an ‘antagonistic relationship’ with Pseudo-nitzschia cells,

which then respond by producing DA (Kaczmarska et al.

2005a). That DA may, however, be beneficial or not to the

Pseudo-nitzschia cells (Guannel et al. 2011). Another

hypothesis involves the production of gluconic acid/

gluconolactone from glucose by certain bacteria, including

Alteromonas sp. (Osada & Stewart 1997). This compound is

a ‘powerful sequestering agent’ that can tie up nutrients,

and may therefore be a competitor of DA, also a chelating

agent (although for trace metals). Adding gluconic acid/

gluconolactone to an axenic culture of P. multiseries

enhanced DA production in a dose-dependent manner

(Osada & Stewart 1997; Stewart 2008). It was argued that

DA could be produced by the diatom as an external

chemical scavenger to counter nutrient stress during the

stationary phase (Stewart 2008). However, it was not

specified which nutrients the gluconic acid/gluconolactone

scavenged, whereas there is evidence (see above) that DA is

a chelator for copper and iron (Maldonado et al. 2002).

Furthermore, when gluconic acid/gluconolactone was

added to a xenic culture, DA production was not enhanced,

but rather decreased; no explanation could be found for

this incongruity (Stewart 2008). Thus, the gluconic acid/

gluconolactone hypothesis requires further verification.

Another hypothesis is that the bacteria may be supplying

nitrogenous compounds or other precursors that are used

directly in DA production, or indirectly as ‘elicitors’ of

toxin production (Bates 1998). Three of four bacteria

isolated from a toxic P. multiseries culture produced N-acyl

homoserine lactones (N-AHLs), a group of chemical signal

molecules used in quorum sensing (Johnston et al. 2001).

The authors postulated that N-AHLs may be a possible

route by which bacteria influence diatom toxin production.

Adding bacterial extracts to axenic cultures did not affect

DA production, suggesting that a dynamic interaction is

required between the diatom and bacterial cells (Bates

1998). This is supported by Kobayashi et al. (2009), who

suspended an axenic P. multiseries culture, contained within

a cellophane tube, into a xenic culture. They determined

that the cellular DA level of the cells within the tube was

much lower than that of the cells outside the tube. This led

them to conclude that direct contact between living bacteria

and P. multiseries cells is necessary for producing high

levels of DA in this diatom species. Clearly, bacteria are

playing an important but complex role in toxin production,

but the details of this are still elusive.

Viruses and fungi

Viruses are known to infect diatoms, and these are mainly

species specific (e.g. Nagasaki et al. 2005). To date, viruses

have only been hypothesized to infect Pseudo-nitzschia spp.,

although research is underway to study this (Carlson et al.

2009). Recently, parasitic oomycetes (Figs 5, 6) and

chytrids were found to infect P. pungens in Canada and

elsewhere (Hanic et al. 2009). Their role in controlling

Pseudo-nitzschia bloom dynamics and toxicity should be

considered.

IMPACTS OF DOMOIC ACID

Since 1987, numerous observations have been made about

how DA-producing blooms affect shellfish, fish, seabirds

and marine mammals (Table 7). For example, blue mussels

(Mytilus edulis) and clams (Mya arenaria) from the Bay of

Fundy (Canada) became contaminated during July to

October 1988, after filtrating toxic P. pseudodelicatissima

(Martin et al. 1990) [the identity of this diatom may be P.

calliantha, but this is still in dispute (Lundholm et al. 2003)].

High DA concentrations are often observed in crabs and

mussels from the US west coast (Horner et al. 1997). In

contrast to most molluscan shellfish (see below), other

animals are negatively affected. From 1989 to 1991,

hundreds of brown pelicans (Pelecanus occidentalis) and

Brandt’s cormorants (Phalacrocorax penicillatus) died in

Monterey Bay (California) after ingesting contaminated

anchovies (Work et al. 1993). Seabirds were also affected in

1996 in Mexico after ingesting anchovies and sardines

contaminated by toxic Pseudo-nitzschia australis (Sierra-

Beltrán et al. 1997). The DA contamination of seabirds is

perhaps better known than people think. Indeed, the Alfred

Hitchcock film ‘‘The Birds’’ (1963) may have been inspired
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from a real event of birds becoming violent with humans

after consuming fish contaminated with DA, near Santa

Cruz, California (Dybas 2004).

Marine mammals are also heavily affected. In 1998,

. 400 sea lions (Zalophus californianus) that had fed on

contaminated anchovies died in California (Scholin et al.

2000; Howard et al. 2007; reviewed by Bargu et al. 2011a,

b). Surviving sea lions exhibited neurological dysfunction,

including head waving, ataxia and abnormal behavior,

similar to that shown by DA-intoxicated mice. Identical

syndromes were previously observed in sea lions and sea

otters in 1978, 1986, 1988 and 1992 (Scholin et al. 2000).

The cause of sea lion deaths and strandings is complex,

involving a combination of environmental and physiolog-

ical factors in addition to toxic Pseudo-nitzschia blooms

(Bargu et al. 2010). DA later caused the death of minke

whales (Balaenoptera acutorostrata) in Southern California

(Fire et al. 2010), and of pygmy and dwarf sperm whales

(Kogia spp.) in southeastern and mid-Atlantic US waters

(Fire et al. 2009). It also contaminated North Atlantic right

whales (Eubalaena glacialis) in the Bay of Fundy (Leandro

et al. 2010a); a copepod (Calanus finmarchicus) was the

potential vector (Leandro et al. 2010b).

DA is accumulated in the digestive gland and tissues of filter-

feeders as a result of their feeding on toxic Pseudo-nitzschia

cells. There is no evidence that DA may be accumulated

directly from the seawater. The mechanics and ability of

molluscan shellfish and zooplankton to filter-feed on DA-

producing Pseudo-nitzschia cells have been studied by few

researchers. Detailed information is available only for oysters

(Crassostrea virginica) and mussels (M. edulis) feeding on P.

multiseries (Mafra et al. 2009a, b, 2010). Oysters filtered

fewer cells when fed with P. multiseries as the only food

source, compared with a mixture of P. multiseries and

nontoxic algae, and produced pseudofeces when a threshold

concentration of Pseudo-nitzschia was reached. There was a

selective rejection of Pseudo-nitzschia cells into pseudofeces

when these cells were mixed with flagellates, but not when

mixed with other diatoms. Rejection can also occur on the gills.

As a consequence of these selective mechanisms, oysters

accumulate lower concentrations of DA than do other

shellfish, including mussels (Mafra et al. 2009a). Interestingly,

the presence of DA played no role in the oysters’ selection

process; rather, other intrinsic properties of diatoms in

general were believed to be responsible. A similar conclusion

was reached for microzooplankton feeding on Pseudo-

nitzschia cells: the presence of DA or toxic Pseudo-nitzschia

cells had no effect on microzooplankton grazing or growth

(Olson & Lessard 2010). Likewise, this study showed that a

diatom-consuming dinoflagellate did not feed on toxic or

nontoxic Pseudo-nitzschia cells, indicating the involvement

of factors other than DA. These, and previous studies (e.g.

Lincoln et al. 2001; Tester et al. 2001), indicate that DA per

se plays no role as a grazing deterrent, in contrast to an

earlier hypothesis (Bates et al. 1989).

With the exception of Pacific oysters (Crassostrea gigas)

(Jones et al. 1995a, b), bivalves are very resistant to DA,

even at concentrations as high as 790 mg g21, as seen in

healthy mussels of the original 1987 ASP event (Bates et al.

1989). As with DA-resistant Pacific razor clams (Siliqua

patula), they may have proteins that sequester DA or mute

the receptors, thus limiting DA fixation (Trainer & Bill

2004). Shellfish do not have a nervous system as developed

as that in birds and mammals, which may explain the

differences in susceptibility. DA affects the behavior of

anchovies (Lefebvre et al. 2001), krill (Bargu et al. 2006),

sea lions (Goldstein et al. 2008; Bargu et al. 2011b), and

northern fur seals (Callorhinus ursinus) (Lefebvre et al. 2010)

via nervous system dysfunction. DA also has genotoxic effects

on fish, such as the Nile tilapia (Oreochromis niloticus) (Cavas

& Konen 2008). The leopard shark (Triakis semifasciata) is

so far the only vertebrate unaffected by DA (Schaffer et al.

2006). These sharks posses the molecular targets for DA, but

are resistant to it when injected with high doses.

DA can also accumulate to high concentrations in other

benthic organisms during toxic Pseudo-nitzschia blooms

(Kvitek et al. 2008). This may be another source of

contamination for predators like seabirds, sea lions and

fish. Contaminated fish have been caught and consumed by

recreational anglers in southern California, posing an

additional risk to humans (Vigilant & Silver 2007; Mazzillo

et al. 2010). Consumption of contaminated menhaden

(Brevoortia patronus) is yet another potential vector of DA

to humans (Del Rio et al. 2010).

The effects of long-term consumption of DA by humans

and animals are unknown, although evidence is slowly

being gathered (Pulido 2008; Lefebvre & Robertson 2010).

Low, chronic doses of DA given to rats (Truelove et al.

1996) or monkeys (Truelove et al. 1997) did not induce

clinical or histopathology abnormalities. However, chronic,

sublethal exposure of DA to sea lions led to epilepsy

(Ramsdell & Stafstrom 2009). Moreover, prenatal exposure

of rats to DA at mid-gestation caused learning and memory

impairments that persisted into adulthood (Levin et al.

2006). DA can cross the placenta, accumulating in the

amniotic fluid and entering the brain tissue of prenatal rats

(Maucher & Ramsdell 2007). A 5-yr prospective epidemi-

ological cohort study of American Indians has been

initiated to determine if the DA levels in razor clams in

the Pacific Northwest of the United States are placing them

at risk of illness (Grattan et al. 2009).

Some countries/locations, such as Japan (Kotaki et al.

1999), Australia (Takahashi et al. 2007), Chile (Suárez-Isla

et al. 2002), Chesapeake Bay (Thessen & Stoecker 2008),

the Gulf of Naples (Orsini et al. 2002; Cerino et al. 2005)

and the Gulf of Mexico (Liefer et al. 2009; Thessen et al.

2010; MacIntyre et al. 2011), have detected DA produced

by toxic species of Pseudo-nitzschia; however, there have so

far been no resulting serious ecosystem or human-health-

related consequences. This may be because toxic cell

numbers (Thessen & Stoecker 2008) or cellular DA

concentrations (Orsini et al. 2002; Cerino et al. 2005) are

too low, the species present are not suitable for being grazed

upon (Thessen et al. 2010) or conditions are not conducive

to DA production (see above). Indeed, not all strains of the

same Pseudo-nitzschia species are toxic (Bates et al. 1998;

Bates 2000), and other strains produce DA in variable

amounts (Kudela et al. 2004b). This variable toxicity within

a species may be explained by genetic factors, instrumen-

tation that is not sensitive enough to detect the DA,

misidentification of the species or use of growth conditions

that do not trigger DA production.
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Table 7. Chronology of domoic acid contamination involving various animals used for human consumption or not (1).

Location Year

Affected animal
Pseudo-nitzschia

species implicated ReferenceAnimal group Species

Prince Edward
Island, Canada

1987 shellfish Mytilus edulis P. multiseries Bates et al. 1989

Prince Edward
Island, Canada

1988 to 1989 shellfish Mytilus edulis P. multiseries or
P. pungens

Bates et al. 1998

Bay of Fundy,
Canada

1988 shellfish Mya arenaria, Mytilus edulis,
Volsella modiolus, Placopecten
magellanicus

P. pseudodelicatissima
or P. calliantha

Martin et al. 1990

California, USA 1989 to 1991 fish Poeobius meseres P. australis Buck et al. 1992
Washington &

Oregon coasts,
USA

1991 shellfish, crabs Siliqua patula, Cancer magister P. australis? Horner & Postel
1993

California, USA 1991 to 1992 fish Engraulis mordax P. australis McGinness et al.
1995

California, USA 1991 birds Pelecanus occidentalis,1

Phalacrocorax penicillatus1
P. australis Fritz et al. 1992;

Work et al. 1993
California, USA 1991 to 1993 shellfish Siliqua patula unknown Wekell et al. 1994
Washington,

USA
1992 shellfish Mytilus edulis, Crassostrea gigas unknown Horner & Postel

1993
Denmark 1992 shellfish Mya arenaria, Mytulis edulis P. pseudodelicatissima Lundholm & Skov

1993
New Zealand 1993 to 1996 shellfish not specified P. australis Rhodes 1996
Baja California

peninsula,
Mexico

1996 birds, fish Pelecanus occidentals,1 Scomber
japonicus

unknown Sierra-Beltrán et al.
1997

Portugal 1997 to 2000 shellfish Mytilus edulis, Cerastoderma edule,
Scrobicularia plana, Venerupis
pullastra, Ostrea edulis,
Ensis spp., Ruditapes decussata

P. australis-like Vale & Sampayo
2001

Atlantic coast,
USA

1997 to 2005 marine mammals Kogia breviceps,1 K. Sima1 not directly linked Fire et al. 2009

California, USA 1998 fish, marine
mammals

Engraulis mordax, Zalophus
californianus1

P. australis Lefebvre et al. 1999

Washington,
USA

1998 shellfish Siliqua patula P. pseudodelicatissima Adams et al. 2000

California, USA 1998 marine mammals Zalophus californianus1 P. australis Scholin et al. 2000
California, USA 1998 to 2006 marine mammals Zalophus californianus1 unknown Bejarano et al. 2008a
Scotland 1999 shellfish Pecten maximus P. australis Campbell et al. 2001
Ireland 1999 shellfish Pecten maximus, Mytilus edulis,

Crassostrea edulis, Ensis siliqua
P. australis James et al. 2005

Brittany, France 1999 shellfish Donax trunculus P. multiseries REPHY
California, USA 1999 to 2000 shellfish, crabs Mytilus edulis, Emerita analoga Ferdin et al. 2002
France 1999 to 2000 shellfish Mytilus galloprovincialis,

Ruditapes decussatus, Donax
trunculus

P. pseudodelicatissima
or P. multiseries

Amzil et al. 2001

California, USA 2000 fish Citharichthys sardidus, Scomber
japonicus, Thunnas alalunga,
Eopsetta jordani, Atherinopsis
califoniensis, Hyperprosopon
argenteum, Engraulis mordax,
Sardinops saga

P. australis Lefebvre et al.
2002a, b

California, USA 2000 krill Euphausia pacifica1 P. australis Bargu et al. 2002b
California, USA 2000 squid Loligo opalescens1 P. australis Bargu et al. 2008
France 2000 shellfish Donax trunculus unknown Thébaud et al. 2005
Prince Edward

Island, Canada
2000 shellfish Mytilus edulis P. multiseries Bates & Richard

2000
Argentina 2000 fish, shellfish Mytilus edulis, Engraulis anchoita P. australis Negri et al. 2004
California, USA 2000 to 2001 benthic species Emerita analoga, Urechis caupo,

Citharichthys sordidus,
Nassarius fossatus, Pagurus
samuelis, Neotrypaea californiensis,
Dendraster excentricus, Olivella
biplicata1

P. australis Kvitek et al. 2008

Portugal 2000 to 2001 fish, shellfish Sardina pilchardus, Engraulis
mordax, Mytilus edulis,
Sardinops sagax, Cerastoderma
edule, Venerupis pullastra,
Ruditapes decussate, Crassostrea
japonica, Ensis spp., Solen spp.

unknown Costa & Garrido
2004
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Table 7. Continued

Location Year

Affected animal
Pseudo-nitzschia

species implicated ReferenceAnimal group Species

California, USA 2001 fish Genyonemus lineatus, Leptocottus
armatus

P. australis Fire & Silver 2005

California, USA 2002 marine mammals Zalophus californianus,1 Delphinus
capensis,1 Delphinus delphis1

unknown de la Riva et al. 2009

Monterey Bay,
California,
USA

2002 squid Loligo opalescens1 P. australis Bargu et al. 2008

France 2002 shellfish Donax trunculus unknown Thébaud et al. 2005
Portugal 2002 crab Polybius henslowii not directly linked Costa et al. 2003
California, USA 2002 to 2003 fish Citharichthys sordidus, Eopsetta

exilis, Eopsetta jordan,
Psettichthys melanostictus, Errex
zachirus, Microstomus pacificus,
Pleuronectes vetulus, Pleuronicthys
decurrens, Hippoglossus stenolepis

P. australis Vigilant & Silver
2007

Portugal 2002 to 2003 fish Sardina pilchardus P. australis Costa & Garrido
2004

Greece 2002 to 2003 shellfish Mytilus galloprovincialis, Venus
verucosa

unknown Kaniou-
Grigoriadou et al.
2005

Ireland 2003 shellfish Pecten maximus unknown Bogan et al. 2007
Washington,

USA
2003 shellfish Mytilus edulis P. australis Bill et al. 2004

Portugal 2003 to 2004 cephalopods, fish Octopus vulgaris, Sepia officinalis,
Eledone moschata, Eledone cirrhosa

not directly linked Costa et al. 2004,
2005a, b

California, USA 2003 to 2004 crabs, fish Pleuroncodes planipes, Scomber
japonicus, Trachurus symmetricus,
Citharichthys sordidus, Zaniolepis
latipinnis

P. multiseries Busse et al. 2006

Isle of Man 2003 to 2004 shellfish Pecten maximus unknown Bogan et al. 2007
California, USA 2003 to 2004 fish Errex zachirus, Microstomus

pacificus, Pleuronectes vetulus,
Pleuronectes decurrens,
Genyonemus fineatus,
Gymnocanthus tricupsis

P. australis-like Trainer et al. 2008

Florida, USA 2004 marine mammals Tursiops truncatus1 unknown NMFS 2004
Australia 2004 shellfish Saccostrea glomerata, Modiolus

proclivis, Donax deltoides
unknown Takahashi et al.

2007
Mexico 2004 fish, marine

mammals, birds
Delphinus capensis,1 D. delphis,1

Zalophalus californianus,1

Pelecanus occidentalis,1 Sardinops
spp.

unknown Sierra-Beltrán et al.
2005

Chile 2004 shellfish, tunicate Mytilus chilensis, Aulacomya ater,
Protothaca thaca, Pyura chilensis1

P. australis López-Rivera et al.
2009

West coast,
France

2004 shellfish Pecten maximus P. australis or P.
multiseries

Nézan et al. 2010

Vietnam 2004 to 2005 shellfish Spondylus versicolor, Spondylus
cruentus

unknown Ha et al. 2006; Dao
et al. 2009

Denmark 2005 shellfish Mytilus edulis P. seriata Lundholm et al.
2005a

Bay of Fundy,
Canada

2005 to 2006 marine mammal Eubalaena glacialis1 P. seriata, P.
cuspidata, P.
delicatissima

Leandro et al. 2010a

California, USA 2005 to 2009 marine mammal Callorhinus ursinus1 Pseudo-nitzschia spp. Lefebvre et al. 2010
Japan & Thailand 2006 shellfish Spondylus spp. unknown Takata et al. 2009
Korea 2006 to 2007 shellfish Mactra veneriformis, Peronidia

venulosa
unknown Choi et al. 2009

Croatia 2006 to 2008 shellfish Mytilus galloprovincialis, Ostrea
edulis, Pecten jacobaeus,
Flexopecten proteus

unknown Ujević et al. 2010

California, USA 2007 marine mammal Balaenoptera acutorostrata1 P. australis Fire et al. 2010
Angola 2007 shellfish Dosinia orbignyi, Venerupis

corrugata, Mactra glabrata
unknown Blanco et al. 2010

West coast,
France

2007 shellfish Pecten maximus unknown REPHY

Louisiana, USA 2007 to 2008 fish Brevoortia patronus unknown Del Rio et al. 2010
Scotland 2008 to 2009 marine mammal Phoca vitulina1 unknown Hall & Frame 2010
West coast,

France
2010 shellfish Pecten maximus P. australis Nézan et al. 2010
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GAPS IN KNOWLEDGE

The genus Pseudo-nitzschia has been the main subject of

numerous studies since its discovery as a DA producer in

1988, yet there is still much to learn, analyze and

understand. Some of the gaps in knowledge previously

identified (Bates 1998) have been at least partially filled:

‘triggers of DA production, other than silicon and

phosphorus limitation’; ‘role of trace metals (especially

iron) in mediating DA production and Pseudo-nitzschia

growth’; ‘details of the life cycle of Pseudo-nitzschia species’

(although not in relation to DA production); ‘physiological

studies of Pseudo-nitzschia species other than P. multi-

series’; and ‘identification of other producers of DA’.

However, the remaining gaps, along with some new ones

identified below, still remain. Knowledge gaps specific to

life-cycle events are outlined in Mann & Bates (2001).

Only a few papers have investigated, specifically, the

intraspecific variability in Pseudo-nitzschia physiology,

including toxin production (e.g. Bates et al. 1999; Kudela

et al. 2004b; Thessen et al. 2009; Amato et al. 2010) and

association with bacteria (Guannel et al. 2011). However,

because of the magnitude of the differences among strains,

future studies should consider multiple strains to arrive at

more solid conclusions and generalities about a given

species. Molecular markers appropriate for detecting

intraspecific variability, including use of microsatellite

analysis, could be applied to these culture studies, in

addition to their current application in field studies. They

could also be relevant for investigating the progeny

obtained during mating studies.

Physiological and ecological roles of DA production

After 23 years of research, the role of DA is still not known

with certainty, other than its possible advantages for

Pseudo-nitzschia in chelating iron and copper (Wells et al.

2005); these finding, however, require corroboration by

other laboratories. Some of the roles hypothesized by Bates

(1998) have been addressed, but require more study. For

example, the ‘osmolyte hypothesis’, whereby DA could

serve as an osmolyte in response to increasing salinity, has

not been fully addressed. Although DA production was

greatest at elevated salinities (Doucette et al. 2008), there

was no proof that DA was acting as an osmolyte. The

‘antifeedant hypothesis’, whereby DA could act as a grazing

deterrent, is not supported by the more recent research

(Lincoln et al. 2001; Tester et al. 2001; Mafra et al. 2009a;

Olson & Lessard 2010). Likewise, the ‘allelopathy hypoth-

esis’, whereby DA could be deleterious to other phyto-

plankton, is not supported by evidence (Lundholm

et al. 2005b). The ‘excretion hypothesis’, whereby DA

may be produced and released as a mechanism to get rid of

‘excess’ photosynthetic energy when cells are no longer able

to grow optimally, remains to be addressed.

Presence/absence of a resting stage

Centric diatoms form resting spores, which are very

different from vegetative cells in appearance and physiol-

ogy. Some pennate diatoms form resting stages, which have

undergone physiological and cytoplasmic changes but

remain morphologically similar to the vegetative cells of

the species. In either case, these forms enable the cells to

survive during unfavourable conditions (McQuoid &

Hobson 1996). Amato et al. (2005) hypothesized that

Pseudo-nitzschia spp. may have a ‘quiescent phase’ during

which cell growth is reduced. However, there is contradic-

tory information regarding the existence of resting stages in

Pseudo-nitzschia spp. McQuoid & Godhe (2004) indicated

that Pseudo-nitzschia spp. are not known to form a resting

stage, and none was found in sediments. On the other hand,

Orlova & Morozova (2009) provide evidence of Pseudo-

nitzschia sp. ‘resting cells’ in recent sediments of Peter the

Great Bay (eastern Russia). Knowing if such a resting stage

exists is important for understanding bloom formation and

disappearance. From where do cells that initiate new

blooms originate, and what is their physiological condition?

A resting stage could enhance the survival of Pseudo-

nitzschia from one growth season to another, regardless of

the conditions. It could also decrease the number of cell

divisions over a year, allowing them to survive for a longer

period without undergoing sexual reproduction.

Genomics of sexual stages

When cells are undergoing sexual reproduction, it is quite

easy to identify the different stages in cultures (Davidovich

& Bates 1998). However, this is more difficult in field

samples, where Pseudo-nitzschia spp. sexual events have

only been observed twice (Holtermann et al. 2010; Sarno

et al. 2010). In natural seawater, sexual stages represent

only a low percentage of total cell numbers (Mann 1988;

Sarno et al. 2010), plus they are a challenge to collect, as

they might be destroyed during sampling. This makes it

difficult to identify the sexual stages and to carry out

experiments on them. Therefore, little is known about these

stages and their genomics. Sexual reproduction allows

genetic recombination between strains, but it is not known

how sexual reproduction is regulated, how it might be

related to DA production, what determines the production

of ‘male’ or ‘female’ cells (i.e. what the genes are that

determine mating types), how cells of opposite mating type

find each other (involvement of pheromones?) and how

genetic recombination occurs within the Pseudo-nitzschia

genus. This information would help to understand the

genetic structure of Pseudo-nitzschia populations, how new

species appear and why different strains of the same species

can produce, or not, DA. One way to identify the sexual

stages and cells of opposite mating type is to develop

genetic probes against them (Mann & Bates 2001).

Whole genome of Pseudo-nitzschia spp. and complete DA

biosynthetic pathway

Although numerous studies on Pseudo-nitzschia biology

have been published over the last few years, the genome of

Pseudo-nitzschia spp. still remains incomplete. Compari-

sons between the genomes of toxigenic and apparently

nontoxic Pseudo-nitzschia species are also lacking. Such

studies are required to determine why different strains of

the same species are not always toxic. The whole-genome
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sequencing of P. multiseries is still ongoing (Parker et al.

2009). When completed, this will help to understand

Pseudo-nitzschia physiology and how cells adapt to such a

broad range of environmental parameters. It will also

provide more information about which genes are involved

in DA production (Boissonneault 2004). This will allow the

development of molecular probes to identify which species

at least have the genes for DA production, and when and

why the cells become toxic. Furthermore, sequencing

the whole genome may help to better assess the role of

DA. Nevertheless, knowing the whole genome of Pseudo-

nitzschia is not enough; the biosynthetic pathway of DA is

still incompletely known (Pan et al. 1998; Thessen 2007).

The regulation of the enzymes involved in this pathway

remains unresolved and the relationship between DA

biosynthesis and the cell division cycle (Bates 1998) requires

clarification. Moreover, it is still not known where DA is

stored within cells. The new molecular tools being

developed (summarized by Kudela et al. 2010) should help

to answer some of these questions.

Mechanisms of DA production and decline

DA production is modulated by factors other than various

environmental parameters. Indeed, the amount of DA

produced by P. multiseries decreases with the age of the

culture, as does cell size. Is there a causal relationship

between cell volume and the ability to produce DA?

Otherwise, no one has been able to explain this decrease in

toxicity. The mechanisms leading to an increase in DA

production, when triggered by silicon or phosphorus

limitation and iron deficiency/iron excess, remain unknown

and are likely different from each other. Do these

limitations induce DA production to contend with an

unfavourable environment, or is it an indirect consequence

of these limitations? Is there a synergy between macro- and

micronutrient limitation in modulating DA production?

Knowledge of the complete biosynthetic pathway and of

the whole genome would help to analyze gene expression

under these limitations in relation to DA production.

Biological control of DA production and of bloom dynamics

Although Pseudo-nitzschia spp. do not appear to produce

allelopathic compounds, other phytoplankton species may

still affect DA production. As well, competition for

resources or grazing by predators may be other factors

that modulate DA production. Of the biotic factors, only

bacteria have been studied so far and these have been

shown to enhance DA production. However, there is still

incomplete knowledge about which groups of bacteria

may be more conducive to enhancing DA production, and

about how closely associated the bacteria must be to

achieve this. The hypothesis concerning the bacterial

production of gluconic acid/gluconolactone, as a chelator

that prompts Pseudo-nitzschia to produce DA to counter

this competition (Stewart et al. 1997), requires validation.

Finally, studies are needed to determine how bacteria boost

DA production.

The role of viruses in controlling Pseudo-nitzschia bloom

dynamics or modifying cell physiology to trigger DA

production is just in its early stage of study (Carlson et al.

2009). Only one study has been published that describes

oomycete and chytrid fungal parasite infections of P.

pungens, although the phenomenon is known to be more

widespread (Hanic et al. 2009). It is not known which

parasite species are responsible, or how many other

Pseudo-nitzschia species may be affected. The potential

importance of fungal parasites in controlling Pseudo-

nitzschia bloom dynamics and toxin production is un-

known. Sequencing the genes of parasites would help to

identify their life stages and to quantify their prevalence

and infection rates. These tasks are so far hampered by the

inability to grow the fungal–Pseudo-nitzschia pair in

culture.

Heterotrophic ability

Conflicting or incomplete evidence, presented above (Pan &

Subba Rao 1997; Lyons 2002; Mengelt & Prézelin 2002),

indicates that more research is required before solid

conclusions can be reached regarding the heterotrophic

ability of Pseudo-nitzschia spp. Factors to be considered

when carrying out such experiments include: the concen-

tration of each organic substrate, the pH of the medium

after addition of the organics, preincubation for different

times with several substrates to possibly induce uptake and

use of both axenic and xenic controls. As well, care must be

taken to avoid bacterial contamination in the treatments

containing the organics. Tests are required for photoheter-

otrophy (or photo-organotrophy; ability to use organic

molecules as the only carbon source and solar radiation as

the energy source), carried out in the light, and for

chemoheterotrophy (or chemo-organotrophy; ability to

use organic compounds both as a source of carbon and

as a source of energy), carried out in darkness.

Resolution of conflicting findings

Several conflicting findings require resolution, including the

ability of toxigenic Pseudo-nitzschia spp. to produce DA in

darkness (Bates et al. 1991; Bates 1998), the finding of

different responses to nitrogen when different strains of the

same Pseudo-nitzschia species are studied (Lyons 2002;

Thessen et al. 2009) and the effects of pH on DA

production (Lundholm et al. 2004; Trimborn et al. 2008;

Sun et al. 2011), including its mechanisms of action.

Ability to predict blooms reliably

These gaps in knowledge concerning the biology of Pseudo-

nitzschia and its production of DA make it difficult to

predict blooms and their toxicity reliably, especially at a

local scale. Recent models of Pseudo-nitzschia bloom

dynamics (Anderson et al. 2009; Lane et al. 2009; Palma

et al. 2010) are a step in the right direction, but more exact

data and additional parameters are required to improve

their accuracy. In particular, trace metals, biotic factors and

species composition (or even the morphology-based

groups) have yet to be incorporated. Results of further

experimental work and field sampling will slowly fill in

these gaps, resulting in more reliable predictive models at

different temporal and geographic scales.
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SUMMARY

Recent scientific breakthroughs have revealed new in-

formation about Pseudo-nitzschia species identification,

molecular biology, physiology, toxicity and distribution.

Molecular methods are now used regularly to examine

phylogenetic relationships among Pseudo-nitzschia species

and to assist in species identification in field samples and

cultures; this has allowed the discovery of new species, some

of which are cryptic or pseudo-cryptic. From 1993 to

2011, 17 new species have been described; 15 of these are

since 2002. When possible, these identifications have been

supported by mating studies, but this approach is only

recent. Fourteen Pseudo-nitzschia spp. have now been

shown to be toxigenic in culture.

Although most of the attention still remains focused on

P. multiseries, and marginally on P. pungens, P. seriata or

P. australis, other coastal and oceanic species have recently

been included in experimental studies: P. pseudodelicatis-

sima, P. delicatissima, P. brasiliana, P. multistriata, P.

calliantha, P. cuspidata, P. granii and P. fraudulenta. The

diversity of species studied gives a broader view of the

differences between species, including coastal and oceanic,

regarding toxicity and factors controlling DA production.

New triggers or enhancers of DA production have

recently been found, in addition to the already known

triggers caused by silicon or phosphorus limitation. Iron

deficiency or copper excess are believed to enhance DA

production and release from the cells, because of the ability

of DA to chelate these trace metals. Chelation would render

low concentrations of iron more bioavailable to the cells, or

protect the cells from potentially toxic, high concentrations

of copper. High salinities (30–40 psu) enhanced DA

production by P. multiseries, the only species studied so

far. The role of inorganic carbon, whose concentrations are

controlled by CO2 addition or removal, remains unclear

because of conflicting evidence. For example, DA produc-

tion was reported to be enhanced by both high and low pH,

and was also shown to be limited, or not, by TIC

concentration.

Organic sources of nitrogen, i.e. glutamine and urea,

were shown to enhance DA production, relative to

inorganic nitrogen sources, by several species of Pseudo-

nitzschia, although there are many inter- and intraspecies

variations. Such information will affect the design of field

studies, as well as decisions about which nutrients are

measured and which nutrient parameters are included in

models. The importance of a relationship between iron and

copper, as well as between macro- and micronutrients, was

also revealed. Additional complexities in the interactions of

bacteria with Pseudo-nitzschia cells in relation to enhancing

DA production were discovered. Laboratory studies should

include more than one strain of Pseudo-nitzschia because of

intraspecies variations in the response to environmental

factors affecting DA production.

An increasing number of field studies have been

conducted to find links between the occurrence, abundance,

succession and toxicity of Pseudo-nitzschia spp. and

environmental parameters at a local scale. These have

demonstrated the challenge in determining the trigger for

DA production (i.e. silicon, phosphorus or iron deficiency,

copper excess, presence of organic nitrogen), which may

vary depending on location. Experiments and field sampling

have shown that artificial or natural fertilization of HNLC

regions of open oceans with iron selects for Pseudo-nitzschia

spp., including at least two toxigenic species (P. turgidula

and P. cf. granii). This is the first time that DA produc-

tion has been demonstrated for species growing in open

ocean waters.

Contamination of diverse animal genera by DA has been

documented worldwide and has led to the closures of

shellfish-harvesting areas. All trophic levels, from zoo-

plankton to marine mammals and birds, accumulate DA,

although its consequences on ecosystem function have been

only partially elucidated.

A major advance has been the knowledge gained about

the sexual reproduction of Pseudo-nitzschia species. First

demonstrated in the laboratory in 1998 with P. multiseries

and P. pseudodelicatissima (which may be P. calliantha), it

has now been documented in 14 Pseudo-nitzschia species.

This advancement has allowed the production of new large

cells for further laboratory study and the confirmation that

strains are members of the same species. Only rudimentary

information is available about its implications for the

toxicity of cells and its significance for bloom dynamics,

factors important for incorporating into mathematical

models. Recently, sexual reproduction was observed for

the first time in the field. Further advances will be gained by

studying the molecular biology of sexual stages.
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AKÉ-CASTILLO J.A. & OKOLODKOV Y.B. 2009. Pseudo-nitzschia
subcurvata (Bacillariophyceae) in the Gulf of Mexico? Harmful
Algae News 40: 6–7.

ALMANDOZ G.O., FERRARIO M.E., FERREYRA G.A., SCHLOSS I.R.,
ESTEVES J.L. & PAPARAZZO F.E. 2007. The genus Pseudo-
nitzschia (Bacillariophyceae) in continental shelf waters of
Argentina (Southwestern Atlantic Ocean, 38–55u S). Harmful
Algae 6: 93–103.

ALMANDOZ G.O., FERREYRA G.A., SCHLOSS I.R., DOGLIOTTI A.I.,
RUPOLO V., PAPARAZZO F.E., ESTEVES J.L. & FERRARIO M.E.
2008. Distribution and ecology of Pseudo-nitzschia species
(Bacillariophyceae) in surface waters of the Weddell Sea
(Antarctica). Polar Biology 31: 429–442.

ALMANDOZ G.O., HERNANDO M. & FERRARIO M.E. 2009. SEM
observations of Pseudo-nitzschia from Beagle Channel: P. seriata
in the southern hemisphere? Harmful Algae News 39: 6–7.
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NÉZAN E. & LASSUS P. 2002. Variability patterns of micro-
phytoplankton communities along the French coasts. Marine
Ecology Progress Series 242: 39–50.
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HAGSTRÖM J.A., GRANÉLI E., MOREIRA M.O.P. & ODEBRECHT C.
2010. Domoic acid production and elemental composition of
two Pseudo-nitzschia multiseries strains, from the NW and SW
Atlantic Ocean, growing in phosphorus- or nitrogen-limited
chemostat cultures. Journal of Plankton Research 33: 297–308.

HALL A.J. & FRAME E. 2010. Evidence of domoic acid exposure in
harbour seals from Scotland: a potential factor in the decline in
abundance? Harmful Algae 9: 489–493.

HALLEGRAEFF G.M. 1994. Species of the diatom genus Pseudo-
nitzschia in Australian waters. Botanica Marina 37: 397–411.

HAMME R.C., WEBLEY P.W., CRAWFORD W.R., WHITNEY F.A.,
DEGRANDPRE M.D., EMERSON S.R., ERIKSEN C.C., GIESBRECHT

K.E., GOWER J.F.R., KAVANAUGH M.T., PENA M.A., SABINE

C.L., BATTEN S.D., COOGAN L.A., GRUNDLE D.S. & LOCKWOOD

D. 2010. Volcanic ash fuels anomalous plankton bloom in
subarctic northeast Pacific. Geophysical Research Letters 37:
L19604.

HANIC L.A., SEKIMOTO S. & BATES S.S. 2009. Oomycete and
chytrid infections of the marine diatom Pseudo-nitzschia pungens
(Bacillariophyceae) from Prince Edward Island, Canada. Botany
87: 1096–1105.

HANSEN L.R., SOYLU S., KOTAKI Y., MOESTRUP Ø. & LUNDHOLM

N. 2011. Toxin production and temperature-induced morpho-
logical variation of the diatom Pseudo-nitzschia seriata from the
Arctic. Harmful Algae 10: 689–696.

HASLE G.R. 1965. Nitzschia and Fragilariopsis species studied in
the light and electron microscopes. II. The group Pseudo-
nitzschia. Skrifter utgitt av Det Norske Vidensk-Akademi I. Mat.
-Nat. Klasse, Ny Series 18: 1–45.

HASLE G.R. 1994. Pseudo-nitzschia as a genus distinct from
Nitzschia (Bacillariophyceae). Journal of Phycology 30:
1036–1039.

HASLE G.R. 1995. Pseudo-nitzschia pungens and P. multiseries
(Bacillariophyceae): nomenclatural history, morphology, and
distribution. Journal of Phycology 31: 428–435.

HASLE G.R. 2002. Are most of the domoic acid-producing species
of the diatom genus Pseudo-nitzschia cosmopolites? Harmful
Algae 1: 137–146.

HASLE G.R. & LUNDHOLM N. 2005. Pseudo-nitzschia seriata f.
obtusa (Bacillariophyceae) raised in rank based on morpholog-
ical, phylogenetic and distributional data. Phycologia 44:
608–619.

HASLE G.R. & SYVERTSEN E.E. 1997. Marine diatoms. In:
Identifying marine phytoplankton (Ed. by C.R. Tomas), pp.
5–385. Academic Press, San Diego.

HASLE G.R., LANGE C.B. & SYVERTSEN E.E. 1996. A review of
Pseudo-nitzschia, with special reference to the Skagerrak, North
Atlantic, and adjacent waters. Helgolander Meeresuntersuchun-
gen 50: 131–175.

HATFIELD C.L., GAUGLITZ E.J., BARNETT H.J., LUND J.A.K.,
WEKELL J.C. & EKLUND M. 1995. The fate of domoic acid in
Dungeness crab (Cancer magister) as a function of processing.
Journal of Shellfish Research 14: 359–363.

HÉGARET H., SHUMWAY S.E., WIKFORS G.H., PATE S. &
BURKHOLDER J.M. 2008. Potential transport of harmful algae
via relocation of bivalve molluscs. Marine Ecology Progress
Series 361: 169–179.

HEISLER J., GLIBERT P.M., BURKHOLDER J.M., ANDERSON D.M.,
COCHLAN W., DENNISON W.C., DORTCH Q., GOBLER C.J., HEIL

C.A., HUMPHRIES E., LEWITUS A., MAGNIEN R., MARSHALL

H.G., SELLNER K., STOCKWELL D.A., STOECKER D.K. &
SUDDLESON M. 2008. Eutrophication and harmful algal blooms:
a scientific consensus. Harmful Algae 8: 3–13.
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LÉGER C. & TRAINER V.L. . Cryptic and pseudo-cryptic diversity
in diatoms – with descriptions of Pseudo-nitzschia hasleana sp.
nov. and P. fryxelliana sp. nov. Journal of Phycology. (in press)

LYONS D. 2002. Effect of organic enrichment on growth and
domoic acid production by axenic cultures of the pennate diatom
Pseudo-nitzschia multiseries. 94 pp. Mount Allison University,
Sackville, New Brunswick, Canada.

MACINTYRE H.L., STUTES A.L., SMITH W.L., DORSEY C.P.,
ABRAHAM A. & DICKEY R.W. 2011. Environmental correlates
of community composition and toxicity during a bloom of
Pseudo-nitzschia spp. in the northern Gulf of Mexico. Journal of
Plankton Research 33: 273–295.

MAEDA M., KODAMA T., TANAKA T., YOSHIZUMI H., TAKEMOTO T.,
NOMOTO K. & FUJITA T. 1986. Structures of isodomoic acids A, B
and C, novel insecticidal amino-acids from the red alga Chondria
armata. Chemical and Pharmaceutical Bulletin 34: 4892–4895.

MAFRA L.L. JR. 2009. Comparative domoic acid kinetics in oysters
(Crassostrea virginica) and mussels (Mytilus edulis) feeding on
Pseudo-nitzschia multiseries: implications for species-specific
management. PhD thesis. Dalhousie University, Halifax, Nova
Scotia, Canada. 233 pp.

MAFRA L.L. JR., BRICELJ V.M., OUELLETTE C., LÉGER C. & BATES
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