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INTRODUCTION GENERALE ET OBJECTIFS

Pour beaucoup, les "poumons" de la planéte sofbiéts terrestres, et principalement
la forét d'Amazonie. Mais les plantes terrestresard pas les seules, et encore moins les
principales, a rendre I'atmosphere terrestre vidhieeffet, le phytoplancton -qu'il soit marin,
d'eau douce ou saumatre- fournit entre 60 et 8@ Yoxlygene (Q) atmosphérique et piege
une grande partie du dioxyde de carbonej@G@nosphérique. Sans phytoplancton océanique
en effet, les concentrations atmosphériques deati@menteraient de 150-200 ppmv, une
fraction considérable comparée aux concentrationseles de 380 ppmv (Falkowski et al.,
2000).Ce phytoplancton est composeé de toutes les espamslulaires capables de faire de
la photosynthese, qu'il s'agisse de microalguetearyanobactéries (Larousse). Mais son réle
va bien au-dela de sa capacité a utiliser lg &dibérer de I'Q Il est en effet a la base de la
chaine alimentaire aquatique. A I'heure actuelle]ques milliers d'espéeces seulement ont été
décrites (Sournia et al., 1991). Sachant que deell@s especes sont décrites chaque année,
ce nombre a di fortement augmenter et reste prelmoit tres largement sous-estimé. Ces
especes de phytoplancton se divisent en 4 groupesgaux (les diatomées, les
dinoflagellés, les coccolithophoridés et les cyaubéries).

Certaines espéces de phytoplancton, dont des cyeigoies, sont capables de former
des efflorescences (Figure 1). Ces especes sehautialors dans I'eau, jusqu'a atteindre des
concentrations trés importantes pouvant provoquercotoration de I'eau (du vert aux
différentes nuances de rouge/marron). En milieunmaur les ~ 6 000 especes actuellement
connues, environ 200 sont considéréees comme taxi@@mayda, 1997). Une espece est dite
toxique lorsqu'elle a des effets nocifs sur la&dwmimaine et/ou sur d'autres organismes, de
fagcon directe ou indirecte. Le probléme vient dudae certaines de ces especes toxiques
sont également capables de former des effloress€pae exemple Nézan et al., 2010). Ces
especes sont consommeées par les maillons supé&lelaschaine alimentaire, les filtreurs,
eux-mémes consommeés par des prédateurs, du paigssnammifére marin en passant par
les oiseaux et les étres humains. Les toxineswstadent dans chacun des maillons de la
chaine alimentaire, entrainant des problemes daterariés, dépendant de la toxine et de sa
quantité, et qui peuvent aller jusqu'a la mort'deganisme intoxiqué (par exemple Pulido,

2008). Ainsi chaque année, des centaines, voirendlisrs de poissons, mammiferes marins



et oiseaux meurent empoisonnés (par exemple, pld9@ lions de mer sont morts en
Californie en 1998, Scholin et al., 2000).

Figure 1 : A. Efflorescence de coccolithophores, Btagne, France, 15 juin 2004. B. Efflorescence de
Microcystis aeruginosa, West Catawba Island, Lake Erie, USA, juillet 2009C. Efflorescence de
dinoflagellés a San Mateo, Californie, USA, 2009.

L'étre humain étant potentiellement touché, desunesde prévention existent dans de
nombreux pays. La concentration des espéces toxefudes toxines est régulierement
mesurée dans I'eau et/ou les bivalves commerciufacon a en interdire la récolte et la
commercialisation des qu'il y a un risque poterftide de ''FREMER et du reseau REPHY
en France). Parmi les espéces étroitement sue®ilh retrouve les diatomées du genre
Pseudo-nitzschia. Ce genre regroupe actuellement 37 espéces, igfpdains tous I'Océan
mondial, dont une partie est capable de produitadiele domoique (Lelong et al., 2012b).
L'acide domoique est une toxine dite amnésianteplogue de l'acide glutamique, un
neurotransmetteur, dont elle prend la place auwanivies synapses neuronales (Pulido, 2008).
Cette fixation entraine, entre autre, des pertaadéoire a plus ou moins long terme puis la
mort de I'organisme (Pulido, 2008). Les oiseauxnmiéres marins et étres humains sont les
plus touchés par ces symptéomes. En France on vettewgenrd®seudo-nitzschia tres
frequemment a des concentrations allant de queltprgaines jusqu'a plusieurs dizaines de

millions de cellules par litre (Figure 2).
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Figure 2 : Efflorescences d@seudo-nitzschia spp. recensées en France pendant I'année 2008.
D'apres les données de I''FREMER
(http://fenvlit.ifremer.fr/ivar/envlit/storage/docume nts/parammaps/phytoplancton/index.html).

Le genrePseudo-nitzschia, découvert en 1987 lors d'un évenement toxiquetaya 3
personnes et rendu plus d’'une centaine d’autreadesal(Bates et al., 1989), a depuis été
beaucoup étudié. Il s'est avéré que certaines esgeant toxiques, d'autres pas, et que
certaines espéces ont des souches toxiques etutd®wes non toxiques (Lelong et al., 2012b).
Actuellement, aucune généralité n'a pu étre étgolie savoir quand et pourquoi une souche
est toxique ou non. Les diverses études se cossmgsouvent, entre autre a cause de fortes
différences entre especes et méme entre soucmesrd&me espece. C'est pourgigoi
premier chapitre de cette thése est un état de I'eraussi exhaustif que possible, qui
regroupe les derniéres avancées et découvertes $ait le genrBseudo-nitzschia (Lelong et
al., 2012b)

Nous avons ainsi décidé de nous intéresser, daraslte de cette these, a l'influence
des facteurs biotiques (interaction avec les bast@t d'autres especes phytoplanctoniques) et
abiotiques (impact des métaux fer et cuivre) stoXicité de deux especes Bseudo-

nitzschia, P. multiseries etP. delicatissima. L'originalité de notre démarche réside dans notre

-3-



volonté de comprendre le lien entre toxicité et ghysiologique. L'acide domoique étant un
composé secondaire, sa production n'est en effetgsentielle a la croissance de la cellule.
On peut donc supposer que cette production esa liétat physiologique des cellules et

régulée pour une (des) raison(s) precise(s).

Pour confirmer cette hypothése, il a tout d'abathlifmettre au point des mesures de
I'état physiologique d@seudo-nitzschia. Le deuxieme chapitreprésente ainsi la mise au
point des techniques pour la mesure de parameétyssopdgique des cellules dseudo-
nitzschia a lI'aide de nouveaux outils (cytométrie en flufpetise-amplitude modulated"
fluorimetry, ou PAM) (Lelong et al., 2012a), aimgie les espéces sur lesquelles cette these a
été meneée. En utilisant ces techniques, les éjudssntées dans les chapitres 3 a 6 ont
ensuite permis d'explorer le lien entre la producti’acide domoique et un état
physiologique précis, en conditions contréléesatapetition biotique (bactéries et
phytoplancton: chapitres 3 et 4) ou de limitatitne/ss par les métaux (fer et cuivre: chapitres
5 et 6).

Le troisieme chapitrede cette thése est centré sur la compétition detig
diatomées et son impact sur la production d’acidaaique, la physiologie deseudo-
nitzschia et les communautés bactériennes associées a tanées (Lelong et al., in prep.-
a). Le genrd’seudo-nitzschia étant présent dans le monde entier, et capalpeodeire des
efflorescences dans des conditions environnemerttaée diverses, il a nécessairement des
mécanismes d’adaptation qui I'avantagent face amapétiteurs phytoplanctoniques,

potentiellement via la production d'acide domoique.

En I'absence de bactéries, une souche toxiquearripiplus, ou presque plus, d’acide
domoique (Bates et al., 1995F quatrieme chapitre présente ainsi nos travaux pour étudier
I'impact des bactéries sur la production d'acidealque (Lelong et al., in prep.-b). Nous
avons ainsi voulu savoir si la présence de bast@fes a une souche toxique pouvait rendre
une souche, initialement non toxique, toxique. Bhaerse, les bactéries liées a une souche
non toxique peuvent-elles faire perdre leur toriéitune souche initialement toxique ? De
plus, quel est le lien entre les bactéries, la prtdn d'acide domoique et I'état physiologique

des cellules ?



Les travaux des deux chapitres suivants se focdlse I'hypothése selon laquelle
I'acide domoique, un chélatant du fer et du cuseeqit produit en conditions de toxicité par
le cuivre et de limitation par le fer et le cuiyRue and Bruland, 2001, Maldonado et al.,
2002, Wells et al., 2005). Pour étudier de facars plirecte ce lien entre l'acide domoique et
la disponibilité en fer et cuivre dans le milieuygeconditions différentes ont été testdes.
cinquieme chapitres'intéresse a I'effet d'une dose toxique de cuileux espéeces de
Pseudo-nitzschia, une toxique et une non toxique, ont été utilisdasde vérifier si la toxicité
en cuivre peut induire la production d"acide dogua méme chez une espeqgaiori non
toxique, et ce en lien avec I'état physiologique clules (Lelong et al., 20124k sixieme
chapitre s’est basé plus particulierement sur I’hypothes@/eds et al. (2005) supposant que
chaque espece @rseudo-nitzschia peut étre toxique et que cette toxicité est liée a
disponibilité en fer et cuivre, via la compétitipaur ces micronutrimen{éelong et al., in
prep.-c). Une espéce non toxigue a donc été sountss limitations en fer et en cuivre afin
de suivre la production potentielle d'acide domoidpeesuivi de I'état physiologique des
cellules a également permis de tester si la liloitaén cuivre se résume, in fine, a une
limitation en fer comme supposé par une partieed®mmunauté scientifique (par exemple
Peers et al., 2005, Maldonado et al., 2006).

Enfin, laderniere partie de cette thése est une synthese des résultatsislatans les

chapitres précédents.
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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, CO», 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 er 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 ez 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 ef 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 ez 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 ug DA g~
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 ez 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 er 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 ez 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 er al.
2005), G and H (Ni et al. 2009; Denmark et al. 2011), and
B, E and F (Lemiére 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 er al. 1992; Thessen
2007). After ingestion, it can bind to N-methyl-pD-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 ez 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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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.

intoxication (Teitelbaum ez al 1990). Death may then those with impaired renal function or a compromised
occur. There is still no antidote to ASP. blood-brain barrier are the most sensitive to DA intoxica-

Symptoms depend on the quantity of DA ingested and tion. DA is more toxic when consumed with the shellfish
on the health of the affected person. Elderly people and than is pure DA (Novelli et al. 1992) because of DA
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Fig. 7. Molecular structure of domoic acid and its isomers, glutamic acid and kainic acid (Courtesy of M. Quilliam, NRCC).

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 ez 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 ez 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 ez 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 HCI. 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 er 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
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Table 1. Continued

Group References
Species (cell width) Toxicity for toxicity Geographical distribution References for distribution
P. multistriata neither yes/no Rhodes Australia, Brazil, China, Takano 1995; Hasle 2002;
(Takano) (2.5-3.7) et al. 2000 France (Atlantic), Greece, Orsini et al. 2002; Skov et al.
Takano Gulf of Mexico, Gulf of 2004; Lundholm et al. 2003;
Naples, Japan, Korea, New Quijano-Scheggia et al.
Zealand, Portugal, Russia 2005, 2008; Thessen et al.
(NW Sea of Japan, Sea of 2005; Churro et al. 2009;
Okhotsk), Spain (Atlantic, D’Alelio er al. 2009; Méndez
Mediterranean), Thailand, & Ferrario 2009;
Uruguay, Vietnam Moschandreou et al. 2010;
Orive et al. 2010; Stonik
et al. 2011
P. obtusa (Hasle) seriata no Alaska, Barents Sea, Hasle 2002; Hasle &
Hasle & (2.9-5.0) Canadian Arctic, Denmark, Lundholm 2005; Stonik
Lundholm Greenland, Gulf of St. et al. 2011
Lawrence, Hudson Strait,
Ireland, Newfoundland,
Norway, Russia (Sea of
Okhotsk, Kamchatka)
P. prolong- delicatissima not tested Gulf of Mexico, Weddell Almandoz et al. 2008;
atoides (0.5-2.5) Sea (Antarctica) Krayevsky et al. 2009
(Hasle)
Hasle
P. pseudodeli- delicatissima yes/no Lundholm Australia, Bay of Fundy, Martin et al. 1990; Bates et al.
catissima® (1.1-2.1) et al. 1997 Chile, China, Croatia, 1993a; Hasle ez al. 1996;
(Hasle) Denmark, France (Atlantic), Fraga et al. 1998; Rhodes
Hasle Greece, Gulf of Maine, 1998; Pan et al. 2001; Hasle
Gulf of Mexico, Gulf of 2002; Lundholm ez al. 2003;
Naples, Iceland, Ireland, Kaczmarska et al. 2005b;
Mexico (Gulf of Mexico), Churro et al. 2009;
New Zealand, Norway, Moschandreou et al. 2010;
Portugal, Russia (Black Sea, Orive et al. 2010; Ljubesi¢
Baltic Sea), Russian Arctic et al. 2011
seas (White Sea), Scotland,
Spain (Atlantic
Mediterranean), Thailand,
US west coast, Vietnam
P. pungens seriata yes/no Rhodes Argentina, Australia, Bay of Forbes & Denman 1991; Bates
(Grunow (2.2-5.4) et al. 1996 Fundy, Bering Sea, Brazil, et al. 1993a, 1998;
ex Cleve) Hasle British Columbia, Caribbean Hallegraeff 1994; Hasle et
Sea, Chesapeake Bay, Chile, al. 1996; Rhodes et al. 1998;
China, Denmark, Ecuador, Hasle 2002; Lundholm et al.
France (Atlantic, 2003; Kaczmarska et al.
Mediterranean), Greece, 2005b; Procopiak et al.
Gulf of Mexico, Gulf of 2006; Almandoz et al. 2007;
St. Lawrence, Hong Kong, Thessen & Stoecker 2008;
Indian Ocean, Indonesia, Moschandreou et al. 2010;
Ireland, Japan, Korea, Orive et al. 2010; Stonik
Mexico (Pacific, Gulf of et al. 2011
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
P. pungiformis seriata not tested Monterey Bay Hasle et al. 1996; Fryxell et al.
(Hasle) Hasle (4.0-5.0) 1997
P. roundii seriata not tested Mexico (Pacific) Hernandez-Becerril & Diaz-
Hernandez- (4.6-6.5) Almeyda 2006
Becerril
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Group References
Species (cell width) Toxicity for toxicity Geographical distribution References for distribution
P. seriata seriata yes/no Lundholm ez al. Argentina (Beagle Channel), Bates ez al. 1998; Lundholm et
(Cleve) H. (4.6-8.0) 1994 Baltic Sea, Barents Sea, al. 1994; Hasle et al. 1996;
Peragallo Bay of Fundy, Canadian Hasle 2002; Lundholm e al.
Arctic (Resolute Bay), 2003; Fehling et al. 2004;
Chesapeake Bay, Denmark, Kaczmarska et al. 2005b;
Greece, Greenland, Gulf Davidson & Fehling 2006;
of St. Lawrence, Iceland, Procopiak et al. 2006;
Ireland, Newfoundland, Almandoz et al. 2009;
North Sea, Norway, Russia Ignatiades & Gotsis-Skretas
(NW Sea of Japan, Sea of 2010; Stonik er al. 2011;
Okhotsk), Russian Arctic Hansen er al. 2011
seas (White Sea, Barents
Sea), Scotland, US
northeast coast
P. sinica Qi, neither not tested China, Thailand, Vietnam Qi et al. 1994; Priisholm et al.
Ju & Lei (2.5-5.0) 2002; Li et al. 2005; Doan-
Nhu ez al. 2008
P. subcurvata delicatissima no Argentina, Drake Passage Fryxell et al. 1991; Bates et al.
(Hasle) Fryxell (1.5-2.0) (Antarctica), Gulf of 1993a; Almandoz et al.
Mexico, Weddell Sea 2007, 2008; Aké-Castillo &
(Antarctica) Okolodkov 2009
P. subfraudulenta seriata no Australia, Chile, China, Hasle 1965, 2002; Skov et al.
(Hasle) Hasle (5.0-7.0) France (Mediterranean), 2004; Thessen et al. 2005;
Greece, Gulf of Mexico, Hernandez-Becerril & Diaz-
Gulf of Naples, Gulf of Almeyda 2006; Alvarez
Panama, Japan, Korea, et al. 2009; Moschandreou
Mexico (Pacific, Gulf of et al. 2010
Mexico), Monterey Bay,
Northwest Africa,
Vietnam
P. subpacifica seriata no Australia, Bay of Fundy, Hasle 1965; Hallegraeff 1994;
(Hasle) Hasle (5.0-7.0) California, Chesapeake Fryxell et al. 1997; Fraga
Bay, China, France et al. 1998; Cho et al. 2001;
(Atlantic), Gulf of Mexico; Lundholm ez al. 2003;
Gulf of Panama, Ireland, Kaczmarska et al. 2005b;
Korea, Monterey Bay, Thessen & Stoecker 2008;
Northwest Africa, Churro et al. 2009; Orive
Portugal, Spain (Atlantic), et al. 2010
‘Washington
P. turgidula neither yes Rhodes et al. 1996 Argentina, Australia, Hallegraeff 1994; Rhodes
(Hasle) Hasle (2.5-5.0) Barents Sea, Bay of Fundy, et al. 1996; Hasle 2002;
China, Drake Passage, Ferrario et al. 2004,
Monterey Bay, New Zealand, Almandoz et al. 2007, 2008;
Scotland, Subarctic Pacific, Leandro er al. 2010a; Trick
Weddell Sea (Antarctica) et al. 2010
P. turgiduloides delicatissima no Argentina, Drake Passage, Lundholm ez al. 2003;
Hasle (1.7-2.5) Ross Sea, Weddell Sea Ferrario er al. 2004;

(Antarctica)

Almandoz et al. 2007, 2008

' 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 er al. 2003; Amato & Montresor 2008), if reports

are earlier than 2003.

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 e 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 ¢ 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 ez al. 2008; Marchetti ez al.
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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 ez 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 er al. 2002a; Orsini ez 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 ez al. 2003). The genotype identified
as P. calliantha2 (Amato et al. 2007) was named as a new
species, P. mannii, within the P. pseudodelicatissimal
cuspidata complex (Amato & Montresor 2008). Further-
more, a recent more thorough examination of the above
narrow (~ 1.5-2.5 um) 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 dell 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-II1) 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 ez al.
2008), and hybrids have been found in the field (Casteleyn
et al. 2009a; Holtermann ez 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 cell™})
(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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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).

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 ez 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 er 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 ‘=’ (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 er al. 1991). After several

hours, the + and — 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 — gametes do not behave in
the same way: each of the two slightly mobile (active) +
gametes fuse with the two immobile — (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 — 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 er 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,
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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 ez 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
1440 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 ez 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 er 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 cell ') 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 cell”' (although usually <
100 pg cell™ "), 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 pum long, 6.0—
7.8 um wide) P. australis contained a maximum of 78 pg
DA cell ! (Trainer et al. 2000), and the small (10-82 um
long, 1.0-1.8 um wide) P. galaxiae, when toxic, contained
only 0.36 fg DA cell ! (Cerino er 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 cell ' (Adams ez al. 2000), 88 pg cell !
(Anderson et al. 2009) and 117 pg cell ™! (Schnetzer et al.
2007); 43 pg cell ' 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 ez al. 1996;
Priisholm ez al. 2002; Hernandez-Becerril & Diaz-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 er 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 ml™ ") and in P. cf. granii cells (4 ag DA cell™ ")
from a shipboard growth experiment that used a natural
seawater sample (Trick ez al. 2010). By comparison, coastal
waters contained much greater concentrations, ranging
from 0.15-9.39 ng DA ml ™! in San Francisco Bay (Howard
et al. 2007) to 136 ng DA ml ' 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
CO, concentrations and hence a slowing of global warming,
although the effectiveness of this approach has recently
been questioned (Hamme er 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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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.! 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.

by Trick et al. 2010). Furthermore, Trick ez 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 cell” " and 0.3 fg DA cell”' 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 ez 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 er 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 ez 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 ez al. 2005)
or tropical/subtropical waters (Hernandez-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-
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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 ez al. 2010

P. brasiliana Mediterranean coast of Spain Quijano-Scheggia et al. 2005
Tokyo Bay, Japan Yap-Dejeto et al. 2010
Eastern Russian seas Stonik ez al. 2011
Bizerte Lagoon, Tunisia Sahraoui ez 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

B.
R.
E.
P.

I O O®ON

;. >
cuspidata”
delicatissima
)
dolorosa

Sraudulenta

galaxiae

heimii
inflatula
linea
lineola
mannii

multiseries
multistriata

pseudodelicatissima

southern Adriatic coastal waters
Chesapeake Bay

Black Sea'

Bizerte Lagoon, Tunisia
northern Chile

Portugal

Gulf of Mexico

Tokyo Bay, Japan

coastal Washington State
Portugal

southern Adriatic coastal waters
Greece

Drake Passage

Greece

Bay of Fundy

Russian waters of the Japan Sea
Greece

Greece, Spain (Mediterranean Sea)
France (Atlantic)

Tokyo Bay, Japan

Argentina

Denmark and Scandinavia
Mexico (Pacific)

Tyrrhenian Sea (Italy)
Mediterranean Sea (Spain)
Parana coast, Brazil

Argentina

Greece

Bay of Fundy

Mediterranean coast of Spain
Uruguay

Portugal

Greece

Sea of Okhotsk (Russia)
Denmark and Scandinavia
Greece

P. pungens Bay of Fundy

P. seriata west coast of Greenland
Eastern Russian seas
Greece

P. subfraudulenta northern Chile
Greece

P. subpacifica Bay of Fundy
Portugal

P. turgidula Bay of Fundy

P. turgiduloides Argentina

Caroppo et al. 2005
Thessen & Stoecker 2008
Besiktepe et al. 2008
Sahraoui ez al. 2009
Alvarez et al. 2009

Churro et al. 2009

Del Rio et al. 2010
Yap-Dejeto et al. 2010
Trainer et al. 2009b
Churro et al. 2009
Caroppo et al. 2005
Moschandreou ez al. 2010
Ferrario et al. 2004
Moschandreou et al. 2010
Kaczmarska et al. 2005b
Stonik ez al. 2008
Moschandreou ez al. 2010
Moschandreou er al. 2010; Quijano-Scheggia et al. 2010
Orive et al. 2010
Yap-Dejeto et al. 2010
Almandoz et al. 2007
Lundholm ez al. 2010
Hernandez-Becerril & Diaz-Almeyda 2006
Congestri et al. 2008
Quijano-Scheggia et al. 2010
Fernandes & Brandini 2011
Almandoz et al. 2007
Moschandreou ez al. 2010
Kaczmarska et al. 2005b
Quijano-Scheggia et al. 2005
Méndez & Ferrario 2009
Churro et al. 2009
Moschandreou et al. 2010
Stonik ez al. 2011
Lundholm ez al. 2010
Moschandreou et al. 2010
Kaczmarska et al. 2005b
Hansen et al. 2011

Stonik ez al. 2011
Moschandreou et al. 2010
Alvarez et al. 2009
Moschandreou et al. 2010
Kaczmarska et al. 2005b
Churro et al. 2009
Leandro et al. 2010a
Almandoz et al. 2007

! Lundholm er 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 er al. 2004).
3 Indicated as ‘one strain similar to P. dolorosa’ by Moschandreou ez al. (2010).

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
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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 ez 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 ez
al. 1991; Bates et al. 1993a; Almandoz et al. 2007, 2008), was
reported along the Mexican coast of the Gulf of Mexico
(Akeé-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 er 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 e 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 ez al. 2002; Lundholm ez 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 cell ! 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 er 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 er al. 2004);
Monterey Bay [Lane et al. 2009; although the presence of P.
australis in thin layers (McManus ez 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 ez al. 2010), although some may be present all
year at the same location (Hasle ez 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 ez al. 1998); early summer (Trainer et
al. 2002) or early fall in Washington State (Trainer ez al.
2010); or late spring in Southern California (Anderson et al.
2006, 2009) and the Pacific Mexican coast (Garcia-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 ez 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
(15.8°C), 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 (8.8°C) 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 ez al 1998), and perhaps
elsewhere in the world, P. multiseries abundance has also
drastically decreased since ¢. 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 ez 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 ez 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 ez al. 2000).
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 ~ 5m 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 Ria, Spain (Velo-Suarez er 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-Suarez et al.
2008). Single cells, apparently dead, were found in sediment
traps at 10-16 m in the Gulf of Mexico (Dortch ez 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 ez 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 ez 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 er 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 ez 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 ez 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 er 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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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 = effect of increasing the parameter; black dotted arrow = effect of decreasing the parameter; grey
dashed arrow = conflicting results found. Grey arrow = result depends on species or strain, or no change observed in DA production.

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 ef 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 ef 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 ez
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 ez 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 ez 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 25°C when measured at its
optimum salinity for growth (25%.), although higher
temperatures were not tested (Lundholm er al 1997).
Furthermore, this species reached a lower temperature limit
for growth (5°C) at this optimum salinity than at any other
salinity. Similar findings were reported for P. americana,
whose optimum growth temperature (25 * 2.5°C) was
salinity dependent (Miller & Kamykowski 1986). This
species was unable to grow at a low salinity (8%o), 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
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Table 3. Summary of factors affecting the production of domoic acid (DA) by Pseudo-nitzschia

from Mafra (2009).

Phycologia, Vol. 51 (2), 2012

spp. in culture; modified and updated

Effect on DA production (range in

Factor Species growth parameter) Reference
Physicochemical
Temperature P. seriata DA higher at 4°C than at 15°C; 1.0-33.6 Lundholm ez al. 2004
pg cell™ !, 0.31-1.6 pg cell !, respectively
P. multiseries increased DA (5-25°C); 100 times more Lewis et al. 1993
at.25°C
Salinity P. multiseries increased DA (10-40 psu); three to four Doucette er al. 2008
times more at highest salinity
Irradiance P. multiseries increased DA (35-130 umol photons m 2s!); Bates 1998
seven times more DA at highest irradiance
P. australis increased DA (11.7 and Cusack et al. 2002
115 umol photons m™~2 s~ !); 24-130
times more at the higher irradiance
Photoperiod P. seriata increased DA (18:6 L:D cycle compared Fehling et al. 2005
with 9:15 L:D); 1.5 times more with
longest photoperiod
pH P. multiseries increased DA at higher pH (7.9-8.9); 74 Lundholm ez al. 2004; Trimborn
times more at highest pH et al. 2008
P. multiseries increased DA at lower pH (8.38-7.94); Sun etz al. 2011
1.4-5 times more at lower pH
Nutritional
Silica P. multiseries produced DA under Si limitation Bates et al. 1991; Pan et al.
1996b, c¢; Kudela er al. 2004b;
Hagstrom 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; Kudela et al. 2004b
1000 times less than in Si-limited chemostats
P. multiseries low DA in N-deficient batch culture; Calu et al. 2009
2.5 times less than urea, 15 times less
than nitrate, but reported only on 1 d
P. australis increased DA (50 uM added) Howard et al. 2007
Ammonium P. multiseries increased DA (110-440 uM added); two to Bates et al. 1993b
four times more than at 55 uM and the
same concentration of nitrate
P. multiseries increased DA in some strains (88 pM added) Thessen et al. 2009
P. calliantha increased DA in some strains (88 pM added) Thessen et al. 2009
P. fraudulenta increased DA in some strains (88 pM added) Thessen et al. 2009
P. australis increased DA (10 uM added) Howard et al. 2007
Urea P. australis increased DA (20 uM added); two times Howard et al. 2007
more DA than nitrate, three times more
than ammonium and control treatments
P. multiseries increased DA (220 pM added); ~ two Calu et al. 2009

Tris buffer

Bicarbonate

Carbon dioxide

Lithium

P. pungens

P.
P

multiseries
calliantha

P. fraudulenta

P.

P.

P.

P.

multiseries

multiseries

multiseries

multiseries

times more than nitrate on day 8 in batch
culture, then the same
increased DA (220 uM added); ~ two
times more than nitrate in chemostat culture
increased in some strains (88 pM added)
increased in some strains (88 uM added)
increased in some strains (88 uM added)
increased DA (2.1-8.2 mM added); two to
three times more than the control with no
Tris added
increased DA (1-2 mM added); 4.8 times
and 11.5 times more when supplemented
with 1 and 2 mM bicarbonate, respectively
increased DA (220-730 ppm added); 1.4
times and 5.0 times more when supplemented
with 400 ppm and 730 ppm CO,, respectively
increased DA (386 uM added); 1.7 times
compared with control

Calu et al. 2009

Thessen et al. 2009
Thessen et al. 2009
Thessen et al. 2009
Douglas et al. 1993

Bates & Léger 2006

Sun ez al. 2011

Subba Rao et al. 1998
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Table 3. Continued

Effect on DA production (range in

Factor Species growth parameter) Reference

Tron P. multiseries; P. australis increased DA under Fe limitation, Rue & Bruland 2001; Maldonado

during late-exponential phase et al. 2002; Wells et al. 2005
P. multiseries decreased DA under Fe deficiency, Bates ef al. 2001

during stationary phase

Copper P. multiseries; P. australis increased DA at high Cu concentration, Rue & Bruland 2001; Maldonado
during late-exponential phase et al. 2002; Wells et al. 2005

Biological

Allelopathy - not studied specifically to test for DA Subba Rao et al. 1995; Lundholm
production 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

(Vietnam) (Doan-Nhu ez al 2008). Nevertheless, P.
cuspidata was also found in colder (12 to 15°C) upwelling
waters of coastal Washington State (Trainer es 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 —1.5 to at
least 30°C (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 (~ 14°C) 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
~ 10°C 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 er 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 ez 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 er 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 ez 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 = 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-
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Table 4. Summary of temperature data (°C), 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 (%o or psu) used for the measurements,
are also shown. n/a = 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, 26 15 > 32 25 =25 Miller & Kamykowski 1986
North Carolina, USA
P. cuspidata Nha Trang Bay, Vietnam 25-35 < 20 > 30 30 Doan-Nhu et al. 2008
P. granii Ocean Station Papa, NE n/a <38 20 ~ 14 El-Sabaawi & Harrison
subarctic Pacific 2006
P. multiseries Pomquet Harbour, Nova n/a <5 > 25 20-25 Lewis et al. 1993
Scotia, Canada
Chinhae Bay, South Korea 30 10 > 25 20 Cho et al. 2001
P. pseudodelicatissima' 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

! May be multiple species within the P. pseudodelicatissima complex (sensu Lundholm er al. 2003; Amato & Montresor 2008).

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 ez al. 2008).

Only one study (Doucette ef 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 er al. 1998) showed that photosynthesis saturated at
100—600 pmol photons m™ > s~ ' and growth at 80—200 umol
photons m ™~ 2s™ ', The photosynthesis of P. americana saturated
at 140 umol photons m ™2 s~ ! (Miller & Kamykowski 1986).
Growth rates of the oceanic P. granii increased when the

irradiance was increased from 20 to 150 pumol photons
m ™2 s~', and photosystem II activity increased under the
high irradiance (El-Sabaawi & Harrison 2006). The growth
of P. australis saturated at 100 pmol photons m 2 s '
(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 pmol photons m 2 s~ ! 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 pumol photons
m 2 s ! (Cusack er al 2002). DA is produced under
continuous irradiance (e.g. Kudela ez al. 2004b) as well as
under different photoperiods, although comparisons have
not been made to determine the optimum irradiance
condition. However, Fehling ef 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
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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 (°C) Min Max Optimum Reference
P. americana Cape Fear River estuary, 25 <38 > 32 26 Miller & Kamykowski 1986
North Carolina, USA
P. cuspidata Nha Trang Bay, Vietnam 20 25 30 30 Doan-Nhu ez al. 2008
Nha Trang Bay, Vietnam 25 25 35 25-35 Doan-Nhu ez al. 2008
Nha Trang Bay, Vietnam 30 25 35 25-35 Doan-Nhu et al. 2008
P. delicatissima" nearshore coastal 245 6.25 > 45 15-40 Thessen et al. 2005
Louisiana, USA
Terrebonne Bay, 24.5 6.25 > 45 10-30 Thessen et al. 2005
Louisiana, USA
P. multiseries Galveston, Texas, USA 20 21 > 34 25-28 Reap 1991
Pomquet Harbour, Nova 15 15 > 48 30-45 Jackson et al. 1992
Scotia, Canada
Chinhae Bay, South Korea 20 20 > 50 20-40 Cho et al. 2001
Santa Cruz, California, 19 10 40 15-40 Thessen et al. 2005
USA
Monterey Bay, California, 19 7 > 45 25-30 Thessen et al. 2005
USA
Monterey Bay, California, 19 10 40 2040 Doucette et al. 2008
USA
P. multistriata Guanabara Bay, Brazil 22-23 <15 > 40 25-40 Villac et al. 2004
P. pseudodelicatissima®  Limfjord, Denmark 25 12 > 35 28 Lundholm ez 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 15 <6 30 15-30 Jackson et al. 1992
Edward Island, Canada
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 ez al. 2008

1
2

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 CO, 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 CO, and HCO; (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

May be multiple species within the P. delicatissima complex (sensu Lundholm ez al. 2006; Quijano-Scheggia et al. 2009a, 2010).
May be multiple species within the P. pseudodelicatissima complex (sensu Lundholm ez al. 2003; Amato & Montresor 2008).

cultures, which results in a decrease in CO, 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 cell ! at pH 7.9; 4.2 pg cell”! at pH 8.4 and
140 pg cell” ' 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 ez 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 cell ', i.e.
fivefold) when the pH was decreased (from 8.38 to 7.95), in
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this case because of addition of CO, (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 ez 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 ez al. 2004b; Lundholm ez al. 2004) and
phosphate (Pan er al. 1996a; Hagstrom et al. 2010; Sun
et al. 2011). DA production by P. seriata is similarly
triggered (Fehling e al. 2004). Growth of P. australis in f/2
medium containing low concentrations of silicate also
resulted in DA production (Cusack ez 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 er 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 «
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 ez 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 ez 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 ez 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; Maclntyre 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 e al. 2004; Kudela er 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
cell ") were produced (Kudela ez 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 uM
(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 cell™ "), 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 er 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 "*C or '*C) 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 (Bj,), biotin (vitamin B;) and thiamin
(vitamin B), whereas P. multiseries (two strains) requires
only cobalamin (B;;), 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 CO, 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 CO, (pCO,) 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) CO, (Sun ez al. 2011). The differences in
pH were small when CO, was added (8.38 to 7.94), but the
greatest DA production occurred at the lowest pH, in
contrast to Lundholm ez al. (2004) and Trimborn et al
(2008). Surprisingly, even though the CO, addition
increased the growth rate and DA production, carbon
limitation was believed not to have been alleviated by the
CO, addition (Sun er 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 CO,
(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 uM 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 uM lithium, although substantially more
than was found in the original episode, resulted in a higher
cellular DA level (230 fg cell”' on day 17) than in the
control (135 fg cell” ' 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 ez 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 ez 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 es 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 e 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 ez 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 er 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 er 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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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. = not determined.

Dissolved DA Cellular DA Total DA
Cellular DA production production production
Iron condition Growth phase (pg cell™ ") (fgcell ' h™") (fgcell ' h 1) (fecell” " h™h) Reference
Sufficient stationary 40" n.d. n.d. 63.0 Bates et al. 2001
Limited 4! n.d. n.d. 4.7
Sufficient exponential 0.021 1.6 0.61 2.2 Maldonado et al.
Depleted 0.011 12.3 0.24 12.5 2002

! Includes dissolved DA.

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 er 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 e 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 ez 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 er al. 2005; Wells et al.
2005), as is found on the membrane of S. cerevisiae cells.
The oxidase reoxidizes Fe(I) to Fe(I1I), 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-
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mined when the whole-genome study of P. multiseries, now
underway, is completed.

In contrast to the results of Maldonado ez 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 a/ (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 er 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 ez al. (2001) were in stationary phase,
whereas those used by Maldonado er 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
(= ‘iron limited’) than those used by Maldonado et al
(2002), which were in exponential growth and therefore less
severely stressed (= ‘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 ez 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 ez al. 2002) or on the
sediment surface (Dortch ez 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 er al. 2002; Rines et al. 2002); P. americana
(Lundholm et al. 2002b; Nézan et al. 2007; Stonik ez 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 ez al. 2002a; Sazhin ez 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-
catissimalcuspidata complex (Lundholm ez al. 2003) or the
P. delicatissima complex (Lundholm ez 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 20006), 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 e 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 er 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 ez al. 2003). In the latter case, Kobayashi ez 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 ez 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 er 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 ez 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 er al.
2005a). Notwithstanding the above results of Guannel ez 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 ez 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 ez 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 ez 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 (Lun