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Prorocentrum ir 

Introduction
The genus Prorocentrum  was descri by "enb g 
(1834) w ith P. micans as the only species; he P. 
micans is the type o f  the genus. Since then, m ore than  
70 species o f Prorocentrum  and Exuviaella  C ienko i, 
1881 have been c tviaella was consi<
synonym  o f  Prorocen by A bé (1967), and this view 
has been generally accepted. ' taxonom ic and flor- 
istic accounts include; Paulsen (1 ), Pavillard (1916),
L ebour (1925), Schiller (1933), Bursa (1959), Abé 
(1967), D odge (1975), Fukuyo (1981), Sournia (1 T6), 
F aust (1990a), and F ukuyo  et al. (1990).

Prorocentrum  (including Exuviaella) has been 
revised by Bursa (1959) and D odge (1975), and this 
has rendered m any species nam es into synonym y 
(D odge, 1975; Steidinger and  T angen, 1996). M 
species have been described from  the m; ; p lank ton , 
bu t there is grow ing recognition o f  Prorocent as 
an im portan t and diverse constituent o f m arine 
benthic hab ita ts  (F aust, 1990a, 1993a-c, 1995).
M cL ach lan  et a!. (1997) propos to si ate m arine 
Prorocentrum  species tha t are benthic in h ab ita t, and 
split the genus Prorocentrum  by reinstating  the genus 
Exuviaella. H ow ever, fu rther in fo rm ation  is needed on 
the cytological, biochem ical, and  genetical na tu re  o f 
these Prorocentrum  species before they can be sepa
ra ted  in to  a separate  genus based on lack o f tricho- 
cysts, presence o f m ucocysts, synthesis o f  comple 
po lyether secondary  m etabolites (D SP-type toxins) 
th a t are unknow n in o ther p ro rocen tro ids, and  beni ic 
hab ita t. Species have also been recog: d in fresh
w ater environm ents (C room e and  Tyler, 1987). h 
several new species having been described recently 
from  the ben thos (F aust, 1990a, 1993a, d, 1994, 1996) 
and  w ith certa in  p lank ton ic  species still no t being 
clearly delim ited, there is a call for a m odern  revision 
o f  the genus.

A lthough several planktonic species o f Prorocentrum  
m ay form  extensive bloom s, "red  tides” (Lassus, 1988), 
ra ther few are reported  to  have cai [amage to oi er 
flora an d /o r fauna. Therefore, only P. balticum, 
m icans, and  P. minimum  are consi ;d here. ongst 
the benthic species, however, there are sevc toxi 
producers. Prorocentrum lima, a low n toxic s,
m ay even pi ice several toxins c entirely 
chemical nature  (Y asum oto, 1 at it a ars tl
the toxins enter the food c is 1 >SP : a r ic 
fish poisons (Y asum oto, r; he th; s latera,
a tropical fish-borne hum an disease B ner, )7 
W ithers, 1982; Juranovic a ).

Sym ptom s o f  E P are c :a, usea, 
abdom inal pain, and  chills h et I., >).
Sym ptom s last for only a few days.

P toxins can be classi into lipid soluble poly
ether com pounds and w ater soluble com pounds: (1) 
okadaic acid (OA), (2) m ethy l-okadaic  acid, called 
d inophysistoxin (D TX-1), (3) p rorocentro lide, and (4) 
w -si ile fast-acting toxins iT). r an over- 
vi V see er and A ikm an (1991) and  Y asum oto
(1990).

: 'assays are used to  detect toxin contam inations, 
include: (1) asurem ent o f lethality  and dose 

rest e to  mi. directly injected w ith purified 
extracts sum oto et a i ,  1984b). The results are

ressed as I concentration  o f toxin/kg m ouse
tha t kills a 20q in 24 hours. (2) G row th  inhib i
tion of pergillus niger and  Penicillium funiculosum  
by OA anc T X -1 . Inh ib ition  is m easured on paper 
discs in range o f 10 mg/disc o f OA and  DTX-1

igai et al., 1990). (3) G row th sensitivity o f Candida 
albicans to  This can be used to  test the presence 
o f < in toxin extra s (Dickey et al., 1990). (4) In a 
radio m noassay, developed for polyether toxins 
B den et al., 1985), t l  ;age tritia ted  bound

toxin is estim ated in the presence o f increasing 
concentration  o f com petitive toxin extracted from 
algal cells, n im m unoassay kit for quick detection o f 
C tnd -1 has been developed by U BE Indus
tries, Japan  ( ), bu t practical experience
with this kit is st lim ited, hemical tests are also 
being d /elo] for OA and I I using fluorim etry 
in com bination  w ith high perform ance liquid ch ro 
m atography  ) (Y asum oto, 1985; Staheli and
Cet Ila, 1990). i im proved H PLC -fluorim etric 
determ ination  o f OA in phy top lank ton  and shellfish 
has n i successfully to analyse naturally  
incurred residues between 0.1 and  lOOng of OA
in seafood ( y et al., 1992). In fu ture  research 

nd m onitoring program m es, the assays based on 
chemical m ethods are likely to  im prove and therefore 
w uld the preferred m ethods. The first-m entioned
bioassays may, ho er, still be useful in laboratories
which not have the necessary equipm ent to  carry
out sophisticated c al analyses.

xins causing DSI troduced by dinoflagellates 
eidinger, 1983; Y asum oto et al., I1 O kadaic acid 

a ts derivative, 1, were isolated from Prorocen
trum lima ( mi et al., 1982), P. concavum (Dickey
et al.. Dinophysis fortii (Y asum oto et al., 1980b;
Lee e , 1989), D. hoffmann m  (A ikm an et al., 1993) 

Jmannia, m was P. concavum) and  P.
bel, turn orto et al., 1998). These are the only 
chem ally cl zed toxins know n to be associated

DSP Seve o ther toxins from benthic dino-
emain to  be

is fficult to  establish a relationship between 
spec Igai :s an It is especially difficult to
t syrnpt af D SP o a given species such as P.

oi conca only connection between the
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above diseases and certain Prorocentrum  species is that 
the toxins were extracted from  shellfish as well as from 
algal cells (T achibana et al., 1981). It m ay be reasonable 
to  conclude th a t OA and its derivatives have m ultiple 
sources and  m ore algal species are involved in these 
diseases than  previously suspected. OA and related 
toxins do no t appear to be concentrated in fish (Lewis 
and Holmes, 1993).

Description o f the genus
Species in the genus Prorocentrum  have tw o laterally  
com pressed valves, an terio rly  inserted flagella, and 
cell shapes ranging from  ovate  to  ro tu n d a te  and 
pyriform . The left and  righ t an te rio r ends can be 
identified by features un ique to  each valve. The left 
valve is flat, w hereas the right valve has a V -shaped 
depression  w here the flagellar po re  structures are 
fitted. The in tercalary  band  has a well-defined 
appearance. All know n species o f Prorocentrum  have 
ch loroplasts.

The possible taxonom ic im portance o f the surface 
m orphology o f the valves and  the architecture o f  the 
flagellar pore area and  intercalary band  has received 
little a tten tion  until recently. D etails o f the V-shaped 
flagellar pore area contain ing small platelets held 
together by tightly fitted sutures were first illustrated by 
electron m icroscopy by Faust (1974). Subsequently, 
p late details o f a num ber o f species have been added 
(e.g. D odge, 1975; T aylor, 1980; Steidinger, 1983; 
Faust, 1990a). It appears tha t species o f Prorocentrum  
possess 5-14 apical platelets which surround  the 
flagellar and  apical pores.

In species taxonom y, the o rnam en ta tion  o f  the 
apical area has a ttrac ted  p a rticu la r a tten tion . F or 
exam ple, P. micans is d istinguished by the presence 
o f  an apical spine on the apical plate  (D odge, 1975), 
P. lima  by a curved apical co llar (F aust, 1990a), and 
P. cassubicum  by the absence o f  any o rnam en ta tion  
(Loeblich, 1976). Valve m orphology  is also im por
tan t. A  recent scanning electron m icroscope study 
revealed surface m orpholog ical details o f  six Proro
centrum  species based on differences in o rn am en ta 
tion  o f  thecal plates and  the arch itec tu ra l detail o f 
the periflagellar area and  in tercalary  band. These 
details, though  no t ap p aren t in previous studies, are 
useful fo r identification o f  benthic species (Faust, 
1990a).

R eports on Prorocentrum  resting cysts are lim ited. 
Early reports indicate two types o f  Prorocentrum  
cysts. O ne type from  m arine sam ples is the brow n, 
spherical resting cyst o f P. micans (Bergh, 1881; 
Breemen, 1905) and  P. lima (Biitschli, 1885), also 
described as aberran t form s inside valves o f old 
cultures (B raarud  and  R ossavik, 1951; B ursa, 1959).

rv

ap

Figure 1. Schematic diagram of Prorocentrum cell (redrawn 
after Loeblich et a/.. 1979); ap: auxiliary pore (arrowhead); fp: 
flagellar pore (arrow); lv: left valve; rv: right valve; v: valve 
pore.

The second type is the thin cyst o f  P. lima (as 
Exuviaella marina) in w hich the developm ent o f two 
daugh ter cells was noted (Lebour, 1925; W ood, 1954), 
enlarging in length and w idth inside the cyst (Bursa, 
1959). M ore recently, the sexual life cycle o f P. micans 
was described in actively grow ing cultures by Bhaud 
et al. (1988), and the existence o f a hypnozygote in 
P. lima was suggested in old cultures (Steidinger,
1983) and  natural populations (Faust, 1993b). Cysts 
o f  P. foraminosum  (as P. marinum) contain ing a 
circular archeopyle were found in m angrove floating 
detritus (Faust, 1990b, 1993a). Recently, an alternative 
m ode o f asexual reproduction  o f  P. lima in culture 
was also observed (F aust, 1993c). In  general, the life 
cycle events appear to be unique for the Prorocentrum  
species exam ined so far.

Benthic Prorocentrum  species are widely distributed 
in the A tlantic and Pacific Oceans. They are pho tosyn
thetic, rarely form  red tides, and are associated with 
sediments (Fukuyo, 1981), detritus (Faust, 1996 and 
references therein), sand (Lebour, 1925; D rebes, 1974; 
Faust, 1994), coral rubble (Y asum oto et al., 1980a), 
m acroalgal surfaces (Fukuyo, 1981; Steidinger, 1983; 
C arlson and Tindall, 1985; A nderson and Lobel, 1987; 
M orton  and Faust, 1997), and drift algae (Bom ber et 
a i ,  1988). All benthic species exam ined for toxicity have 
been shown to be toxin producers. The toxicity o f 
several recently described benthic species, P. emargi
natum , and P. ruetzlerianum  (Faust, 1990a), P. fo ram i
nosum  and P. form osum  (Faust, 1993a), P. elegans and 
P. caribbaeum  (Faust, 1993d), and  P. sabulosum, P. 
sculptile and P. arenarium  (Faust, 1994) has no t been 
determ ined, bu t these species are associated w ith o ther 
known toxin-producing benthic species and are there
fore included here. Previous reports on toxic P. 
concavum  (SIU 882A) isolates from  the U S Virgin 
Islands (C arlson and Tindall, 1985; Dickey et a i ,  1990), 
m ay represent P. hoffmannianum  (Z hou and Fritz,
1993).
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Description of the species 

B e n th ic  species

P ro ro cen tru m  concavum  F u k u y o , 1981 F ig . 2 a -g

Description: The cells are broadly ovate, pyriform  in 
valve view (Fig. 2a-c), and convex in side view w ith a 
flattened center on both  valves (Fig. 2e). Cells are 
50-55 pm long and  38-45 pm wide. This species is the 
largest am ong benthic Prorocentrum. Cells have a 
centrally located pyrenoid (Fig. 2a) and a posterior 
nucleus (Fig. 2c). Valve surface is covered with shallow 
areolae (1000-1100 per valve) (Fig. 2d) with no 
m arginal pores (Fig. 2f-g). Left valve is slightly 
indented (Fig. 2b). The apical area is a narrow  triangle 
in the right valve (Fig. 20, void o f valve spines (Fig. 20. 
The intercalary band is granulated  and horizontally 
striated (Fig. 2e).

Taxonomic remarks: In 1981 Fukuyo described P. 
concavum  from  coral reefs o f French Polynesia, New 
C aledonia, and the Ryukyu Islands, Japan . Prorocen
trum concavum  cells were also present in a mangrove 
hab ita t a t Twin Cays, Belize (Faust, 1990a). They are 
difficult to differentiate from  P. lima a t the light m icro
scope level, the shapes being very similar (Fukuyo, 
1981; D ickey et at.. 1990). However, P. concavum  
possesses ca. 1000 areolae per valve and no m arginal 
pores (Fig. 2d -e), while P. lima has ca. 100 valve pores 
and ca. 80 m arginal pores (Fig. 6d, f-g). The apical area 
o f  P. concavum  is a narrow  triangle w ithout o rnam en ta
tion (Fig. 2f), w hereas the apical area o f P. lima is a 
b road  triangle with a curved apical collar around  the 
flagellar pore (Fig. 6f-h). The apical area o f  P. 
concavum  (Fukuyo, 1981) and P. lima (Taylor, 1980) is 
com posed o f  eight platelets. The illustrations o f  Carlson 
(1984, plate 5, figs. n -s) and Tindall et al. (1984; fig. 3b) 
refer to  P. hoffmannianum, based on a detailed scanning 
electron m icroscope study (Faust, 1990a). Steidinger’s 
illustration  of P. concavum  (Steidinger 1983; fig. 17) is 
an unidentified species. Previous reports o f  toxic P. 
concavum  m ay represent P. maculosum  (Z hou and Fritz,
1994).

Ecology and distribution: Prorocentrum concavum  is 
com m only associated w ith red and green m acroalgae 
and  sedim ents a t both  Pacific (Fukuyo, 1981) and 
A tlantic sites (C arlson and  T indall, 1985; M orton  and 
Faust, 1997), in coastal areas devoid o f coral reefs (Stei
dinger and  Baden, 1984), and on floating detritus in 
m angrove hab ita ts  (Faust, 1990a, 1996). Prorocentrum  
concavum  was present on sediments a t protected inshore 
stations in association with P. lima. P. m exicanum . and 
Scrippsiella subsalsa, and  as an epiphyte on drift algae 
(Bom ber et al., 1988). It is m ost abundan t at 28-32 C in

protected lagoons, and may form  "benthic bloom s" 
(Carlson, 1984). M acroalgal a ttachm ent is by a m ucila
ginous envelope, but when disturbed, cells m ay swim 
away (Bom ber et al., 1988). G row th is enhanced 
by sediment and m acroalgal extracts (Bom ber and 
A ikm an, 1991). G row th rate was faster in axenic 
cultures, and P. concavum  prefers low light levels 
(Carlson et aí. 1984).

Toxicology: Prorocentrum concavum  is a toxigenic 
species (Dickey, 1984). F o u r toxins have been found in 
extracts o f P. concavum  isolated from  C aribbean 
waters: (1) A w ater-soluble fast-acting toxin, FA T. 
(strain SIU 364, T indall et al., 1984). This toxin 
fraction killed mice w ithin 48 hours (L D 50 o f 8.3 mg/ 
kg, i.p.). (2) A nother very po ten t FA T  (Tindall et al.. 
1989) th a t killed mice w ithin 32 m inutes w ith the 
minim um  lethal dose. This toxin also has a toxic effect 
on guinea-pig ileum preparations (T indall and Miller, 
1987), and sim ilar effects on the ileum were caused by 
extracts o f m aito toxin  from  Gambierdiscus toxicus 
(Tindall and M iller, 1985). (3) O kadaic acid (OA) was 
isolated and chemically characterized by Dickey et al. 
(1990). M axim um  am ounts o f toxin occurred during 
m id-log grow th phase o f  strain  SIU 882a. It had a 
potency of 214 and  216 M U  per 100m g o f  cells 
(A ikm an et al., 1990). C rude lipid extracts o f a P. 
concavum  isolate from the Baham as exhibited cross
reactivity in an im m unoassay directed against toxins 
isolated from Gymnodinium breve (Baden et al., 1985). 
These extracts were lethal to  mice. Prorocentrum  
concavum  isolated from  the Pacific produced an  ether- 
soluble fraction which was toxic to  killifish and mice 
(130 M U  per 108 cells). E ther and butanol-soluble 
fractions from  the same isolate exhibited hem olytic 
activity (N akajim a et ed., 1981). Y asum oto  et al. (1987) 
reported  m ouse lethality and  po ten t ichthyotoxicity  
and hem olytic activity in P. concavum  isolated from  
O kinaw a. (4) D iarrhetic shellfish toxins, OA and Dino- 
physistoxin-1 (D TX-1), were isolated from  toxic Irish 
mussels and cultures o f P. concavum. In large-scale 
cultures, three new diol esters o f OA have been 
isolated and characterized (H ue et al., 1993). D iol 
esters 5 and 6 exhibited no inhibition o f protein  phos
phatase 1 and protein  phosphatase 2A. DTX-1 toxin is 
an isom er o f  OA and found also in cultures o f P. Urna 
and Dinophysis species.

P rorocen trum  em a rg in a tu m  F u k u y o , 1981
F ig . 3 a - f

Description: Cells are broadly ovate (Fig. 3a-b), 
35 -40 pm long, 30 pm wide and possess a large kidney
shaped posterior nucleus. Both valves are concave (Fig. 
3d). Apical area is deeply excavated, ending in a sharp
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Figure 2a-g. Prorocentrum concavum. 2a, b: Cells are broadly ovate, right valve has a centrally located pyrenoid and (Fig. 2b) left 
valve has a flat apical area; 2c: nucleus is posterior; 2d: valve surface is covered with ca. 1000 areolae per valve; 2e: cell is convex 
and intercalary band is horizontally striated; 2f: the apical area is a narrow unornamented triangle; 2g: valve surface has many 
shallow areolae, some with round openings. Material from Twin Cays, Belize. Scale bars in Figure 2a~c: 20 pm; Figure 2e-g: 2 pm.

narrow  poin t w ith a rectangular structure on the right 
valve th a t touches the intercalary band  (Fig. 3d-e). Left 
valve is also deeply indented. Valve surface is sm ooth, 
each valve pore  is round  and situated in a depression 
w ith sm ooth  m argins (Fig. 3d-f). Valve pores (ca. 200

per valve) are arranged in radial rows spaced around 
the valve periphery, and m arginal pores are also present 
(Fig. 3c). Center o f valve is void o f pores (Fig. 3d). 
Intercalary band  is transversely striated and  sinuous 
(Fig. 3d-e).
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Figure 3a-f'. Prorocentrum emarginatum. 3a, b: Cells are broadly ovate, right valve view (a) and left valve view (b) has a large 
kidney-shaped posterior nucleus; 3c; valve pores (ca. 200 per valve) are radially arranged and marginal pores arc present; 3d: 
valves are concave; 3e: the apical area is deeply excavated, ending in a sharp point with a rectangular structure; 3f: valve surface is 
smooth with round small pores situated in deep depressions, the intercalary band is transversely striated and sinuous. Material 
from Twin Cays, Belize. Scale bars in Figure 3a-b: 20 pm; Figure 3d-f: 2 pm.

6



Taxonomie remarks: Prorocentrum emarginatum  was 
described from  the Ryukyu Islands by Fukuyo (1981). 
In profile, P. emarginatum  resembles P. concavum , but it 
is distinguished by the smaller size and rounder body 
shape, and  a rigid, rectangular apical plate (Fig. 3d c). 
It exhibits a deep excavated apical area and pointed 
inden tation  at the apical region and a kidney-shaped 
nucleus. Only two Prorocentrum  species with these 
features are known: P. emarginatum  and P. sculptile 
(Faust 1994; figs. 8-12). These two species differ, 
however, in P. sculptile having ca. 910 shallow depres
sions per valve and a thin, inclined, apical structure, 
w hereas P. emarginatum  has fewer pores arranged in 
radial rows and a rigid rectangular plate (Faust, 1990a).

Ecology and distribution: This species has been reported 
from  tropical Pacific coral reefs (Fukuyo, 1981), C arib 
bean w aters (C arlson, 1984), and m angrove habitats 
(Faust, 1990a). It is present in low num bers in sediments 
and attached to m acroalgae or floating detritus. Speci
m ens were collected in shallow, protected lagoons and 
em baym ents at Twin Cays, Belize at w ater tem peratures 
o f 24 30 C, salinities o f 28-34, and low irradiance 
(Faust, 1990a).

Toxicology: The toxicity o f  this species is unknow n.

P ro ro cen tru m  fo ra m in o su m  F a u s t ,  1993 F ig . 4 a -g

Description: Cells are oblong to  ovate in valve view 
(Fig. 4a-c) and convex in side view. They are 4 6 -6 6 pm 
long and 31 -42 pm wide, and contain a small posterior 
nucleus and large round  storage bodies (Fig. 4a-b). 
Valve surface is sm ooth, and covered with circular 
pores (ca. 300 per valve) (Fig. 4c). C enter o f valve is 
devoid o f  pores (Fig. 4c, e). The left valve is flat (Fig. 
4b- c). On the right valve the apical area is narrow  and 
unornam en ted  w ith a triangular orientation  com posed 
o f eight platelets (Fig. 4e, f). M arginal pores are absent 
and the in tercalary  band  is sm ooth (Fig. 4e, g). Cells arc 
usually em bedded in m ucus, although young cells are 
m otile. The sexual life cycle o f P. foram inosum  (Faust, 
1993a) includes a round  thick-walled hypnozygote 
(Fig. 4d).

Taxonomic remarks: The type o f P. foram inosum  was 
described from  m angrove habitats. H idden Lake and 
the L air at Twin Cays, Belize (Faust, 1993a). It is a 
large species, oblong in shape and the valve surface is 
covered with small, round , scattered pores, which are 
useful in differentiating this species from o ther benthic 
species in the light m icroscope.

In an earlier publication (Faust, 1990b), which 
included studies o f  cysts and cxcystm ent processes, P. 
foram inosum  was incorrectly identified as P. marinum.

A thin-walled cyst o f P. marinum  (as E. marina) was 
reported  by L ebour (1925), W ood (1954), and Bursa 
(1959). Organic-walled cysts o f P. foraminosum , 
however, are different and do not survive in the envir
onm ent for prolonged periods (Faust 1990b). They are 
also different from the thin-walled cysts described for 
o ther dinoflagellates: less storage products and no 
observed resting period is present (Dale. 1983), and 
cessation o f m ovem ent is followed by a m arked 
contraction  o f the protoplasts (Pfiester and A nderson. 
1987).

Ecology and distribution: Prorocentrum foram inosum  
is often found attached to m angrove sediments 
and detritus at Twin Cays, Belize (Faust. 1993a). 
M axim um  abundance in this m angrove was observed 
during w inter m onths (January-A pril) at tem peratures 
o f 24-30 C, low irradiance, and salinities o f  28 32. The 
presence o f round, brow n hypnozygotes w ith triple
layered walls and a circular archeopyle a ttached to 
floating detritus was also reported (Faust, 1990b). 
G row th o f P. foram inosum  in E rdschreiber's m edium  
was enhanced by sediment extracts. In culture, P. 
foram inosum  adheres to  the wall o f  culture vessels.

Toxicology: Toxicity o f P. foram inosum  has not been 
reported.

P rorocen trum  h o ffm a n n ia n u m  F a u s t , 1990
F ig . 5 a -g

Synonym: Exuviaella hoffmannianum  (M. A. Faust) 
M cLachlan el Boalch. 1997

Description: The cell shape is ovoid in valve view', 
b road  in the middle region and narrow  at the an terio r 
end (Fig. 5a d). Cells are 4 5 -5 5 pm long and 40 
45pm  wide w ith a centrally located pyrenoid (Fig. 5a) 
and a posterior nucleus (Fig. 5b). Valve surface is 
deeply arcolated (ca. 700 areolae per valve) (Fig. 5c g) 
and both  valves are concave (Fig. 5e). The apical arca 
is a b road  triangle w ith a flared apical collar adjacent 
to  the flagellar pore, and  it lacks both  valve spines 
and an terio r spines (Fig. 5e-f). The left valve exhibits 
a flat ridge (Fig. 5e—f). The in tercalary  band is sm ooth 
(Fig. 50- Cells are m otile or a ttached to detritus by 
mucilage.

Taxonomic remarks: The type specimen o f P. hoffm an
nianum  was described from m angrove hab itats at 
H idden Lake and the Lair at Twin Cays, Belize. C entral 
A merica (Faust, 1990a). C om pared with P. lima (Fig. 
6a c, f-g), it is larger, broader and has an areolatcd 
valve surface (Fig. 5a g). The apical area o f P. hoffm an
nianum  (Fig. 5c 0  differs from P. lima (Fig. 6f-h), P.
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Figure 4a-g. Prorocentrum foraminosum. 4a, b: Cells are oblong to ovate, with a posterior nucleus; 4c: valve pores (ca. 300 per 
valve) are present. The center o f the valve is void of pores and lacks marginal pores; 4d: hypnozygote has triple-layered cyst wall; 
4e: cell is convex in side view; 4f: the apical area is triangular, narrow and unornamented; 4g: valve surface and intercalary band is 
smooth and valve surface covered with small, circular pores. Material from Twin Cays. Belize. Scale bars in Figure 4a-d: 20 pm; 
Figure 4e-g: 2 pm.

concavum  (Fig. 2f) (Fukuyo, 1981), and the freshwater 
species, P. playfairii (C room e and Tyler, 1987; figs 
9-11). It has a m ore complex platelet configuration 
(Fig. 5e-f) (Faust, 1990a) than  P. Iima (Taylor, 1980).

Ecology and distribution: Cells o f  P. hoffmannianum  
were associated w ith sediment and floating detritus in 
protected and shallow m angrove hab ita ts  in the C arib 
bean Sea (Tindall et a l 1984; Faust, 1996 and refer-
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f
Figure 5a-g. Prorocentrum hoffmannianum. 5a: Cell shape is ovoid, right valve, with a centrally located pyrenoid; 5b: left valve, 
note the posterior nucleus; 5c, d: valve surface has ca. 700 areolae per valve and a flat, apical ridge on the left valve (d); 5e: both 
valves are concave and areolated and the intercalary band is smooth; 5f: apical area is a broad triangle with flared apical collar 
adjacent to the flagellar pore; 5g: areolae are deep with one or two round openings. Material from Twin Cays. Belize. Scale bars in 
Figure 5a-d: 20 pm; Figure 5e-g: 2 pm.

enees therein), and were attached to  m acroalgae in the 
Belizean barrier reef ecosystem (M orton  and Faust, 
1997). Specimens were collected a t w ater tem peratures 
o f  24 30 C and salinities o f  28-34. They were associated 
with P. concavum, P. lima, P. m exicanum, and Scripp

siella subsalsa. G row th o f P. hoffmannianum  is 
enhanced by low light levels and addition o f sediment 
extract to enriched seaw ater medium. Prorocentrum  
hoffmannianum  C lone SIU 882A grew well in 
K-mcdium (Keller and G uillard, 1985). In modified
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K -m edium  where Tris, copper, and silica were om itted, 
the acclim ated grow th rate o f  P. hoffmannianum  was 
m axim um  (k =  0.53 division day ') a t 27°C and salinity 
34 (M orton  et al., 1994).

Toxicology: The illustration o f  P. concavum  by Carlson 
(1984) is P. hoffmannianum  (Fig. 5d-f). Toxins identified 
in P. hoffmannianum  in a Twin Cays isolate were OA 
(M orton . 1994), and  in Clone SIU 882A isolate from 
US Virgin Islands, were OA and a fast-acting toxin 
(FA T) (A ikm an et al., 1993). Earlier studies o f clone 
SIU 882A suggested the presence o f six toxins (Tindall 
et al., 1984). O kadaic acid production  in axenic P. ho ff
mannianum  culture was optim al (58.6 pg cell-1) at 24 C 
(M orton  and Bomber, 1994; M orton  et al., 1994).

P ro ro cen tru m  lim a  (E h re n b e rg )  D o d g e , 1975
F ig . 6 a -h

Synonyms: Cryptomonas lima Ehrenberg, 1860;
Exuviaella murina C ienkowski, 1881; Dinopyxis laevis 
Stein, 1883; E. lima (Ehrenberg) Biitschli, 1885; E. laevis 
(Stein) Schröder, 1900; E. cincta Schiller, 1918; E. osten
feldii Schiller, 1933; E. caspica Kiselev. 1940; Prorocen
trum marinum  D odge et Bibby, 1973 comb, invalid 
(basionym  not indicated).

Description: Cells are ovate in valve view, broad in the 
middle region, narrow  at the an terio r end, 31-47 pm 
long, 22 40 pm wide. Cells have a centrally located 
pyrenoid (Fig. 6a b) and a posterior nucleus (Fig. 6c). 
Valve surface is covered with large m arginal pores (ca. 
80 per valve) and sm aller valve pores (ca. 100 per valve) 
(Fig. 6d). Both valves are concave (Fig. 6f). The apical 
area is a wide triangle containing a curved apical collar 
around  the flagellar and apical pores (Fig. 6h) and is 
void o f  valve spines or an terio r spines (Fig. 6g). M uco- 
cysts are present while trichocysts are absent (Zhou and 
Fritz, 1993). The hypnozygote is round  and brow n with 
a triple-layered wall (Fig. 6e) (Faust, 1993b).

Taxonomic remarks: In 1860, Ehrenberg described 
Cryptomonas Urna, often considered identical to the 
species know n today as P. lima (Ehr.) Dodge, 1975, 
a lthough the first draw ing published by Ehrenberg 
(1873) shows cells covered by spines (M cLaehlan et al., 
1997). Cienkow ski (1881) presented the first line 
draw ing o f E. marina Cienkow ski, and in 1885 Biitschli 
illustrated E. lima (Ehr.) Bütschli. He recognized the 
m ajo r m orphological features: an excavated plate in the 
right valve; presence o f  valve pores; transverse and long
itudinal flagella; nucleus; two vacuoles; chloroplasts; 
starch and oil bodies; and cysts. Later scattered pores 
on the valves o f E. lima were observed by Paulsen 
(1908). This species was reported  from C aribbean

w aters as E. marina var. lima (M argalefi 1957; W ood, 
1968). Abé (1967) com bined the two genera Prorocen
trum  and Exuviaella under the form er nam e Prorocen
trum. M cLaehlan et al. (1997) proposed to separate 
m arine Prorocentrum  species tha t are prim arily benthic 
in hab ita t, have mucocysts, and synthesize polyether 
secondary m etabolites (D SP-type toxins) and split the 
genus Prorocentrum  by reinstating the genus Exuviaella.

Lebour (1925) described the presence o f poroids on 
the valves o f E. marina and the emergence of flagella 
from a slit in fron t between the valves. The emergence 
o f two flagella from the same flagellar pore in P. 
marinum  was described by Biecheler (1952) and 
Loeblich (1976). T aylor (1980) provided a line draw ing 
o f the apical area o f P. lima ("m arinum " form ). D odge 
and Bibby (1973) illustrated a flagellar pore p late o f P. 
marinum  as a single triangular unit with a large and a 
small pore. Prorocentrum marinum  is distinguished from 
P. lima by the m icrom orphology o f the valve pores, 
absence of m arginal pores, sm ooth intercalary band, 
architecture o f the apical area, larger size, and oblong 
shape (Faust, 1991 ).

D odge (1975) recognized that size and shape alone 
were inadequate to  identifying Prorocentrum  species. 
Taylor (1980) described the apical area o f P. lima as 
eight platelets, arranged in a sub triangular shape with a 
“ fin-like crest". A t high m agnification the apical area o f 
P. lima reveals a curved apical collar (Fig. 6h). The 
valves have distinct m arginal pores and sm aller valve 
pores (Faust, 1991). These m orphological characteristics 
can be used to  differentiate this species from o ther 
Prorocentrum  (Steidinger, 1983).

The sexual life cycle o f P. lima (Faust, 1993b) is 
similar to tha t o f P. micans (Bhaud et al., 1988). The 
presence o f round, brow n cysts in old cultures o f P. 
lima was reported by Steidinger (1983), and in natural 
populations by Faust (1993b). A feeding tube 
(peduncle) o f P. lima was also reported  by M alcolm  
(1987) and in P. arenarium  (Faust 1994; figs. 21-22), 
suggesting heterotrophy. A new type o f  asexual repro
duction in P. lima was discovered in culture in which a 
chain o f cell pairs is enclosed within a thin-w alled cyst. 
The cells differed from vegetative cells (Faust, 1993c).

Ecology and distribution: Prorocentrum lima occurs in 
coastal areas world-wide, in tem perate and tropical 
oceans, in benthic (inch sand) and epiphytic habitats 
including the A tlantic (Lebour, 1925), the Pacific 
(Y asum oto et al., 1980a; Faust, 1991), the C aribbean 
Sea (Carlson, 1984; Carlson and Tindall, 1985; Faust. 
1990a), and A ustralia (M orton  and T indall, 1995). 
Epiphytic associations o f P. lima m ost frequently 
involve rhodophytes in the Belizean reef ecosystem, 
where this species is associated w ith know n toxic 
species; for example, Gambierdiscus toxicus (Carlson 
and Tindall, 1985), P. belizeanum  (M orton  and Faust,
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Figure 6a-h. Prorocentrum lima. 6a, b: Cells are ovate, right valve (a) and left valve (b) have a centrally located pyrenoid; 
6c: nucleus is posterior; 6d: valve surface has valve pores (ca. 80 per valve) and marginal pores (ca. 100 per valve); 6e: the round 
hypnozygote has triple-layered cyst wall: 6f: valves are concave; 6g: the apical area is a wide triangle containing a curved apical 
collar around the flagellar and apical pores; 6h: the apical collar protrudes slightly. Material from Twin Cays. Belize, Central 
America. Scale bars in Figure 6a-e: 20 pm; Figure 6f -h: 2 pm.
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1997), P. ho ffm ann ianum  (M orton  e t al., 1994), and P. 
m exica n u m  (Tindall e t a l., 1984). M angrove-detritus- 
epiphytic associations m ay have significant im pact on 
the ecology and life cycle o f  P. tim a  between prolifera
tion and inactive populations (Faust, 1995). F loating 
m angrove detritus is an ideal hab ita t for P. Urna (Faust, 
1996). It prefers low irradiance, blue lo blue-violet 
spectral quality  and salinity o f  32 for optim um  growth 
(M orton  and N orris, 1990). In the F lorida Keys, 
m axim um  abundance o f P. lim a  occurred in the cool 
w ater season (26°C) near channels and undisturbed 
coral reefs a t I -2m  depth, with indication o f niche 
specialization (Bom ber et al., 1989). Prorocentrum  lim a- 
host relationships are complex, involving both  chemical 
and physical characteristics (Bom ber and A ikm an, 
1991). M acroalgae are the preferred host for P. lima, 
possibly providing beneficial exudates for growth 
(C arlson et al., 1984) in the form o f chelators and 
surface area for a ttachm ent (Bom ber et al., 1989). A nti
fungal activities o f  okadaic acid extracted from P. lim a  
were also reported  (N agai e t al., 1990). In cultures P. 
lim a  adheres to the wall o f  culture vessels and rarely 
swims freely except when disturbed (Faust, personal 
observation). A stalk is som etimes visible at the flagellar 
pole in m aterial collected in nature (0 . M oestrup, 
personal observation). M orphological and biochemical 
variability  o f  P. lim a  clones exist between sites, the m ost 
notable o f  which is toxin content, OA, and m ethyl- 
okadaic acid (DSP-1) (M orton  and Tindall, 1995).

Toxicology: Several toxins were identified in P. lima'.

(1) O kadaic acid (OA) was isolated and identified by 
M urakam i et al. (1982), Lee et al. (1989), and M arr et al. 
(1992). The physical and symptomological properties 
resemble those o f  the partially characterized ciguatoxin 
from shellfish (T ach ibanae ta /., 1981), and has potent diar- 
rhetic effects (Y asum oto et al., 1987). It has been identified 
as the causative agent o f diarrhetic shellfish poisoning 
(M urata  e t a i ,  1982; Kum agai et al., 1986). OA was 
derived previously from sponges causing mouse toxicity 
with L D 50 o f 192 mg kg"1 intraperitoneally (i.p.) (Tachi- 
bana e t ul., 1981). Y asum oto e ta !. (1980a) found two more 
toxins related to OA, an ether soluble fraction (mouse 
toxicity 143 X IO"8 M U  cell ') and a butanol soluble 
fraction (mouse toxicity 71 x 10 8 M U cell"1). Both 
fractions caused hemolysis in mice (N akajim a e t a i ,  1981 ).

(2) A n unnam ed fast-acting w ater-soluble toxin (FA T) 
was isolated from  culture extracts o f P. lim a  collected 
from  ciguatera endemic regions (Tindall e t al. 1984, 
1989). Mice injected w ith the minim um  lethal dose 
(L D 50) either died within 32-34 m inutes o r recovered 
completely.

(3) DTX-1 was identified at various ratios and concen
trations with OA in six P. lim a  isolates from Spain and

O kinaw a, Japan  (Lee e t al., 1989) and from  the A tlantic 
coast o f C anada (M arr et al., 1992). Its toxicity is 
similar to o ther toxins (toxicity 160 mg kg "1 i.p. mouse 
according to T achibana e t al. 1981).

(4) A nitrogenous macrocycle toxin, prorocentrolide, 
was isolated from P. lim a  (Torigoe et al., 1988). OA- 
m onoclonal antibody was localized to  chloroplasts and 
pyrenoid in P. lim a  isolate no. 712 from  Vigo, Spain 
(Zhou and Fritz, 1994).

Prorocentrum mexicanum  Tafall, 1942 Fig. 7a-g

Synonym: P. rha thym um  Loeblich, Sherley et Schmidt, 
1979

Description: Cells are oval in valve view (Fig. 7a-c) and 
convex in side view (Fig. 7e-f), 30-38 pm long, and 
20-25 pm wide w ith a posterior nucleus (Fig. 7b); a 
pyrenoid is absent. Apical area is a b road triangle. 
O rnam entation  on the right valve includes a prom inent 
curved apical plate and a sm aller pro trud ing  plate (Fig. 
7e-f). U nder the light m icroscope the curved apical 
plate appears like a spine (Fig. 7a). Valve surface o f 
young cells is sm ooth, and in older cells rugose. Valves 
contain radially arranged valve pores (Fig. 7d), which 
are round w ith sm ooth edges and at times filled or open 
(Fig. 7f-g). Smaller pores are also present (Fig. 7g). The 
intercalary band is transversely striated (Fig. 7e-f).

Taxonomic remarks: The nam e P. m exicanum  is used 
here following Steidinger (1983) and C arlson (1984) that 
T afall’s (1942) description has priority. Loeblich et a i  
(1979) created the nam e P. rha thym um  and considered 
P. m exicanum  a synonym . P rorocentrum  m exicanum  
was illustrated by Tafall (1942), who interpreted the 
valve pores incorrectly as spines. Tafall (1942) believed 
that the specimen illustrated by Böhm (1936; fig. 3a) is 
probably P. m exicanum . In profile, P. m exicanum  is 
sim ilar to P. ovale, as illustrated by G ourre l (1883) and 
P. m a x im u m  by Schiller (1933). The latter two species 
were considered as synonym s by D odge (1975), but 
D odge showed a spiny valve quite different from  tha t o f 
P. m exicanum . The apical area o f  P. m exicanum  is 
complex and apparently  both flagella emerge from one 
flagellar pore (Loeblich e t al., 1979).

Ecology and distribution: P rorocen trum  m e x ic a n u m  is 
widely d is tribu ted  in trop ical regions and  prefers 
inshore p ro tected  shallow  areas o f  bo th  Pacific and 
A tlan tic  O ceans (F ukuyo , 1981; B om ber e t al.. 1985; 
C arlson  and  T indall, 1985). It has been found  in 
association  w ith P. lim a, P. em a rg in a tu m , Scrip p sie lla  
subsalsa , and G am bierd iscus to x icu s. P ro ro cen tru m  
m exica n u m  attaches to m acroalgae (C arlson  e t a i ,
1984), d rift algae (B om ber e t a i ,  1988), sedim ents
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Figure 7a-g. Prorocentrum mexicanum. 7a: Cells are oval, right valve has a curved apical plate; 7b, c: left valve and posterior 
nucleus; 7d: valve surface has radially arranged valve pores; 7e, f: apical area is a broad triangle fitted into the right valve and (Fig. 
7f) includes a prominent curved apical plate and a protruding plate; 7g: valve pores are large and round with a circular opening in 
the center, valve surface is smooth. Material from Twin Cays, Belize. Scale bars in Figure 7a-c: 20 pm; Figure 7e-g: 2 pm.
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(F ukuyo , 1981) and  floating m angrove detritus 
(F au s t, 1996 and  references therein).

G row th  o f  P. mexicanum  in bacterized cultures is 
inhibited  by m acroalgal extracts. However, artificial sea 
w ater is sufficient for grow th w ithout addition  o f soil 
ex tract (C arlson et al., 1984). C ulture filtrates o f P. 
concavum  contain  substances tha t are stim ulatory to 
grow th o f  P. mexicanum.

Loeblich et al. (1979) considered P. mexicanum  as an  
im m obile species em bedded in mucilage. However, in 
field populations it swims freely (Fukuyo, 1981; Faust, 
1990a), and  in cultures secretes mucilage under adverse 
conditions (C arlson, 1984).

Toxicology: Prorocentrum m exicanum  produces toxins 
w ith strong  hem olytic activity (nine isolates exam ined 
by N akajim a et al., 1981). A w ater-soluble fast-acting 
toxin  (FA T ) was isolated from  extracts o f  P. m exi
canum  by Tindall et al. (1989) causing death  in mice 
w ithin 32 m inutes. The physiological action o f this 
F A T  is sim ilar to  the F A T  isolated from  P. concavum

reported  by Tindall et al. (1989). E xtracts from  P. 
mexicanum  cross-reacted in im m unoassay directed 
against toxins isolated from  Gymnodinium breve 
(Baden et al., 1985).

Prorocentrum ruetzlerianum  Faust, 1990 Fig. 8a-e
Description: Cells are round  to  ovoid in valve view with 
an average diam eter o f 28-35 pm  (Fig. 8a-b). In  side 
view, cells are convex, w ith a slight indentation  in the 
m iddle o f bo th  valves (Fig. 8d-e). Valves are deeply 
areolated over the entire valve surface (Fig. 8d-e). Each 
pentagonal-shaped areola has a  round  pore situated in a 
deep depression (Fig. 8e). Each valve is covered w ith ca. 
500 areolae and  ca. 70 m arginal areolae (Fig. 8c). The 
m arginal areolae are elongated depressions which in the 
light m icroscope provide the optical effect o f  a distinct 
striated pattern  (Fig. 8a-b). The intercalary band is 
unique; it is transversally striated and  possesses a 
sinuous groove w ith equally spaced waves (Fig. 8d-e). 
The apical area is a broad, shallow triangle w ithin the

m - M  is v.‘>'**300» if»!« Vtff‘ lili

Figure 8a-e. Prorocentrum ruetzlerianum. 8a: Cells are round with distinctly striated valve margin and centrally located pyrenoid; 
8b: left valve view with a posterior nucleus adjacent to the pyrenoid; 8c: cell surface covered with valve areolae (ca. 500 per 
valve) and marginal areolae (ca. 70 per valve); 8d: cell shape is convex, apical area is a broad, shallow, unornamented triangle; 
8e: valve surface is covered with pentagonal areolae with a round opening situated in a deep depression. The intercalary band is 
transversely striated possessing a sinuous groove with equally spaced waves. M aterial collected from Twin Cays, Belize. Scale 
bars in Figure 8a-b: 20 pm; Figure 8d-e: 2 pm.
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right valve. The left valve is flat (Fig. 8d e). A pyrenoid 
is centrally  located; the nucleus is posterior adjacent to 
the pyrenoid  (Fig. 8b).

Taxonom ic rem arks: The type of P. ruetzlerianum  was 
described from  m angrove habitats, H idden Lake, 
Boston Bay, and the Lair a t Twin Cays. Belize (Faust, 
1990a). It is a small benthic species. Its round shape and 
the striated intercalary band create an optical edge 
effect w hich is useful in differentiating this species from  
o ther benthic species.

Ecology and distribution: Cells o f P. ruetzlerianum  are 
a ttach ed  to  m angrove sedim ents and  floating detritus 
(F aust. 1990a). It is present in low' num bers at 
tem pera tu res o f  24-32 C  and salinities o f 28 36 a t low 
light levels. Prorocentrum ruetzlerianum  occurred  with

Amphidinium kofoid ii. P. em arginatum . P. lima. P. 
marinum, and  P. mexicanum.

Toxicology: The toxicity o f  P. ruetzlerianum  is
unknow n.

Prorocentrum belizeanum  Faust, 1993 Fig. 9a f
Description: Cells are round to slightly oval in valve 
view w ith an average diam eter o f 5 5 -6 0 pm (Fig. 9a-b). 
The thecal surface is areolated with ca. 950 areolae per 
valve (Fig. 9a f). Each round to oval areola is deep. 
N ot every areola has a pore. A reolae are < 1 pm  in 
diam eter. The valve m argin has an array  o f  depressions 
which provide the optical effect o f  a distinct striated 
pattern  in the light m icroscope (Fig. 9c). The intercalary 
band is sm ooth at low m agnification (Fig. 9b, d. e). but

Figure 9a- -f. Prorocentrum belizeanum. 9a: Cells are round to slightly oval, thecal surface completely areolate; 9b: left valve view 
with deep, round areolae; 9c: under the light microscope cell surface has evenly distributed areolae and distinct striated valve 
margin; 9d: the apical area is broad with a raised anterior ridge and a curved apical collar around the flagellar pore; 9e: both 
valves are concave and areolated and the intercalary band is smooth; 9f: right valve surface has ca. 950 areolae. Scale bars in 
Figures 9a f: 10pm.
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horizontally  striated at high magnification (Faust, 
1993d). The apical area is a wide triangle located in the 
right valve (Fig. 9a, d e). Raised an terio r ridge on left 
valve (Fig. 9d). The flagellar and auxiliary pores are 
equal in size (Fig. 9a, d -e). The auxiliary pore is 
su rrounded  by a flared apical collar and void o f apical 
spine (Fig. 9d). The pyrenoid is centrally located. The 
large kidney-shaped nucleus is situated posteriorly and 
displaced from  the pyrenoid.

Taxonomic remarks: The type o f P. belizeanum  was 
described from  m angrove hab ita ts , the Lair, Lair 
C hannel, and Boston Bay a t Twin Cays, Belize (Faust, 
1993d). It has a distinct round  or near-round  shape and 
m edium  size. It is larger than P. ho ffm annianum  
(45-55 pm long) and P. ruetzlerianum  (diam eter ca. 
32pm ) (Faust, 1990a). It is readily confused with P. 
concavum  and  P. ho ffm annianum . It differs from  P. 
concavum  by having prom inent areolae in the center o f  
bo th  valves and from  P. ho ffm ann ianum  by having a 
periflagellar area sim ilar to P. lim a  (Faust, 1991) and 
sm aller but m ore num erous thecal areolae.

Ecology and distribution: Cells o f P. belizeanum  are a 
m ajor com ponent o f benthic toxic dinoflagellate assem
blages in tropical coastal m arine w aters in m angrove 
detritus (F aust, 1996 and references therein) and 
a ttached  to  m acroalgae (M orton  and Faust, 1997). It is 
present in floating detritus at tem peratures o f 24— 
30°C and salinities o f 28-34 (Faust, 1993d). Prorocen
trum  belizeanum  occurred together w ith 22 dinoflagellate 
taxa com prising a m ajor part o f  the m angrove algal 
food web, 11 o f  which are considered harm ful: G am bier
discus to x icu s, C oolia m o n o tis , O streopsis len ticularis, 
A m phid in ium  carterae. D inophysis caudata, D, rotundata, 
P rorocentrum  m exicanum , P. concavum , P. h o ffm a n 
nianum , P. m aculosum , P. lim a, and  C ochlodinium  p o ly 
k r iko id es  (Faust, 1996).

Toxicology: P rorocentrum  belizeanum  produces okadaic 
acid and sm all am ounts o f DXT-1 toxin (M orton  et al.,
1998).

P ro ro cen tru m  m a cu lo su m  F a u s t ,  1993 F ig . lO a - f

Synonym: E xuviaella  m aculosum  (M. A. Faust) 
M cLaehlan et Boalch, 1997

Description: Cells in valve view 40 -50 pm long and 
30- 40 pm wide, broadly ovate with a m axim um  width 
behind the m iddle region and narrow  a t the anterior 
end (Fig. 10a-b). Valve surface rugose w ith scattered 
poro ids (Fig. 10c), 85-90 per valve, and round m arginal 
pores 65-75 per valve (Fig. lOd). Poroids are kidney
shaped to  circular or oblong and unevenly distributed

on the valve surface. The center o f  the valves lacks 
poroids (Fig. lOa-b). The periflagellar area is a broad 
triangle with a raised m argin on the right valve a t the 
an terio r end of the cell (Fig. 10a). The flagellar pore 
and auxiliary pore are abou t equal in size (Fig. 10e) and 
viewed from  the side are surrounded by a curved and 
flared apical collar (Fig. 100- The an terio r end o f  the 
left valve is flat to slightly concave (Fig. 10b). A 
pyrenoid is centrally located, the nucleus is posterior 
adjacent to the pyrenoid.

Taxonomic remarks: The type o f P. m aculosum  was 
described from  floating m angrove detritus and sediment 
samples at H idden Lake and the Lair in Twin Cays, 
Belize (Faust, 1993a). P rorocentrum  m aculosum  and P. 
lim a  can be distinguished in scanning electron m icro
graphs by two features: (1) the thecal surface o f P. 
m aculosum  has large kidney-shaped valve poroids and a 
rugose thecal surface; (2) the apical collar surrounds 
round, equally sized flagellar and auxiliary pores. A 
sim ilar architecture o f the periflagellar area is present in 
P. ho ffm annianum  (Faust, 1990a), P. com pressum  (Abé, 
1967; D odge, 1975), P. p la y fa ir ii  and P. fo veo la ta  
(Croom e and Tyler, 1987). W ith the light microscope, 
P. m aculosum  is distinguished from  P. lim a  by the 
presence o f large, kidney-shaped valve poroids scattered 
on the thecal surface. In P. Urna the thecal pores are 
round and the thecal surface sm ooth, the flagellar pore 
is larger than  the auxiliary pore and surrounded by a 
curved apical collar, and the intercalary band has no 
ridge. Flask-shaped m em brane-bounded m ucocysts are 
present in P. m aculosum  (Zhou and Fritz, 1993). 
O kadaic acid-m onoclonal antibody localizes to  chloro- 
plasts and pyrenoid, and to a lesser degree to  cellular 
lysosomes in D SP-toxin producing P. m aculosum  (Z h o u  
and Fritz, 1994).

Ecology and distribution: Cells o f P. m aculosum  attach  
to  m angrove sediments and detritus (Faust, 1993a) and 
m acroalgae (Zhou and F ritz , 1993). Cells were observed 
in sam ples collected at 30-36' C  and salinities o f 32-36 
(Faust, 1993a). Prorocentrum  m aculosum  occurred 
together with P. ho ffm ann ianum , P. ruetzlerianum , P. 
foram inosum . Scrippsiella  subsalsa, and  Coolia m onotis  
(Faust, 1996).

Toxicology: Prorocentrum  m aculosum  produces proro- 
centrolíde B, a fast-acting toxin (H ue e t al., 1996). This 
com pound produces a rapid toxic response in the mouse 
bioassay, a type o f activity no t accounted for by other 
diarrhetic shellfish-poisoning toxins produced by P. 
m aculosum . U nlike their co-m etabolites, D SP toxins, 
prorocentrolide B does not show phosphatase inhibi
tion. The toxicological and pharm acological effects o f 
the fast-acting toxins are no t understood.
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Figure lOa-f. Prorocentrum maculosum. 10a: Right valve including the apical area o f a broadly ovate cell: 10b: valve surface is 
rugose with scattered poroids and round marginal pores; 10c: poroids are kidney-shaped to oblong and unevenly distributed; 
lOd: right valve surface has ca. 87 valve poroids and ca. 70 marginal pores; 10e: apical area is a broad triangle with flared apical 
collar adjacent to the flagellar pore; lOf: apical collar viewed from the side. Scale bars in Figure lOa-b: 10 pm; Figure lOc-f: 5 pm.
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Planktonic species
Prorocentrum balticum  (Lohm anii) Loeblich, 1970

Fig. 1 la -d
Synonym: Exuviaella baltica L ohm ann, 1908; E.
aequatorialis Hasle, 1960; P. pomoideum  Bursa, 1959.

Description: The cells are alm ost circular in valve view, 
some slightly ovate w ith b road  shoulders, 9-15 pm long, 
only slightly flattened. Tw o m inute apical spines, which 
m ay be difficult to  observe w ith the light microscope, 
are located in the pore region. The valves are covered 
w ith tiny spines which form narrow  transverse rows on 
the intercalary band. Only a few scattered valve pores 
are present.

Taxonomic remarks: Prorocentrum balticum  is no t easily 
distinguished from  P. minimum  (see below) and a 
critical assessm ent o f  its taxonom ic status is still needed. 
It is p robably  best identified by its small size, its alm ost 
spherical shape, and the two apical projections. An 
early electron m icroscopical study (B raarud et al.. 1958) 
revealed th a t the thecal plates are covered with minute 
spines as confirm ed by subsequent au thors (e.g., Dodge, 
1982. 1985; Fukuyo et al., 1990). The cell illustrated by 
D odge (1985, p. 9) shows several irregular depressions 
(or holes) at the base o f the spines, bu t such features 
have no t been found by o ther w orkers, and their 
significance cannot be assessed.

Ecology and distribution: Prorocentrum balticum  has 
been reported  to  form “ red tides” in m any parts o f  the 
world (see Lassus, 1988, and  references therein). M any 
bloom s have occurred in brackish-w atcr areas (Z otter, 
1979; T angen, 1980; Edler et al., 1984), in concordance 
with the grow th experim ents o f B raarud (1951), who 
found tha t P. balticum  is euryhaline, exhibiting highest 
grow th rates at low salinities (10-15).

Toxicology: Toxicity in P. balticum  has never been 
confirm ed. Cells have, however, been reported  in 
connection w ith toxic red tides (Silva, 1956, 1963; 
N um ann , 1957), and Steidinger (1979) regards it as a 
toxic species.

Prorocentrum minimum  (Pavillard) Schiller, 1933
Fig. 1 le  -1

Synonyms: Exuviaella minima Pavillard, 1916; Prorocen
trum triangulatum  M artin, 1929; E. mariae-lebouriae 
Parke et Ballantine, 1957; P. cordiformis Bursa, 1959; P. 
mariae-lebouriae (Parke et Ballantine) Loeblich III, 1970.

Description: The cells vary from  m ore or less triangular 
to  cordiform  or oval, 14-22 pm long, flattened, with an

apical spine which in some form s is difficult to  observe 
in the light microscope. The valves are covered by 
m inute spines and penetrated by scattered pores; 
intercalary bands are striated.

Taxonomic remarks: Prorocentrum minimum  varies
considerably and the m orphological form s have been 
assigned to  different species, as indicated in the list o f 
synonyms. H ulburt (1965) proposed to give these varietal 
status, bu t as their basionyms were not indicated the new 
com binations are formally illegitimate according to the 
International Code o f Botanical N om enclature (Sournia. 
1973). It should be noted, however, that H ulburt does 
not explicitly treat these organism s as plants, although 
this can be assumed from  the context.

F rom  our poin t o f view, it is questionable w hether 
the different m orphological types o f  P. minimum  
should be given form al taxonom ic sta tus considering 
the variation between the different form s which form a 
continuous series (see H ulburt, 1965; p late 2). The 
intraspecific variation o f  P. m inim um , as well as the 
taxonom ic relationships with closely related species 
such as P. balticum, needs re-investigation before a 
sound taxonom ic revision can take place. The need is 
illustrated by the paper o f Silva (1985), who regarded 
earlier records o f  P. balticum  bloom s along the coasts o f 
Portugal as m isidentifications and  denoted them  as 
bloom s o f  P. minimum.

Prorocentrum minimum  m ay be confused with P. 
balticum , but differs by its larger size and different shape 
and by having only one apical spine. Prorocentrum  
cordatum  (Ostenfeld) Dodge comb, illeg. (basionym  is 
not indicated by Dodge, 1975) is very similar to  P. 
minimum, but does not possess an apical spine.

Ecology and distribution: The biology o f P. minimum  
was reviewed by Berland and G rzebyk (1991). Blooms 
have been restricted to  tem perate w aters o f  the 
N orthern  H em isphere with the possible exception o f an 
isolated bloom  in the tropical w aters o ff the coast o f 
Pakistan (R abbani et al., 1990). In the N orth  Sea 
region, P. minimum  was first recorded in The N ether
lands in 1976 (K at, 1979), and subsequently along the 
coasts o f N orw ay (Tangen, 1980) and D enm ark 
including the western part o f the Baltic (K im or et al..
1985).

Prorocentrum minimum  appears to  be euryhaline and 
eurytherm e. having been recorded within a salinity 
range o f 5—37 and a tem perature range o f  4 - 3 1°C 
(Berland and G rzebyk, 1991). Blooms, however, seem 
to occur m ostly in brackish w ater (K ondo  et al.. 1990a; 
Sournia et a i ,  1991). U nder certain circum stances 
grow th is apparently  enhanced by organic com pounds 
(G ranéli et al., 1985; K ondo  et al.. 1990b).

P. m inimum  has recently been show n to be 
m ixotrophic (Stoecker et al., 1997).
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Figure 11 il—s. Planktonic Prorocentrum species. Figure l la -d : Prorocentrum balticum from the North Sea; I la  b: cells in valve 
view; photographs by G. Flansen: Ile: schematic drawing; l id :  scanning micrograph by G. Hansen. Figure 1 le—I: Prorocentrum 
minimum from the Kattegat, Denmark, lle -i:  Cells o f different morphological types; lie , g: live cells; Ilf , h: formalin-preserved 
cells; 1 li: empty theca; 1 lj: schematic drawing showing the scattered valve pores; 1 Ik, 1: scanning micrographs by G. Hansen of a 
cell in valve view (I lk )  showing the spiny surface and the scattered valve pores (arrows). 111 showing a cell in apical view. Figure 
1 lm -o: P. micans from the Kattegat, Denmark; different morphological types; note the strong apical spines; I lp: empty thecae 
with rows of valve pores (arrows). (Figure 1 lq -s) Schematic drawings. (1 lq) P. micans: I lr: P. gracile: 1 Is: P. triestinum. Scale bar 
in Figure 11: 10pm for 1 la-c , e-j; 5pm for 1 Id, k. 1; 10pm for 1 lm-s.
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Toxicology: In 1942, a serious intoxication with more 
than  100 casualties due to  shellfish consum ption 
occurred in Japan , and also several o ther incidents since 
then (N akazim a, 1965a-c). The causative organism was 
first identified as Prorocentrum  sp., and subsequently as 
Exuviaella mariae-lebouriae (N akazim a, 1968). A 
substance nam ed venerupin was extracted from  the shell
fish, and  when adm inistered to  mice the same patho lo
gical picture was observed as in hum ans (N akazim a, 
1965a-c). It is questionable, however, w hether Prorocen
trum  was responsible for this incident. Okaichi and 
Im atom i (1979) isolated three different toxic fractions 
from  a culture identified as P. minimum  var. mariae
lebouriae. The chemical structure o f  these com pounds 
rem ains to  be elucidated. In European waters, P. 
miminum  has on a few occasions been associated with 
shellfish poisoning (Tangen, 1983; Silva, 1985) and a 
recent study has shown tha t senescent cultures o f 
P. minimum  can produce toxins (Grzebyk et al., 1997).

P ro ro cen tru m  m ica n s  E h re n b e rg , 1834
F ig . 1 lm - q

Description: Cells are oblique drop-shaped, rounded 
anteriorly , tapering  posteriorly, 35-70 pm long, 
20-50 pm wide, length:w idth ratio  usually less than 2, 
strongly flattened, w ith a well-developed apical spine. 
The thecal plates are no t covered w ith spines, but pene
trated  by valve pores m ostly organized in short rows 
near and  m ore or less perpendicular to  the edge o f the 
valve. C hloroplasts present.

Taxonomic remarks: Prorocentrum micans varies consid
erably and m ay be confused w ith closely related species, 
e.g.. P. gracile and P. triestinum. Prorocentrum gracile 
(Fig. 11 r) has a very strong apical spine and a 
length:w idth ratio  usually larger than  2; P. triestinum  
(Fig. l i s )  is sm aller than  the o ther species and has only 
few scattered valve pores, see also D odge (1975, 1982).

Ecology and distribution: Prorocentrum micans is a well- 
know n “ red tide” species in m any parts o f the world 
(see T aylor and  Seliger, 1979; A nderson et al., 1985; 
G ranéli et al., 1990, inter alios). D espite its ability to 
form  extensive bloom s, P. micans is usually considered 
harm less. It m ay excrete substances tha t inhibit diatom  
grow th (U chida, 1977), but apparently  these substances 
do no t enter the food chain or affect organism s at 
higher trophic  levels.

Toxicology: There are only a few reports on P. micans 
having caused problem s (Pinto and Silva, 1956; 
Shum w ay, 1990), and  claims for toxicity o f this species 
need confirm ation. Early reports on P. micans being a 
PSP (paralytic shellfish poison) producer as deduced

from  the pathogeny o f the intoxication (Pinto and  Silva, 
1956) are unconfirm ed, and recent incidents involving 
shellfish m ortality  are a ttribu ted  to oxygen depletion 
(Lassus and Berthom e, 1988).

Acknowledgements
M A F thanks her colleagues D r D onald  R. Tindall, 
Southern Illinois University, C arbondale , and D r M alte 
E lbrächter, Biologische A nstalt H elgoland L ito ralsta
tion List/Sylt for their critical review o f the m anuscript. 
M A F was supported  by grants from  the C aribbean 
C oral R eef Ecosystem Program  (C C RE) at the Sm ithso
nian Institu tion  and the Exxon C orporation . JL  was 
supported by the D anish N ational Agency for E nviron
m ental Protection (M arine Research Program m e-90). 
This paper is contribution  no. 329 from  the C C R E  
program m e.

References
Abé, T. H. 1967. The armoured dinoflagellata: II. Prorocen

tridae and Dinophysidae. Publ. Seto Mar. Biol. Lab., 14: 
369-389.

Adachi, R., and Fukuyo, Y. 1979. The thecal structure of a 
marine toxic dinoflagellate Gambierdiscus toxicus gen. et sp. 
nov. collected in a ciguatera endemic area. Bull. Jap. Soc. 
Sei. Fish., 45: 67-71.

Aikman, K. E„ Tindall, D. R„ and Bomber, J. W. 1990. 
Changes in physiology and potency of the toxic dinoflagel
late Prorocentrum concavum during one complete growth 
cycle. J. Phycol., 26: 5 (Abstract).

Aikman, K. E., Tindall, D. R„ and M orton, S. L. 1993. 
Physiology and potency of the dinoflagellate Prorocentrum 
hoffmannianum Faust during one complete growth cycle. In 
Phytoplankton blooms in the sea, pp. 463-468. Ed. by T. J. 
Smayda and Y. Shimizu. Elsevier, Amsterdam.

Anderson, D. M., and Lobel, P. S. 1987. The continuing 
enigma of ciguatera. Biol. Bull., Mar. Biol. Lab., Woods 
Hole, 172: 89-107.

Anderson, D. M., White. A. W., and Baden, D. G. (eds.).
1985. Toxic dinoflagellates. Elsevier, New York. 561 pp. 

Baden, D. G„ Mende, T. M„ and Brand, L. E. 1985. Cross
reactivity in immunoassays directed against toxins isolated 
from Ptychodiscus brevis. In Toxic dinoflagellates, pp. 
363-368. Ed. by D. M. Anderson, A. W. White, and D. G. 
Baden. Elsevier, New York.

Banner, A. H. 1976. Ciguatera: a disease from coral reef fish. 
In Biology and geology of coral reefs, pp. 177-213. Ed. by
D. A. Jones and R. Endean. Academic Press, New York. 

Bergh, R. S. 1881. Der Organismus der Cilicoflagellaten. Eine 
Phylogenetische Studie, pp. 177-288, Plates XII-XVI. 
Leipzig.

Berland, B., and Grzebyk, D. 1991. Prorocentrum minimum 
(Dinophycées). In Le phytoplancton nuisible des côtes de 
France, pp. 101-113. Ed. by A. Sournia, C. Belin, B. 
Berland. E. Erard-Le Denn, P. Gentien, D. Grzebyk, C. 
Marcaillou-Le Baut, P. Lassus, and F. Partensky. Institut 
francais de recherche pour l'exploitation de la mer, Brest. 

Bhaud, Y., Soyer-Gobillard, M., and Salmon, J. M. 1988. 
Transmission of gametic dinoflagellate Prorocentrum micans 
Ehr. J. Cell Biol.f89: 197-206.

20



Biecheler, B. 1952. Recherches sur les Péridiniens. Bull. biol. 
Fr. Belg., Suppl., 36: 1 149.

Böhm, A. 1936. Dinoflagellates of coastal waters o f the western 
Pacific. Bull. Bernice Pauaki Bishop Museum, 137: 1-54.

Bomber, J. W., and Aikman, K. E. 1991. The ciguatera 
dinoflagellates. Biol. Oceanogr., 6: 351-371.

Bomber, J. W., Rubio, M. G., and Norris, D. R. 1989. 
Epiphytism of dinoflagellates associated with ciguatera: 
substrate specificity and nutrition. Phycologia, 28: 360-368.

Bomber, J. W.. M orton, S. L., Bainchak, J. A., Norris, D. R.. 
and M orton, J. G. 1988. Epiphytic dinoflagellates o f drift 
algae -  another toxigenic community in the ciguatera food 
chain. Bull. M ar. Sei., 43: 204-214.

Bomber, J. W.. Norris, D. R., and Mitchell, L. F.. 1985. 
Benthic dinoflagellates associated with ciguatera from the 
Florida Keys. II. Temporal, spatial and substrate hetero
geneity o f Prorocentrum lima. In Toxic dinoflagellates, pp. 
45-50. Ed. by D. M. Anderson, A. W. White, and D. G. 
Baden. Elsevier, New York.

Braarud, T. 1951. Salinity as an ecological factor in marine 
phytoplankton. Physiol. Plant., 4: 28-34.

Braarud. T., Markali, J., and Nordli. E. 1958: A note on the 
thecal structure o f Exuviaella baltica Lohm. Nytt Mag. Bot., 
6: 43-47.

Braarud. T., and Rossavik, E. 1951. Observations on the 
marine dinoflagellate Prorocentrum micans Ehrenb. in 
culture. Skr. Norske videnskapsakademi i Oslo. Mat.-nat. 
vetensk. klasse, 1:1 18.

Breemen, P. J. 1905. Plankton van Nordzee en Zuiderzee. 
Tijdschr. Nederl. Dierk. Ver. Leiden, ser. 2, deel IX: 1 180.

Bursa, A. 1959. The genus Prorocentrum Ehr. Morpho- 
dynamics, protoplasmatic structures, and taxonomy. Can. J. 
Bot., 37: 1-31.

Biitschli, O. 1885. Dinoflagellata. In Klassen und Ordnungen 
des Thier-Reichs, wissenschaftlich dargestelt in Wort und 
Bild, pp. 906-1029. Ed. by H. G. Bronn. Erster Band. 
Protozoa. Abteilung II, Ordnung III. Leipzig.

Carlson, R. D. 1984. Distribution, periodicity and culture of 
benthic/cpiphytic dinoflagellates in a ciguatcric endemic 
region of the Caribbean. Ph.D. thesis. Southern Illinois 
University, Carbondale, Illinois, USA. 308 pp.

Carlson, R. D., Morey-Gaines, G., Tindall, D. R., and Dickey, 
R. W. 1984. Ecology of toxic dinoflagellates from the Carib
bean Sea. Effects o f macroalgal extracts on growth in 
culture. In Seafood toxins, pp. 271-287. Ed. by E. P. Ragelis. 
ACS Symp. Ser. No. 262. American Chemical Society.

Carlson, R. D., and Tindall, D. R. 1985. Distribution and peri
odicity o f toxic dinoflagellates in the Virgin Islands. In Toxic 
dinoflagellates, pp. 171 176. Ed. by D. M. Anderson, S. W. 
White, and D. G. Baden. Elsevier, New York.

Cienkowski, L. 1881, Otchet’ o byelomorskoy ekskursii 1880 g. 
Sanktpeterburgskoe Obshchestvo Estestvoispytatelei, 12: 
130-171. (Results o f an excursion to the White Sea in the 
year 1880. Soc. Imp. Nat. St. Petersburg, 12: 130-171).

Croome. R. L., and Tyler, P. A. 1987. Prorocentrum playfairii 
and Prorocentrum foveolata , two new dinoflagellates from 
Australian freshwaters. Br. phycol. J., 22: 67 75.

Dale, B. 1983. Dinoflagellate resting cysts: “ benthic plankton." 
In Survival strategies o f the algae, pp. 69-144. Ed. by G. A. 
Fryxell. Cambridge University Press, Cambridge.

Dickey, R. W. 1984. The extraction, purification, and 
characterization o f toxins from the marine dinoflagellates 
Gambierdiscus toxicus and Prorocentrum concavum. Ph.D. 
thesis, Southern Illinois University, Carbondale. Illinois, 
USA. 125 pp.

Dickey, R. W., Bobzin, S. C., Faulkner, D. J., Bencsath, F. A., 
and Andrzijewski, D. 1990. Identification of okadaic acid 
from a Caribbean dinoflagellate, Prorocentrum concavum. 
Toxicon. 28: 371-377.

Dickey, R. W., Granade, H. R., and Bencsath, F. A. 1992. 
Improved analytical methodology for the derivatization and 
HPLC-fluorometric determination of okadaic acid in phyto
plankton and shellfish. In Toxic marine phytoplankton, pp. 
495^199. Ed. by T. Smayda. Elsevier, North Holland.

Dodge, J. D. 1975. The Prorocentrales (Dinophyceae). II. 
Revision of the taxonomy within the genus Prorocentrum. 
Bot. J. Linn. Soc., 71: 103-125.

Dodge, J. D. 1982. Marine dinoflagellates of the British Isles.
Her Majesty’s Stationery Office, London. 303 pp.

Dodge, J. D. 1985. Atlas of dinoflagellates. Farrand Press, 
London. 119 pp.

Dodge, J. D., and Bibby, B. T. 1973. The Prorocentrales 
(Dinophyceae). I. A comparative account o f fine structure in 
the genera Prorocentrum and Exuviaella. Bot. J. Linn. Soc., 
67: 175-187.

Drebes, G. 1974. Marines phytoplancton. G. Thieme Verlag, 
Stuttgart. 186 pp.

Edebo, L., Lange, S., Li, X. P., Alienmark, S., Lindgreen, K., 
and Thompson, R. 1988. Seasonal, geographic and indivi
dual variation o f okadaic acid content in cultured mussels in 
Sweden. APM1S, 96: 1036-1042.

Edler. L., Hällfors. G., and Niemi, A. 1984. A preliminary 
check-list of the phytoplankton of the Baltic Sea. Acta Bot. 
Fenn., 128: 1-26.

Ehrenberg, C. 1834. Dritter Beitrag zur Erkenntnis grosser 
Organisation in der Richtung des Kleinsten Raumes. 
Abhandl. Königl. Akad. Wissensch. Berlin, Physik. -  Math. 
Kl., 1833: 145-336.

Ehrenberg, C. 1860. Uber das Leuchten und über neue m ikro
skopische Leuchtthiere des Mittelmeeres. Monatsber. 
Königl. Preuss. Akad. Wissensch. Berlin, 1859: 727-738. 

Ehrenberg, C. 1873. Die das Funkeln und Ausblitzen des 
Mittelmeeres bewirkenden unsichtbar kleinen Lebensformen. 
Gesellsch. Naturforsch. Freunde Berlin, Festschr. Feier 
Hundertjährigen bestehens, 1-4.

Faust, M. A. 1974. Micromorphology of a small dinoflagellate 
Prorocentrum mariae-lebouriae (Parke and Ballantine) comb, 
nov. J. Phycol., 10: 315-322.

Faust, M. A. 1990a. Morphologie details o f six benthic species 
of Prorocentrum (Pyrrophyta) from a mangrove island. Twin 
Cays, Belize, including two new species. J. Phycol., 26: 
548-558.

Faust, M. A. 1990b. Cysts o f Prorocentrum marinum (D inophy
ceae) in floating detritus at Twin Cays. Belize mangrove 
habitats. In Toxic marine phytoplankton, pp. 138-143. Ed. 
by E. Granéli, B. Sundström, L. Edler, and D. M. Anderson. 
Elsevier, New York.

Faust, M. A. 1991. Morphology of ciguatera-causing Proro
centrum lima (Pyrrophyta) from widely differing sites. 
J. Phycol., 27: 642-648.

Faust, M. A. 1993a. Three new benthic Prorocentrum (Dino
phyceae) species from Twin Cays, Belize: P. maculosum sp. 
nov., P. foraminosum  sp. nov., and P. formosum  sp. nov. 
Phycologia, 32: 410-418.

Faust, M. A. 1993b. Sexuality in a toxic dinoflagellate Proro
centrum lima. In Toxic marine phytoplankton, pp. 121 126. 
Ed. by T. Smayda. Elsevier, North Holland.

Faust, M. A. 1993c. Alternate asexual reproduction of Proro
centrum lima. In Toxic marine phytoplankton, pp. 115-120. 
Ed. by T. Smayda. Elsevier, North Holland.

Faust, M. A. 1993d. Prorocentrum belizeanum. Prorocentrum 
elegans, and Prorocentrum caribbaeum, three new benthic 
species (Dinophyceae) from Carrie Bow Cay, Belize. 
J. Phycol., 29: 100-107.

Faust, M. A. 1994. Three new benthic species o f Prorocentrum 
(Dinophyceae) from Carrie Bow Cay, Belize: P. sabulosum 
sp. nov., P. sculptile sp. nov., and P. arenarium sp. nov. 
J. Phycol., 30: 755-763.

21



Faust, M. A. 1995. Benthic, toxic dinoflagellates: an overview. 
In Harmful marine algal blooms, pp. 847-854. Ed. by 
P. Lassus, G. Arzul, E. Gerard-Le Denn, P. Gentien, and
C. Marcaillou-Le Baut. Lavoisier Publishing, Paris.

Faust, M. A. 1996. Dinoflagellates in a mangrove ecosystem, 
Twin Cays, Belize. Nova Hedwigia, 112: 447^160. 

Freudenthal, A. R. 1990. Public health aspect o f ciguatera 
poisoning contracted on tropical vacations by North 
American tourists. In Toxic marine phytoplankton, pp. 
463—468. Ed. by E. Granéli, B. Sundström, L. Edler, and
D. M. Anderson. Elsevier, New York.

Fukuyo, Y. 1981. Taxonomical study on benthic dinoflagellates 
collected in coral reefs. Bull. Jap. Soc. Sei. Fish., 47: 967 978. 

Fukuyo, Y., Takano, H., Chihara, M., and M atsuoka, K. 
1990. Red tide organisms in Japan, an illustrated taxonomic 
guide. Uchida Rokakuho, Tokyo. 407 pp.

G ourret, P. 1883. Les Péridiniens du Golfe de Marseille. Ann.
Musée d’hist. nat. Marseille (Zool.), 1(8): 1-114.

Granéli, E.. Edler, L., Gedziorowska, D., and Nyman, U. 
1985. Influence o f humic and fulvic acids on Prorocentrum 
minimum  (Pav.) J. Schiller. In Toxic dinoflagellates, pp. 
201-206. Ed. by D. M. Anderson, A. W. White, and D. G. 
Baden. Elsevier. New York.

Granéli, E., Sundström, B., Edler, L., and Anderson, D. M. 
1990. Toxic marine phytoplankton. Elsevier, New York. 
554 pp.

Grzebyk. D., Denardou, A., Berland, B., and Ponchus Y. F. 
1997. Evidence o f a new toxin in the red-tide dinoflagellate 
Prorocentrum minimum. J. Plank. Res., 19: 1111-1124. 

Halstead, B. W. 1967. Poisonous and venomous marine 
animals o f the world. Vol. 11. U.S. Government Printing 
Office. 1070 pp.

Hu, T., de Freitas, A. S. W., Curtis, J. M., Oshima, Y„ Walter, 
J. A., and W right, J. L. C. 1996. Isolation and structure of 
prorocentrolide B, a fast-acting toxin from Prorocentrum 
maculosum. J. Nat. Prod., 59: 1010-1014.

Hue, T., Freitas, A. S. W., Doyle, L., Jackson, D., Marr, J., 
Nixon, E., Pleasance, S., Quilliam, M. A., Walter, J. A., and 
Wright, J. L. C. 1993. New DSP toxin derivatives isolated 
from toxic mussels and the dinoflagellates. Prorocentrum 
Urna and Prorocentrum concavum. In Toxic phytoplankton 
blooms in the sea, pp. 507-512. Ed. by T. J. Smayda and 
Y. Shimizu. Elsevier, Amsterdam.

Hulburt. E. M. 1965. Three closely allied dinoflagellates.
J. Phycol., 1: 95-96.

Juranovic, L. R., and Park, D. L. 1991. Foodhorne toxins of 
marine origin ciguatera. Rev. Environ. Contamin. Toxicol.,
117: 51-94.

Kat, M. 1979. The occurrence of Prorocentrum species and 
coincidental gastro-intestinal illness o f mussel consumers. In 
Toxic dinoflagellate blooms, pp. 215-220. Ed. by D. L.. 
Taylor and H. H. Seliger. Elsevier, North Holland.

Keller, M. D.. and Guillard, R. R. L. 1985. Factors significant 
to marine dinoflagellate culture. In Toxic dinoflagellates, pp. 
113-116. Ed. by D. M. Anderson, A. W. White, and D. G. 
Baden. Elsevier, Amsterdam.

Kimor. B.. Moigis, A. G., Dohms, V., and Stienen, C. 1985. A 
case o f mass occurrence of Prorocentrum minimum in the 
Kiel Fjord. M ar. Ecol. Progr. Ser., 27: 209-215.

Kondo, K., Seike, Y„ and Date, Y. 1990a. Red tides in the 
brackish lake Nakanoum i (II). Relationships between the 
occurrence of Prorocentrum minimum red tide and environ
mental conditions. Bull. Plankton Soc. Japan, 37: 19-34. 

Kondo, K., Seike, Y„ and Date, Y. 1990b. Red tides in the 
brackish lake Nakanoum i (III). The stimulative effects of 
organic substances in the interstitial water o f bottom sedi
ments and in the excreta from Skeletonema costatum  on the 
growth of Prorocentrum minimum. Bull. Plankton Soc. 
Japan, 37: 35-47.

Krogh, P. L., Edler, L., Granéli, E., and Nyman, V. 1985. 
Outbreak of diarrheic shellfish poisoning on the west coast 
of Sweden. In Toxic dinoflagellates, pp. 501-503. Ed. by
D. M. Anderson, A. W. White, and D. G. Baden. Elsevier, 
New York.

Kumagai, M., Yanagi, T.. M urata, M „ Yasumoto, T., Kat, 
M., Lassus, P., and Rodriquez-Vazquez, J. 1986. Okadaic 
acid as a causative toxin of diarrheic shellfish poisoning in 
Europe. Agricult. Biol. Chem., 50: 2853-2857.

Lassus, P. 1988. Plancton toxique et plancton d ’eaux rouges 
sur les côtes européennes. Institut francais de recherche pour 
l'exploitation de la mer, Brest. 97 pp.

Lassus, P., and Berthome, J. P. 1988. Status of 1987 algal 
blooms in IFREM ER. ICES CM 1988/F: 33A. Annex 111. 
pp. 5-13.

Lebour, M. V. 1925. The dinoflagellates of northern seas. 
Marine Biological Association of the U.K., Plymouth. 
250 pp.

Lee, J.-S., Igarashi, T., Fraga, S.. Dahl, E.. Hovgaard, P., and 
Yasumoto, T. 1989. Determination of diarrhetic shellfish 
toxins in various dinoflagellate species. J. Appl. Phycol.. 1: 
147-152.

Lewis, R. J., and Holmes, M. J. 1993. Origin and transfer of 
toxins involved in ciguatera. Comp. Biochem. Physiol., 
106C, 615-628.

Loeblich, III, A. R. 1976. Dinoflagellate evolution: speculation 
and evidence. J. Protozool., 23: 13-28.

Loeblich, III, A. R., Sherley, J. L., and Schmidt, R. J. 1979. 
The correct position of flagellar insertion in Prorocentrum 
and description o f Prorocentrum rhathymum  sp. nov. 
(Pyrrhophyta). J. Plankt. Res., 1: 113-120.

Malcolm, S. M. 1987. Aspects o f the biology and ultrastructure 
o f Prorocentrum species (Pyrrophyta). M.Sc. thesis, 
University of Melbourne. 122 pp.

Margalefi R. 1957. Fitoplancton de las costas de Puerto Rico. 
Investigación Pesquera, 6: 39-52.

Marr. J. C., Jackson, A. E., and McLaehlan, J. L. 1992. Occur
rence of Prorocentrum lima, a DSP toxin-producing species 
from the Atlantic coast of Canada. J. Appl. Phycol., 4: 
17-24.

McLaehlan, J. L., Boalch. G. T., and Jahn, R. 1997. 
Reinstatement of the genus Exuviaella (Dinophyceae, 
Prorocentrophycidae) and an assessment of Prorocentrum 
lima. Phycologia, 36: 38-46.

Morton, S. L. 1994. Morphological and biochemical variability 
of toxic dinoflagellates Prorocentrum Urna and members of 
the P. concavum species complex. Ph.D. dissertation. 
Southern Illinois University. Carbondale, Illinois, USA. 
169 pp.

Morton, S. L., and Bomber, J. W. 1994. Maximizing okadaic acid 
content from Prorocentrum hoffmannianum Faust. J. Appl. 
Phycol., 6: 41^14.

Morton, S. L„ Bomber, J. W., and Tindall, D. R. 1994. Envir
onmental effects on the production of okadaic acid from 
Prorocentrum hoffmannianum Faust: I. Temperature, light 
and salinity. J. Exp. Mar. Biol. Ecol., 178: 67-77.

M orton, S. L.. and Faust, M. A. 1997. Survey of toxic 
epiphytic dinoflagellates from the Belizean barrier reef 
ecosystem. J. Mar. Sei., 61: 899-906.

M orton, S. L., Moeller, P. D. R., Young, K. A., and Lanoue, 
B. 1998. Okadaic acid production from the marine dinofla
gellate Prorocentrum belizeanum Faust isolated from the 
Belizean coral reef ecosystem. Toxicon, 36: 201—206.

Morton, S. L., and Norris, D. R. 1990. Role o f temperature, 
salinity, and light on the seasonality of Prorocentrum tima 
(Ehr.) Dodge. In Toxic phytoplankton, pp. 201-205. Ed. by
E. Granéli, B. Sundström, L. Edler, and D. M. Anderson. 
Elsevier, New York.

M orton, S. L., and Tindall, D. R. 1995. Morphological and

22



biochemical variability of the toxic dinoflagellate 
Prorocentrum lima isolated from three locations at the Heron 
Island, Australia. J. Phycol., 31: 914-921.

Murakam i, Y., Oshima, Y., and Yasumoto, T. 1982. 
Identification of okadaic acid as a toxic component o f a 
marine dinoflagellate Prorocentrum ¡ima. Bull. Jap. Soc. Sei. 
Fish., 48: 69-72.

M urata, M., Shimatini, M., Sugitani, H., Oshima, Y., and 
Yasumoto, T. 1982. Isolation and structural elucidation of 
the causative toxin of the diarrhetic shellfish poisoning. Bull. 
Jap. Soc. Sei. Fish., 48: 549-552.

Nagai, H., Satake, M.. and Yasumoto, T. 1990. Antimicrobial 
activities of polyether compounds o f dinoflagellate origins. 
J. Appl. Phycol., 2: 305-308.

Nakajima. I., Oshima, Y., and Yasumoto, T. 1981. Toxicity of 
benthic dinoflagellates in Okinawa. Bull. Jap. Soc, Sei. Fish., 
47: 1029-1033.

Nakazima, M. 1965a. Studies on the source of shellfish poison 
in lake Hamana. I. Relation of the abundance of a species of 
Dinoflagellata, Prorocentrum sp. to shellfish toxicity. Bull. 
Jap. Soc. Sei. Fish., 31: 199-203.

Nakazima, M. 1965b. Studies on the source of shellfish poison 
in lake Ham ana. II. Shellfish toxicity during the “ red tide". 
Bull. Jap. Soc. Sei. Fish., 31: 204-207.

Nakazima, M. 1965c. Studies on the source of shellfish 
poison in lake Hamana. III. Poisonous effects of shellfishes 
feeding on Prorocentrum sp. Bull. Jap. Soc. Sei. Fish., 31: 
281-285.

Nakazima, M. 1968. Studies o f the source of shellfish poison in 
lake Hamana. IV. Identification and collection of the 
noxious dinoflagellate. Bull. Jap. Soc. Sei. Fish., 34: 
130-132.

Num ann. W. 1957. Natürliche und künstliche “ red waters” mit 
anschliessenden Fischsterben im Meer. Arch. Fischereiwiss., 
8: 204 -209.

Okaichi, T., and Imotomi, Y. 1979. Toxicity of Prorocentrum 
minimum var. mariae-lebouriae assumed to be a causative 
agent o f short-necked clam poisoning. In Toxic dinoflagellate 
blooms, pp. 385-388. Ed. by D. L. Taylor and H. H. Seliger. 
Elsevier. North Holland.

Paulsen, O. W. 1908. Peridiniales. In Nordisches Plankton. Ed. 
by K. Brandt and C. Apstein. M onograph 18: 1-124. 
Leipzig.

Pavillard, J. 1916. Recherche sur les Péridiniens du Golfe de 
Lion. Trav. Inst. bot. Univ. Montpellier. Series Mixte, 4: 
99-70.

Pfiester, L. A., and Anderson, D. M. 1987. Dinoflagellate 
reproduction. In The biology of the dinoflagellates, pp. 611 
648. Ed. by F. J. R. Taylor. Botanical M onographs 21. 
Blackwell. Oxford.

Pinto, J. dos Santos and Silva, E. de Sousa e. 1956. The 
toxicity of Cardium edule L. and its possible relation to the 
dinoflagellate Prorocentrum micans Ehr. Notas Est. Inst. 
Biol. M ar., 12: 1-20.

Rabbani, M. M., Atiq-Ur-Rehman. and Harms, C. E. 1990. 
Mass m ortality of fishes caused by dinoflagellate bloom in 
Gw adar Bay, Southwestern Pakistan. In Toxic marine phyto
plankton, pp. 209-214. Ed. by E. Granéli, B. Sundström, 
L. Edler, and D. M. Anderson. Elsevier, New York.

Ragelis, E. P. 1984. Seafood toxins. ACS Symposium Series No. 
262. American Chemical Society. Washington, D.C. 460 pp.

Schiller, J. 1918. Über neue Prorocentrum und Exuviaella Arten 
aus der Adria. Arch. Protistenk., 38: 250-262.

Schiller, J. 1933. Dinoflagellatae (Peridineae). In Kryptogamen 
Flora von Deutschland. Ed. by L. Rabenhorst. 10(3). I Teil. 
Akademische Verlagsgesellschaft. Leipzig. 617pp.

Shumway, S. E. 1990. A review of the effects of algal blooms 
on shellfish and aquaculture. J. World Aquacult. Soc., 21: 
65-104.

Silva, E. S. 1956. "Red water" por Exuviaella baltica Lohm. 
com simultanea mortandade de peixes ñas aguas litorais de 
Angola. Trab. Missao Biol. Mar. (Lisboa), 4: 73 84.

Silva, E. S. 1963. Les "Red waters" a la lagune d’Obidos. Ses 
causes probables et ses rapports avec la toxicité des bivalves. 
Notas Est. Inst. Biol. Mar. (Lisboa), 27: 265-275.

Silva, E. S. 1985. Ecological factors related to Prorocentrum 
minimum blooms in Obidos Lagoon (Portugal). In Toxic 
dinoflagellates, pp. 251 256. Ed. by D. M. Anderson, A. W. 
White, and D. G. Baden. Elsevier, New York.

Sournia, A. 1973. Catalogue des espèces et taxons infraspécifi- 
ques de Dinoflagellés marins actuels. Beih. Nova Hedw., 48: 
1-92.

Sournia, A. 1986. Atlas du phytoplancton marin. I. Centre 
National de la recherche scientifique, Paris. 216 pp.

Sournia, A., Belin, C., Berland, B., Erard-Le Denn, E., 
Gentien, P., Grzebyk, D., Marcaillou-Le Baut, C., Lassus, 
P., and Partensky, F. 1991. Le phytoplancton nuisible des 
côtes de France. Institut francais de recherche pour l’exploi
tation de la mer, Brest. 154 pp.

Staheli, O. B., and Cembella, A. D. 1990. Standardizing extrac
tion and analysis techniques for marine phytoplankton 
toxins. In Toxic marine phytoplankton, pp. 518-521. Ed. by
E. Granéli, B. Sundström, L. Edler, and D. M. Anderson. 
Elsevier, New York.

Steidinger, K. A. 1979. Collection, enumeration and identifica
tion of free-living marine dinoflagellates. In Toxic dinoflagel
late blooms, pp. 435—442. Ed. by D. L. Taylor and H. H. 
Seliger. Elsevier, North Holland.

Steidinger, K. A. 1983. A re-evaluation of toxic dinoflagellate 
biology and ecology. Progr. Phycol. Res., 2: 147-188.

Steidinger, K. A., and Baden, D. G. 1984. Toxic marine dino
flagellates. In Dinoflagellates. pp. 201-261. Ed. by D. L. 
Spector. Academic Press, Orlando, Florida, USA.

Steidinger, K. A., and Tangen, K. 1996. Dinoflagellates. In 
Identifying marine diatoms and dinoflagellates, pp. 387-589. 
Ed. by C. R. Tomas. Academic Press, New York.

Stein, F. 1883. Der Organismus der Flagellaten nach eigenen 
Forschungen in systematischer Reihenfolge bearbeitet, 3(2): 
1-30. Leipzig.

Stoecker, D. K., Li, A., Coats, W., Gustafson, D. E.. and 
Nannan, M. K. 1997. Mixotrophy in the dinoflagellate 
Prorocentrum minimum. Mar. Ecol. Prog. Ser., 152: 1-12.

Tachibana, K., Scheuer, P. J., Tsukitani, Y., Kikuchi, H., 
Eugen, D. V., Clardy, J., Gopichand, Y., and Smitz, J. J. 
1981. Okadaic acid, cytotoxic polyether from two marine 
sponges o f the genus Halichondria. J. Am. Chem. Soc.. 103: 
2469-2471.

Tafall, B. F. O. 1942. Notas sobre algunos Dinoflagelados 
planctónicos m arinos de Mexico, con descripción de 
nuevas especies. Anal, escuela nac. cienc. biol., 2: 435-447. 
PI. 34-36.

Tangen, K. 1980. Brunt vann i Oslofjorden i september 1979, 
forârsaket av den toksiskc Prorocentrum minimum og andre 
dinofiagcllater. Blyttia 38: 145-158.

Tangen, K. 1983. Shellfish poisoning and the occurrence of 
potentially toxic dinoflagellates in Norwegian waters. Sarsia, 
68: 1-7.

Taylor, F. J. R. 1980. On dinoflagellate evolution. Biosystems, 
13:65-108.

Taylor. D. L., and Seliger, H. H. (eds.). 1979. Toxic dinoflagel
late blooms. Elsevier, N orth Holland. 505 pp.

Tindall, D. R., Dickey, R. W., Carlson, R. D., and Morey- 
Gaines, G. 1984. Ciguatoxigenic dinoflagellates from the 
Caribbean Sea. In Seafood toxins, pp. 225 240. Ed. by E. P. 
Ragelis. ACS Symposium Series No. 262. American 
Chemical Society. Washington, D.C.

Tindall, D. R., and Miller, D. M. 1985. Purification o f maito- 
toxin from the dinoflagellate. Gambierdiscus toxicus, using

23



high pressure liquid chromatography. In Toxic dinoflagel
lates, pp. 321-326. Ed. by D. M. Anderson, A. W. White, 
and D. G. Baden. Elsevier, New York.

Tindall. D. R., and Miller, D. M. 1987. Bioassay of a fast- 
acting, low molecular weight toxin from a dinoflagellate 
Prorocentrum concavum. Conference on Natural Toxins from 
Aquatic and Marine Environments. Woods Hole, Massachu
setts, USA. (Abstract).

Tindall, D. R„ Miller, D. M„ and Bomber, J. W. 1989. Culture 
and toxicity of dinoflagellates from ciguatera endemic 
regions o f the world. Toxicon, 27: 83 (Abstract).

Torigoe, K.. M urata, M., and Yasum oto, T. 1988. Proro- 
centrolide, a toxic nitrogenous macrocycle from a marine 
dinoflagellate. Prorocentrum lima. J. Am. Cheni. Soc., 110: 
7876-7877.

UBE Industries 1988. DSP-Check. Diarrhetic Shellfish 
Poison Quick Test Kit. (Obtainable from UBE Industries 
Ltd, Diagnostic Development G roup, ARK Mori 
Building, 12-32, Akasaka 1-chrome, M inatoku, Tokyo, 
107 Japan).

Uchida. T. 1977. Excretion of a diatom inhibitory 
substance by Prorocentrum micans Ehrenberg. Jap. J. 
Ecol.. 27: 1^1.

Withers. W. 1982. Ciguatera fish poisoning. Ann. Rev. Med., 
33:97 111.

Wood, E. F. J. 1954. Dinoflagellates in the Australian region. 
Austr. J. Mar. Freshw. Res., 5: 1-351.

Wood, E. J. F. 1968. Dinoflagellates of the Caribbean Sea and 
adjacent areas. University Miami Press, Coral Gables, 
Florida, USA. 143 pp.

Yasumoto, T. 1985. Recent progress in the chemistry of dino
flagellate toxins. In Toxic dinoflagellates, pp. 259-270. Ed. 
by D. M. Anderson, A. W. White, and D. G. Baden. 
Elsevier. New York.

Yasumoto, T. 1990. Marine microorganism toxins -  an

overview. In Toxic marine phytoplankton, pp. 3-8. Ed. by
E. Granéli, B. Sundström. L. Edler, and D. M. Anderson. 
Elsevier, New York.

Yasumoto, T., Murata, M., Oshima, Y., Matsumoto, G., and 
Clardy, J. 1984a. Diarrhetic shellfish poisoning. In Seafood 
toxins, pp. 207-214. Ed. by E. Ragelis. ACS Symposium Series 
No. 262. American Chemical Society. Washington, D.C.

Yasumoto, T., Nakajima, I., Bagnis, R., and Adachi, R. 1977. 
Finding of a dinoflagellate as a likely culprit of ciguatera. 
Bull. Jap. Soc. Sei. Fish., 43: 1021-1026.

Yasumoto, T., Oshima, Y., Murakami, Y., Nakijama, I., 
Bagnis, R., and Fukuyo, Y. 1980a. Toxicity of benthic dino
flagellates found in coral reef. Bull. Japan. Soc. Sei. Fish.. 
46:327-331.

Yasumoto, T., Oshima, Y., Sugawara, W., Fukuyo, Y., Oguri, 
H., Igarashi, T., and Fujita. N. 1980b. Identification of Dino
physis fortii as the causative organism of diarrhetic shellfish 
poisoning. Bull. Jap. Soc. Sei. Fish., 46: 1405-1411.

Yasumoto, T., Seino, N., Murakami, Y., and M urata, M. 
1987. Toxins produced by benthic dinoflagellates. Biol. Bull. 
Mar. Biol. Lab., Woods Hole, 172: 128-131.

Yasumoto, T., Uday, R., and Bagnis, R. 1984b. Seafood 
poisonings in tropical regions. Laboratory o f Food Hygiene, 
Faculty of Agriculture, Tohoku University. 74 pp.

Zhou, J., and Fritz, L. 1993. Ultrastructure of two toxic 
marine dinoflagellates: Prorocentrum lima and Prorocentrum 
maculosum. Phycologia, 32: 444^150.

Zhou, J., and Fritz, L. 1994. Okadaic acid antibody localizes to 
chloroplasts in the DSP-toxin-producing dinoflagellates 
Prorocentrum tima and Prorocentrum maculosum. Phyco
logia, 33: 455-461.

Zotter, J. 1979. Exuviaella baltica', a bloom organism of the 
Galveston Bay System. In Toxic dinoflagellate blooms, pp. 
195-198. Ed. by D. L. Taylor and H. H. Seliger. Elsevier, 
N orth Holland.

24


