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Five epiphytic Prorocentrum species have been identiﬁed after the examination of macrophyte, water
column and sediment samples collected from 50 sites along North Aegean coastline (Greece) the period
from August 2003 to December 2005. Two of the identiﬁed Prorocentrum species, P. borbonicum and P.
levis, constitute new records for the Mediterranean Sea. Numerous specimens ﬁtted the general
description of P. lima exhibiting, however, great variability in several morphological characters, such as
cell shape, length and width, number and shape of valve and marginal pores, making this species
identiﬁcation difﬁcult and raising issues regarding its morphological identity. For this reason, all these
identiﬁed morphotypes, are referred to as ‘‘P. lima complex’’. Representatives of ‘‘P. lima complex’’ were
the most abundant (up to 133,000 cells g1 fresh weight of macrophyte (fwm) on Cymodocea nodosa)
among Prorocentrum species, followed by P. rhathymum (11,000 cells g1 fwm on C. nodosa). P.
borbonicum was detected sporadically, while P. levis, P. rhathymum and P. emarginatum showed
maximum cell densities in summer and autumn. ‘‘P. lima complex’’ representatives exhibited peak
abundances at the end of November and/or December, while they were found in relatively high densities
during summer and autumn. The temporal distribution of Prorocentrum species, combined with speciﬁc
trends in substrate preference, may imply possible succession patterns and niche separation between
potentially toxic dinoﬂagellates in epiphytic assemblages. Toxicological properties of Prorocentrum
species were examined by means of protein phosphatase 2A inhibition assay and/or Artemia bioassay.
Results concerning toxicity of Prorocentrum species constitute new information for the Mediterranean
Sea, pointing out their potential role as diarrhetic shellﬁsh poisoning (DSP) toxins producers.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Marine epiphytic dinoﬂagellate communities are of increasing
interest, as most of their representatives are potential toxin
producers (Nakajima et al., 1981). Epiphytic Prorocentrum species,
which are mainly associated with okadaic acid (OA) and analogues
production (Murakami et al., 1982; Koike et al., 1998; Holmes et al.,
2001; Foden et al., 2005; Nascimento et al., 2005; Paz et al., 2007),
often constitute a signiﬁcant part of these communities (Carlson
and Tindall, 1985).
In contrast to other dinoﬂagellates found in benthic and/or
epiphytic assemblages, such as Gambierdiscus and Ostreopsis species,
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which are conﬁned in tropical, subtropical and temperate waters
(Faust, 1999; Vila et al., 2001b; Penna et al., 2005; Aligizaki and
Nikolaidis, 2006b, 2008; Monti et al., 2007; Richlen et al., 2008),
Prorocentrum species, seem to be cosmopolitan. P. lima was initially
described (Ehrenberg, 1860) from the Mediterranean Sea (Gulf of
Sorrento, Italy) and has also been recorded in various areas, such as
Nova Scotia, Canada (McLachlan et al., 1994; Lawrence et al., 2000;
Levasseur et al., 2003), Fleet Lagoon, UK (Foden et al., 2005;
Nascimento et al., 2005), Gulf of Maine, USA (Maranda et al., 2000),
while other benthic Prorocentrum species have also been found in
similar latitudes, such as P. clipeus in North Sea (Hoppenrath, 2000)
and P. fukuyoi in Japan (Murray et al., 2007). However, it should be
noted that the majority of benthic Prorocentrum species have been
described from tropical and subtropical waters of the Caribbean
Sea, Paciﬁc and Indian Oceans (Fukuyo, 1981; Faust, 1991, 1993b,d,
1994; Morton, 1998; Ten-Hage et al., 2000).
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The morphological identiﬁcation of benthic Prorocentrum
species constitutes a difﬁcult task, since it requires scanning and,
in some cases, transmission electron microscopy for detailed
examination of the valves and the cell ultrastructure (Faust,
1990, 1993b,d; Zhou and Fritz, 1993; Mohammad-Noor et al.,
2007a,b). The number, shape and arrangement of valve and
marginal pores on the thecal valves, the type of the intercalary
band, the valve surface, the number and arrangement of the
periﬂagellar apical platelets, the presence or not of apical
protrusions are some characters examined in detail with electron
microscopy (Dodge, 1975; Faust et al., 1999). The presence of
pyrenoid(s) and furthermore the pyrenoid type (internal or
terminal, with or without starch sheath) have been proposed as a
useful taxonomic character (Schnepf and Elbrächter, 1999).
Nonetheless, simple morphometric features, such as cell size and
shape, are always taken into account. The difﬁculty in ﬁnding the
accurate and stable morphological characters for species
identiﬁcation and description may in some cases result in
inconsistencies, as in the case of P. lima. The aforementioned
situation raised the need for the reinvestigation of the identity of
P. lima based on Ehrenberg’s original material (Jahn et al., 2004)
and the redescription of ‘‘Cryptomonas lima’’, the basionym of P.
lima, in material collected from the type locality of the species
(Nagahama and Fukuyo, 2005).
P. lima has been frequently found in Mediterranean waters,
while its records together with the detection of other epiphytic
Prorocentrum species have been increasing during the last decade
(Vila et al., 2001a,b; Simoni et al., 2004; Turki, 2005; Aligizaki and
Nikolaidis, 2006b,a; Ingarao et al., 2007). On the contrary,
information regarding toxicity of epiphytic Prorocentrum species
in the Mediterranean Sea is limited; so far, only a few strains of P.
lima from this region have been toxicologically examined (Barbier
et al., 1999).
This study aims to investigate the distribution of benthic and/or
epiphytic Prorocentrum species in the North Aegean Sea (Greece)
pointing out the arisen taxonomical inconsistencies and also to
provide a ﬁrst approach on their toxicological properties.

2. Materials and methods
2.1. Study area, sampling and analysis
A survey at 50 sites along North Aegean continental and island
coastlines (Fig. 1) was conducted the period from August 2003 to
December 2005. From the 50 sampling sites, six (s10, s19, s26, s47,
s48 and s50) were sampled at least on a monthly basis; sampling
was initiated in August 2003 only for the sites s26 and s47, while
for s10, s19, s48 and s50 in May/June 2004. The remaining 44 sites
were sampled at least once or twice the period August–September
in both 2004 and 2005.
Macrophyte samples (15–50 g fresh weight) were handcollected from depths between 0.5 and 1.5 m; afterwards, they
were placed in plastic bottles with ﬁltered seawater and kept in the
dark in ambient temperature until transfer to the laboratory.
Additionally, water column and sediment (when available) samples
were collected from each sampling site and sea surface water
temperature and salinity were measured in situ using a salinometer
equipped with a thermometer (LF 197, WTW Germany).
Macrophyte and sediment samples were vigorously shaken for
approximately 1 min in order to detach the epiphytic cells. The
material was then passed through 250 and 100 mm mesh sieves to
remove large particles, and was ﬁnally ﬁxed with Lugol’s solution.
Macrophyte samples were weighed in order to determine their
fresh weight, while sediment was dried and then weighed.
Samples were examined for the presence of epiphytic dinoﬂagellates, which were then counted in an inverted microscope
according to Utermöhl’s sedimentation method (Utermöhl, 1958).
Epiphytic/benthic abundance of dinoﬂagellates was expressed in
cells g1 fresh weight of macrophyte (fwm) or cells g1 dry weight
of sediment (dws) and in cells l1 in the case of water samples.
2.2. Isolation and clonal cultures
Cells were obtained mainly from epiphytic microﬂora on
different macrophytes at several locations along North Aegean

Fig. 1. Maps showing location of sampling sites.
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coasts and were isolated by micropipetting. Single cells were
isolated, cleaned by sequential transfers through a small quantity
of medium and, ﬁnally, each cell was placed in a 5 ml Petri dish
containing 4 ml of sterile medium. Clonal cultures of Prorocentrum
species were maintained in F/2 medium (Guillard, 1975) and
grown at a temperature of 19  1 8C and a photoperiod of 14:10 h
light:dark. Illumination was set at about 70 mmol m2 s1.
2.3. Species identiﬁcation
Species identiﬁcation was based on light and electron microscopy of preserved ﬁeld material and cells from the established
clonal cultures. Some morphometric features were observed under
epiﬂuorescence microscopy (Fritz and Triemer, 1985) using
ﬂuorescent brightener 28 (Sigma–Aldrich Chemie GmbH, Steinheim, Germany), while for detailed observations scanning electron
microscopy (SEM) was employed. For SEM preparation, samples
were ﬁltered on either isopore polycarbonate membrane ﬁlters
(diameter 25 mm, pore size 0.2 mm, Millipore) or GF/F glass
microﬁbre ﬁlters (diameter 47 mm, pore size 0.7 mm, Whatman),
washed with distilled water, dehydrated through a graded ethanol
series [ethanol concentrations 30%, 50%, 70%, 90%, 95% (twice) and
100% (twice) for 10 min each], critical point dried with CO2 (Critical
Point Dryer, Balzers CPD 030), ﬁlter-mounted to a stub (Standard
JEOL stubs made of Cu and Zn, 32 mm) and coated with gold;
samples were observed under a JEOL JSN 6400 and/or a Zeiss DSM
940A.
2.4. Toxicity analyses
2.4.1. Toxin extraction
Cells were harvested at the end of the exponential growth
phase, between the 22nd and 24th day after inoculation, on GF–F
ﬁlters. Filters containing the cells were suspended in 80% aqueous
methanol (MeOH), homogenized (Ultra-turrax, IKA, Germany) and
sonicated (Sonics, Vibra Cell). After centrifugation (3200 rpm,
10 min), the volume of the collected supernatants was adjusted to
10 ml each (sample A) and these samples were used for further
analyses.
2.4.2. Protein phosphatase type 2A inhibition assay (PP2AIA)
A commercial kit (Toxline DSP, ZEU IMMUNOTEC, Zaragoza,
Spain) based on the protein phosphatase type 2A inhibition assay
(PP2AIA) was utilised for the detection of total OA and its
analogues (DTX1, DTX2, DTX2B and their ester forms-DTX3), as the
sample extraction procedure also includes an alcaline hydrolysis
step for the determination of OA and DTX esteriﬁed forms. PP2AIA
is a widely recognised method for the detection of OA and its
analogues (Tubaro et al., 1996; Vieytes et al., 1997) and has been
often utilised for the toxicity investigation of both Prorocentrum
and Dinophysis cells (Barbier et al., 1999; Bouaı̈cha et al., 2001;
Escofﬁer et al., 2007).
Sample preparation was conducted according to the manufacturer’s instructions. Brieﬂy, in an aliquot of 800 ml of sample A,
100 ml 2.5 M NaOH were added and incubation at 76  2 8C for
40 min followed. After incubation, samples were left in room
temperature and 80 ml 2.5 M HCl and 17 ml of the buffer solution
included in the kit were added. pH was adjusted at 7.0  0.2 and the
volume was adjusted to 20 ml with buffer solution (sample B).
The assay was conducted in 96-well standard opaque plates.
50 ml from each sample B or standard OA solutions were placed in
each well in triplicate and immediately 70 ml PP2A solution were
added. The plate was covered, gently shaken and incubated at
37  2 8C for 20 min. After incubation, 80 ml of ﬂuorescent substrate
(6,8-diﬂuoro-4-methylumbelliferyl phosphate, DiFMUP) were added
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in each well, the plate was covered again, gently shaken and a second
incubation at 37  2 8C for 30 min followed. In the end, the plate was
read in a ﬂuorescent spectrophotometer (Spectra Max Gemini XPS
microplate reader, Molecular Devices); measurements were conducted at 358 nm (excitation) and 455 nm (emission).
2.4.3. Artemia bioassay
Prorocentrum cells from cultures were tested for toxicity to the
brine shrimp Artemia (parthenogenetic clone from M. Embolon,
Thessaloniki, Greece) (Baxevanis and Abatzopoulos, 2004).
Dry Artemia cysts were weighed (0.072 g) and hydrated for
120 min at 35 psu hatching medium prepared by diluting ﬁltered
brine of 240 psu collected at the nearby saltworks of M. Embolon
(Thessaloniki, Greece). Final volume was adjusted to 45 ml by
adding hatching medium. The temperature was 25  1 8C, pH was
adjusted to 8.75  0.1, light intensity was set to 27 mmol m2 s1 and
mild aeration was provided throughout the hatching period. When
Artemia nauplii reached 72 h, they were collected and put in 5 ml Petri
dishes. At that time, Artemia nauplii from M. Embolon reached instarIII stage (digestive tract was opened) and they were capable of
feeding. Hatching percentage after 72 h was more than 70% (data not
shown).
One thousand cells from each Prorocentrum strain examined
were added to each Petri dish, which contained 10  2 nauplii in
2 ml of ﬁltered seawater (six or nine replicates and three control were
used for each strain experiment). Artemia nauplii in controls were not
fed. After 24 h, the number of dead nauplii was counted, while
observations during the 24 h of the experiment were made. Nauplii
were considered dead only when no movement of appendages for 5 s
was observed. The toxicity result is expressed as % of dead nauplii
found in 24 h.
3. Results
3.1. Prorocentrum borbonicum Ten-Hage et al. (2000)
3.1.1. Morphology and toxicity
P. borbonicum is a photosynthetic species with golden-brown
chloroplasts; a more or less centrally located pyrenoid was
observed in valve view and a posteriorly situated nucleus was
present (Fig. 2A). Cells were broadly ovate (Fig. 2A) and their size
ranged from 19.04 to 23.80 mm and 14.28–20.23 mm in length (l)
and width (w), respectively, while the l=w ratio was found at
1.29  0.06 (n = 30). The surface of both valves was covered with
round (diameter 0.4 mm) depressions (Fig. 2B–D); valve pores were
found inside and between the depressions (Fig. 2D). The periﬂagellar
area (Fig. 2D) was located in a shallow depression on the right valve
and seemed to be composed of eight plates. The intercalary band
usually looked smooth or slightly horizontally striated (Fig. 2E). In
cultures, the cells were attached to the ﬂask walls and usually formed
aggregations which increased as the cultures became old (Fig. 2F).
P. borbonicum isolated from Greek coastal waters was lethal to
the brine shrimp Artemia (Fig. 2G) at a percentage 60.4  6.41%,
while no OA and analogues were detectable with the PP2AIA
(Table 1).
3.1.2. Distribution patterns
P. borbonicum was detected in 11 sampling sites (22% of total
sites, Table 2) during the months August and September 2004 and
2005, when sea surface water temperature ranged between 24.9
and 27.0 8C and salinity from 32.3 to 35.5 psu. It was found
epiphytically and in sediment at abundance levels up to
942 cells g1 fwm (on P. pavonica, s35, August 2005) and
3 cells g1 dws (sand, s34, August 2004), respectively, while it
was not detected in water column samples (Table 2). It should be
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Fig. 2. Prorocentrum borbonicum in LM (A and G) and SEM (B–F). (A) Cell showing a pyrenoid (p) and the nucleus (n). (B) Right and (C) left valves showing the scrobiculate valve
surface. (D) Periﬂagellar area and the pores (arrows) inside depressions in apical view. (E) Horizontally striated (arrows) intercalary band. (F) Aggregated cells in culture. (G)
Cells inside the digestive tract of Artemia.

noted that in three sites (s10, s19 and s42) it was found only in
the sediment sample (Table 2). Its maximum abundance
(2,063 cells g1 fwm), however, was recorded in algal material
scraped from rocks (s7, August 2005).
3.2. Prorocentrum emarginatum Fukuyo (1981)
3.2.1. Morphology and toxicity
P. emarginatum is a photosynthetic species with golden-brown
chloroplasts and a posteriorly located nucleus (Fig. 3A). Pyrenoids
Table 1
Toxicity of Prorocentrum species as evaluated by the Artemia bioassay and the PP2A
inhibition assay (n = 3)
Species

Strain

Artemia
bioassay

PP2A inhibition assay
 presence of OAa

Cells number

b

(<0.13)
(<0.06)

308,044
622,658

P. borbonicum

KC44

+

P. emarginatum
P. emarginatum
P. levis

KC1
KC63
KC3


n.d.
n.d.

(<0.26)
(<0.24)
(<0.24)
(<0.16)

152,660
165,700
170,377
246,800

P. lima complex

KC2

+

+(>0.50)
+(>0.62)
+(>1.04)

2,432,314
968,396
1,165,746

KC45

n.d.

+(>6.79)
+(>7.97)

88,933
454,658

KC60

n.d.

KC6

+

+(>0.66)
+(>10.23)
+(>0.57)

KC23

n.d.

<0.17)
(<0.08)

235,002
505,065

KC48

+

(<0.08)
(<0.06)

525,620
703,688

P. rhathymum

913,077
212,394
1,274,210

a
Estimated OA equivalents (pg cell1) according to the quantiﬁcation limits of
the PP2AIA method divided by number of cells examined.
b
(+) lethal to Artemia; () not lethal to Artemia; n.d.: not determined.

were found only in some cells in culture (Fig. 3A), while they were
not ovious in ﬁeld specimens in light microscope (LM) (Fig. 3B). P.
emarginatum cells were round to slightly ovoid (l=w ¼ 1:05  0:06,
n = 30), 31.4–33.3 mm long and 25.5–30.4 mm wide (Fig. 3A–C).
The valve surface was smooth (Fig. 3C and D) with small (d = 0.06–
0.09 mm) and large (d = 0.18–0.24 mm) pores (Fig. 3D) radially
arranged from the valve periphery towards the centre of the
cell, which is devoid of pores (Fig. 3E). The anterior margin of
the right valve was deeply excavated forming a V-shaped
periﬂagellar area, which was characterized by a prominent
rectangular ﬂagellar structure (approximately 6.7 mm long)
(Fig. 3F). The intercalary band was smooth and transversally
striated (Fig. 3D).
Cells in culture divided and remained for some time inside an
‘‘hyaline division cyst’’ (Fig. 3A); up to eight cells were observed
inside the division cyst.
P. emarginatum was not found to contain toxins both by Artemia
bioassay (100% survival of Artemia nauplii) and PP2AIA (regardless
of number of cells examined, Table 1).
3.2.2. Distribution patterns
P. emarginatum was found in the 84% of the sampling sites (42/
50, Table 2) mainly during the period July–October reaching
abundance levels up to 100 cells l1 in the water column (s45,
August 2004), 1000 cells g1 fwm (s35, September 2005) on
Corallina sp. and 5 cells g1 dws (s10, September 2004) in
sediment. Its presence was characteristically recurrent in s26
the years 2003–2005 showing maximum epiphytic abundance on
the macrophytes Cystoseira spp., Corallina sp., P. pavonica, Codium
fragile and Ulva sp. during the months August and September
(Fig. 4A). When P. emarginatum was observed in s26, the sea
surface water temperature and the salinity ranged from 16.0 to
28.0 8C and 32.3–35.4 psu, respectively.
3.3. P. levis Faust et al. (2008)
3.3.1. Morphology and toxicity
P. levis is a photosynthetic species with golden-brown
chloroplasts (Fig. 5A); cells had two pyrenoids located midway
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Table 2
Presence of Prorocentrum species in macrophytes, water column and sediment in the sampling sites
Station no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
a
b
c

P. borbonicum
a

b
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Presence on macrophytes.
In the water column.
In sediment.

and just beneath each valve (TEM, K. Aligizaki unpublished data),
while the nucleus was found near the posterior end of the cell. Cells
were broadly ovate in shape (Fig. 5A–C) ranging from 38.1 to
48.6 mm and 33.3–36.9 mm in length and width, respectively,
resulting in a l=w ratio between 1.1 and 1.3 (n = 40). The smooth
thecal surface was covered by shallow depressions having a pore
inside (Fig. 5C and D) towards the cell periphery, while ﬁne thecal
pores without depressions were found towards the center of the
cells, which was void of pores (Fig. 5C). Unevenly distributed
marginal pores were observed adjacent to the intercalary band
(Fig. 5D). The right apical area was shallow depressed, bearing
about eight platelets (Fig. 5C).
Cells in culture formed ‘‘chains’’ consisting of two up to
numerous cells, usually in a hyaline envelope (Fig. 5E and F). It is
characteristic that even in the newly established cultures, cells

were found inside aggregations forming small dark spots attached
or not to the ﬂask walls.
P. levis was not detected to possess OA and/or analogues when
examined with the PP2AIA (Table 1), while, due to its characteristic
to aggregate, it was impossible to proceed in the examination with
the Artemia bioassay.
3.3.2. Distribution patterns
P. levis was found in 35 continental and islands sites (70% of
total sites, Table 2). From the six sites sampled for temporal
distribution, it presented a continuous pattern of appearance only
in s19, while in the others (s10, s26, s47, s48 and s50) it was found
sporadically or was not detectable at all. In s19, P. levis presented
a recurrent pattern (Fig. 4B) showing peak abundances in late
June or early July of both 2004 (918 cells g1 fwm) and 2005
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Fig. 3. Prorocentrum emarginatum in LM (A, B and E) and SEM (C, D and F). (A) Nucleus (black arrows), pyrenoid (white arrow) and transparent division cyst (arrowheads) in
cells in culture. (B) Field specimen without any obvious pyrenoid. (C) Right valve showing the deep indentation and the apical rectangular structure in the periﬂagellar area.
(D) Small (black arrow) and large (white arrow) valve pores and the transversally striated (arrowheads) intercalary band. (E) Radial arrangement of valve pores in calcoﬂuorstained cell. (F) Details of the periﬂagellar area.

(710 cells g1 fwm), while in 2005 a second maximum also
occurred in September (338 cells g1 fwm) and it was also found
during winter and spring months. In this sampling site, sea surface
water temperature and salinity ranged from 16.5 to 28.0 8C and
32.2–34.8 psu, respectively, when P. levis was detected. P. levis
presented highest sediment abundance in s35 (33 cells g1 dws,
September 2005), while it was recorded in the water column only
once in s19 (40 cells l1) coinciding with the highest peak of 2005.

3.4. ‘‘P. lima (Ehrenberg) Stein (1878) species complex’’
3.4.1. Morphology and toxicity
Eighteen different strains isolated from North Aegean waters
ﬁtted within the published descriptions for P. lima (Stein, 1878;
Dodge, 1975; Fukuyo, 1981; Faust, 1991; Jahn et al., 2004;
Nagahama and Fukuyo, 2005; Nascimento et al., 2005). All cells
had golden-brown chloroplasts and a centrally located pyrenoid in

Fig. 4. Temporal epiphytic abundance (maximum values in each sampling in 103 cells g1 fwm) of (A) P. emarginatum in s26, (B) P. levis in s19, (C) ‘‘P. lima representatives’’ in
s47 and (D) P. rhathymum in s19.
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Fig. 5. P. levis in LM (A and E) and SEM (B–D and F). (A) Cell with a centrally located pyrenoid (p). (B) Left and (C) right valves. (D) Valve pores inside depressions (black arrows)
and smooth valve pore (white arrow). (E) Chain of eight cells. (F) Cells aggregation in culture.

each valve view, while the nucleus was found posteriorly (Fig. 6A–
E). These specimens, which will be assigned to as representatives of
the ‘‘P. lima species complex’’, presented a wide variability of cell
shape and size (Table 3). Cell length varied from 35.7 to 50.0 mm
and width 26.2–45.2 mm. Cell shape, as expressed from the length/
width ratio, ranged from nearly round (l=w ¼ 1:05) to oblong
(l=w ¼ 1:64) (Fig. 6A–L); the round-like forms were usually
broadest in the middle region compared to the anterior and
posterior ends, while the oblong forms were almost equal in width
along the anterior–posterior axis. The thecal surface was smooth in
all specimens with valve pores and marginal pores, evenly spaced
along the periphery of the valve; only the centre of the valves was
void of pores. However, the number, size and shape of both valve
and marginal pores varied widely between strains (Fig. 6F–L); the
valve pores (50–100 per valve) were from round (d = 0.17–
0.33 mm) to oblong or kidney-shaped (l = 0.23–0.45 mm,
w ¼ 0:470:55 mm), while the range of marginal pores number
was less wide (55–75); their shape was mostly oblong (l = 0.29–
0.55 mm, w ¼ 0:190:30 mm) and only in very few cases round
(d = 0.25–0.38 mm). The periﬂagellar area in the anterior part of
the right valve was V-shaped shallow depressed with two pores
(ﬂagellar and auxiliary) consisting of 7–9 (mostly 8) platelets,
without an apical spine but with a protruding apical collar (Fig. 6M
and N). The anterior part of the left valve was straight to slightly
curved (Fig. 6I). The intercalary band was smooth in general
(Fig. 6O).
Strains examined for toxicity, were found toxic with Artemia
bioassay (KC2: 76.8  8.49%; KC6: 76.6  7.33%; Fig. 6P and Q) and/
or with PP2AIA (KC2, KC 45, KC49) (Table 1).
3.4.2. Distribution patterns
Representatives of the ‘‘P. lima species complex’’ were the most
common epiphytic Prorocentrum species in North Aegean waters.

They were found almost in all sampling sites (49/50, Table 2)
and they were recorded in abundance levels up to
133,167 cells g1 fwm epiphytically on C. nodosa (November
2005, s47). They also reached relatively high cells densities in
the water column (11,280 cells l1, s47, end of October 2003) and
in the sediment (264 cells g1 dws, s31, August 2005). ‘‘P. lima
complex’’ representatives were detected all year round, in a wide
range of sea surface water temperature and salinity (10.0–29.5 8C
and 30.7–37.1 psu, in s47), respectively, exhibiting a temporal
pattern with peak abundances occurring repeatedly at the end of
November and/or December (temperature 11.3–20.0 8C, salinity
35.1–35.4 psu) in the years 2003–2005 (Fig. 4C).
3.5. P. rhathymum Loeblich et al. (1979)
3.5.1. Morphology and toxicity
P. rhathymum cells were photosynthetic with brownish
chloroplasts, while pyrenoids were not obvious and the nucleus
was located towards the posterior end of the cell (Fig. 7A and B).
Cells were ovoid to oblong (Fig. 7A–D), ranging from 27.4 to
33.3 mm in length and 19.0–22.6 mm in width. The wide range in
the length measurements resulted in a highly variable l=w ratio
between 1.3 and 2.1 (n = 40). The cells were also ovoid in lateral
view without difference in the distance of the two valves between
the anterior and posterior part of the cell (Fig. 7C). The thecal
surface was smooth ornamented with numerous trichocyst pores
lying in shallow depressions perpendicular to the cell periphery
(Fig. 7D–G). There were about 70 trichocyst pores on the right
valve including the seven ones that surround the periﬂagellar area
(Fig. 7G); the latter was situated in the apical excavation of the
right valve with a characteristic simple apical spine (Fig. 7E and G).
The left valve was very slightly indented in the anterior part and
had about 90 trichocysts pores (Fig. 7H). The intercalary band was
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Fig. 6. ‘‘Prorocentrum lima complex’’ in LM (A–H, P and Q) and SEM (I–O). Cells in ﬁgures (A–E) and (I–L) are in shape order from roundish to oblong morphotypes. (A) Strains
KC45, (B) KC60, (C) KC4, (D) KC7 and (E) KC 52 showing pyrenoids (p) and nuclei (n). (F) Strains KC9 and (G and H) KC4 empty valves showing different size/shape of valve
pores. (I) Strains KC45 and (J) KC60 showing round valve pores (arrows) and protruding apical structure (arrowheads) in these two round morphotypes. (K) Strain KC2 and (L)
KC6 showing oblong (white arrows) to kidney-shaped (black arrows) valve pores in these oblong morphotypes. (M) Strains KC49 and (N) KC2 showing the protruding apical
structure (arrowheads) and the round (white arrows) and kidney-shaped (black arrows) valve pores of a round and an oblong morphotype, respectively. (O) Smooth
intercalary band (arrow) of strain KC2. (P and Q) Whole cells and empty theca of P. lima (KC2 and KC6, respectively) inside Artemia digestive tract.

wide and horizontally striated without pores (Fig. 7F), while its
width varied in cultured cells depending on their age. No marginal
pores were observed.
P. rhathymum was found lethal for Artemia nauplii (68.2  8.9%),
while OA and/or analogues were not detectable (based on the
PP2AIA).

3.5.2. Distribution patterns
P. rhathymum was the second most common and abundant
epiphytic Prorocentrum species, after ‘‘P. lima complex’’ representatives, along N. Aegean coastal waters. It was detected in 44 sites (88%
of the sampling sites, Table 2) and it presented a clear seasonal
pattern (Fig. 4D) in the four of the six sites sampled for examining the
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Table 3
Morphometric characteristics of ‘‘P. lima complex’’ representatives (from round to oblong morphotypes as expressed from the l=w ratio)
Strain

Length (mm)

Width (mm)

l=w ratio minimum–maximum (average)

Valve pores number

Marginal pores number

KC45
KC49
KC60
KC8
KC46
KC4
KC6
KC50
KC52
KC53
KC59
KC7
KC51
KC2
KC5
KC9
KH10

42.84–47.60
40.46–44.03
36.89–45.22
38.08–45.22
40.46–45.22
36.89–42.84
36.89–42.84
35.70–42.84
35.70–40.46
38.08–42.84
35.70–39.27
38.08–45.22
38.08–41.65
40.00–43.75
41.65–47.60
38.08–42.84
41.25–50.00

35.70–45.22
35.70–41.65
33.32–38.08
33.32–38.08
33.32–39.27
29.75–34.51
28.56–33.32
27.37–33.32
27.37–30.94
28.56–30.94
26.18–29.75
28.56–33.32
28.56–30.94
28.75–31.25
27.37–34.51
26.18–29.75
27.50–32.50

1.05–1.20
1.06–1.20
1.06–1.27
1.07–1.27
1.09–1.27
1.14–1.36
1.19–1.38
1.23–1.42
1.25–1.39
1.23–1.46
1.29–1.41
1.28–1.44
1.31–1.46
1.33–1.48
1.36–1.58
1.42–1.64
1.41–1.64

75–100
78–98
73–92
n.d.a
n.d.
50–65
50–56
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
56–58
n.d.
n.d.
70–79

67–75
63–73
58–65
n.d.
n.d.
70–80
46–56
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
50–56
n.d.
n.d.
60–62

a

(1.13)
(1.13)
(1.15)
(1.16)
(1.19)
(1.25)
(1.27)
(1.31)
(1.32)
(1.33)
(1.34)
(1.37)
(1.38)
(1.40)
(1.43)
(1.47)
(1.53)

n.d.: not determined.

Fig. 7. Prorocentrum rhathymum in LM (A and B) and SEM (C–H). (A and B) Different cell shapes showing the nucleus (n) and a ﬂagellum (f). (C) Lateral view of the cell. (D) Left
valve. (E) Right valve view showing the apical spine (black arrow), the seven pores along the periﬂagellar area (white arrows) and the perpendicular arranged valve pores
(arrowheads). (F) Trichocyst pores with an emerging trichocyst. (G) The horizontally striated (white arrows) intercalary band and left valve pores (black arrows). (H) Close
view of the periﬂagellar area.

temporal pattern; it was found recurrently during the period from
the end of July till mid November. Maximum epiphytic abundance of
P. rhathymum found on C. nodosa (10,922 cells g1 fwm, s19, August
2005) coincided with the highest cell densities in the sediment and
water column at this site (116 cells g1 dws and 400 cells l1,
respectively); maximum water column abundance (1280 cells l1)
was recorded in s26 the same period corresponding to
607 cells g1 fwm on P. pavonica. In s19, sea surface water
temperature and salinity ranged from 12.5 to 28.0 8C and 32.2–
34.8, respectively, the period when P. rhathymum was found.
4. Discussion
4.1. Remarks on morphology
4.1.1. P. borbonicum
P. borbonicum has been found previously only in La Réunion
Island and Zanzibar, SW Indian Ocean (Ten-Hage et al., 2000;

Hansen et al., 2001). P. borbonicum in Greek coastal waters, which
is a new addition in the Mediterranean microalgal ﬂora (Aligizaki
and Nikolaidis, 2006a), ﬁts in the original description (Ten-Hage
et al., 2000), with the only difference that we observed a
horizontally striated intercalary band, while Ten-Hage et al.
(2000) mentioned a smooth outer and a striated inner surface of
the intercalary band.
4.1.2. P. emarginatum
P. emarginatum shares two basic characteristics, the deep Vshaped indentation of the periﬂagellar area and the possession of a
spine, with only two other benthic Prorocentrum species, P. sculptile
(Faust, 1994) and the recently described P. fukuyoi (Murray et al.,
2007). However, P. emarginatum differs from P. sculptile as the
latter has a rugose valve surface in contrast to the smooth surface
of P. emarginatum. Moreover, P. sculptile possesses a pyrenoid,
while the descriptions of P. emarginatum (Faust, 1994; Murray
et al., 2007) exclude the presence of a pyrenoid, with the exception
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of that of Mohammad-Noor et al. (2007a), in which a centrally
located pyrenoid is shown. In our material, both cells with obvious
and undetectable pyrenoids were observed pointing out the
unsuitability of this characteristic in the taxonomic differentiation
of these species. On the other hand, P. fukuyoi differs from P.
emarginatum in having a narrower valve shape, a deeper
indentation in the apical end of the right valve, a less pronounced
pattern of radially pore arrangement and also because of the
presence of two curved protrusions in the apical area (Murray
et al., 2007), evidently seen only in high magniﬁcations with
electron microscopy. The two species share numerous morphological synapomorphies (Murray et al., 2007) and also the division
inside a transparent cyst, a characteristic which was also observed
in our P. emarginatum cultures.
4.1.3. P. levis
P. levis was recently described from Belize (Faust et al., 2008)
and our specimens conformed to this description. According to
Faust et al. (2008), the presence of atypical asexual reproduction
occurring within a hyaline envelope, observed also in our cultures,
constitutes a distinguishing feature of this species. This characteristic cell division has been also observed in P. emarginatum (present
study, Murray et al., 2007), P. fukuyoi (Murray et al., 2007) and P.
lima (Dodge, 1975; Faust, 1993a).
On the other hand, Faust et al. (2008) referred to a centrally
located pyrenoid, while we observed a pyrenoid in valve view in
LM and two pyrenoids, one below each valve in TEM (K. Aligizaki,
unpublished data). Two pyrenoids in this arrangement have been
mentioned also for P. lima and P. maculosum (Zhou and Fritz, 1993),
P. nux (Puigserver and Zingone, 2002), P. concavum and P.
emarginatum (Mohammad-Noor et al., 2007b). All these studies
involve transmission electron microscopy, enriching and not
counteracting the present knowledge of the species-speciﬁc
structure.
The present record of P. levis in Greek coastal waters constitutes
its ﬁrst report under this name in the Mediterranean Sea, while it
has been previously presented as Prorocentrum sp. (Aligizaki and
Nikolaidis, 2006a). P. levis has been also reported as an unidentiﬁed
Prorocentrum species from the Canary Islands–NE Atlantic (S.
Fraga, personal communication) and Ria de Aveiro-Portugal (A.
Calado, personal communication), a fact possibly implying that P.
levis might be a common species that was not previously brought
into attention.
4.1.4. ‘‘P. lima complex’’
The majority of the morphometric characters used for the
identiﬁcation of P. lima specimens, namely the size and shape of
the cell, the number and shape of pores and the presence of a
protuberant apical collar (Fig. 6M and N), presented a high
variability resulting in a diversity of morphotypes (Table 3).
However, these morphotypes were all included in the ‘‘P. lima
complex’’ until the boundaries of this species are further clariﬁed.
Besides, the wide range in length, width and shape of P. lima cells
has been also mentioned by other authors (Faust, 1991; Bouaı̈cha
et al., 2001; Nascimento et al., 2005), while some almost round
forms of P. lima have been also reported (Yoo, 2004).
The cell shape, number and shape of valve pores and the
presence or not of an apical collar in the periﬂagellar area were
used to discriminate P. lima from P. arenarium (Faust, 1994). In
contrast, P. arenarium was afterwards found to possess an apical
collar, which, however, is less protuberant than in P. lima (Grzebyk
et al., 1998; Mohammad-Noor et al., 2007a). In the case of our
strains, these criteria seem to be inadequate for such discrimination. For instance, the most round morphotypes in this study,
strains KC45, KC49 and KC60, which shared also the high number

of valve and marginal pores and the presence of an apical collar,
could be assigned to P. arenarium based on the description of P.
arenarium by Mohammad-Noor et al. (2007a). However, their
thecal valve pores were not kidney shaped, as it has been reported
for P. arenarium (Faust, 1994; Mohammad-Noor et al., 2007a), but
they were round instead. On the contrary, kidney-shaped valve
pores were found in other strains (e.g. KC2, Fig. 6H and O), which
morphologically ﬁt the description of P. lima (Jahn et al., 2004;
Nagahama and Fukuyo, 2005). Regarding the shape of valve pores
in P. lima, this may seem different between older (Dodge, 1975;
Fukuyo, 1981) and more recent descriptions (Faust, 1990, 1991,
1993d,c; Nagahama and Fukuyo, 2005; Mohammad-Noor et al.,
2007a) due to the use of scanning electron microscopy; it is
possible that the round pores observed in light microscope are
being seen from round to oblong or kidney-shaped in SEM (e.g.
Fig. 6F–H and I–N). All these observations suggest the unsuitability
of characters such as cell shape, number and shape of valve and
marginal pores for positive P. lima identiﬁcation.
On the other hand, only the smooth thecal surface, the structure
of the periﬂagellar area and pyrenoids’ presence seemed to be
constant features in the specimens assigned in this study to ‘‘P. lima
complex’’. Several epiphytic and benthic Prorocentrum species,
however, possess such features. The aforementioned situation
raises the need for further taxonomical research of P. lima and
related species in combination with molecular analyses, which
might clarify the morphological identity of this species. In this
context, molecular analyses (Grzebyk et al., 1998) indicated strong
similarity between P. lima and P. arenarium and eventually more
data could classify P. arenarium as a round P. lima morphotype,
whereas the possibility of cryptic species presence within P. lima
cannot be excluded.
4.1.5. P. rhathymum
P. rhathymum from Greek coastal waters ﬁt the original
description (Loeblich et al., 1979) and also in that of CortésAltamirano and Sierra-Beltrán (2003), who reinstated the species
after the taxonomical confusion which existed over the last 20
years; P. rhathymum was erroneously considered as synonymous
with P. mexicanum (Steidinger, 1983; Faust, 1990; Hansen et al.,
2001). The main differences between P. rhathymum and P.
mexicanum concern the fact that the latter is a planktonic,
lenticular in lateral view, species which has a centrally located
pyrenoid, an areolated valve surface and a large, winged and twoor three-pointed apical spine (Cortés-Altamirano and SierraBeltrán, 2003), while P. rhathymum is a benthic/epiphytic species
with smooth valve surface bearing trichocysts pores and a simple
apical spine. Moreover, with the exception of one report
(Mohammad-Noor et al., 2007a), P. rhathymum is considered not
to possess pyrenoids.
P. rhathymum has been recorded in the Western Mediterranean
Sea under the name P. mexicanum (Vila et al., 2001b), while it was
subsequently recorded under its correct name (P. rhathymum) from
Greek waters (North Aegean Sea) in 2003 (Aligizaki and Nikolaidis,
2006b); more recently, P. rhathymum has also been reported from
the Italian (Simoni et al., 2004) and eastern Ionian coasts (Greece)
(Dolapsakis et al., 2008).
4.1.6. General remarks on taxonomy
The results of the present study point out the crucial role of the
characteristics chosen in order to proceed with morphological
identiﬁcation of a Prorocentrum species. For example, the reports
on pyrenoid, which has been proposed as useful taxonomic
character (Schnepf and Elbrächter, 1999), are lately becoming
contradictive; P. emarginatum was considered not to have
pyrenoids and this characteristic was used to discriminate this
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species from P. sculptile (Faust, 1994; Hansen et al., 2001). Both in
the present study and in the description of Mohammad-Noor et al.
(2007a), P. emarginatum cells with pyrenoids were observed, a
feature also reported for P. rhathymum (Mohammad-Noor et al.,
2007a). The number or even the presence/absence of pyrenoids
and the existence or not of starch sheath around a pyrenoid should
be carefully presented and used as distinguishing features, since
the angle of cell view and the technique employed (LM, TEM) could
alter the observations. Furthermore, it has been suggested (Dodge,
1973) that pyrenoids in some organisms are present only for some
stage of their life history; such an explanation could be the case for
P. emarginatum in the present study, since only in some cells in
culture pyrenoids were observed.
In the case of P. lima, the deﬁnition of accurate morphological
features seems to be more than essential due to the great
variability observed in most characteristics traditionally used. The
reinvestigation on Ehrenberg’s original material (Jahn et al., 2004)
and material from the type locality (Nagahama and Fukuyo, 2005),
constitutes a good starting point towards clariﬁcation of P. lima
taxonomic description, while further research combining taxonomy and molecular markers seems to be inevitable. Molecular data
will probably elucidate whether morphological variability in these
protists represents phenotypic plasticity and intraspeciﬁc variation or genome differences. Molecular tools are likely to reveal
cases of cryptic speciation, as it has been suggested for G. toxicus
(Richlen et al., 2008), or conspeciﬁcity of known species, as it has
been proposed for P. concavum and P. arabianum (MohammadNoor et al., 2007b).
4.2. Remarks on toxicity
4.2.1. P. borbonicum
The observed toxicity of P. borbonicum with the Artemia bioassay
and the absence of OA and analogues, as determined by the PP2AIA,
are in accordance with Ten-Hage et al. (2002), who reported that P.
borbonicum was toxic to mice but with different symptomatology to
that of diarrhetic toxins; it was also suggested that P. borbonicum
possesses polar fast acting toxins (Ten-Hage et al., 2002).
4.2.2. P. emarginatum
The absence of toxicity in P. emarginatum strains isolated from
Greek coastal waters ﬁts well with the fact that no toxicity has
been ever reported for this species (Escofﬁer et al., 2007;
Mohammad-Noor et al., 2007a).
4.2.3. P. levis
P. levis was found not to contain OA or its analogues in this study
based on the PP2AIA, while it was not examined with the Artemia
bioassay due to its feature to aggregate. P. levis from the Canary
islands (S. Fraga, personal communication) was also found not
toxic (Fraga et al., 2004); however, Faust et al. (2008) suggested
this lately described species to be toxic.
4.2.4. ‘‘P. lima complex’’
Toxicity of the ‘‘P. lima complex’’ strains found in this study
constitutes another common and perennial feature between them.
Toxicity of P. lima, which is usually found together with Ostreopsis
spp. in Greek coastal waters (Aligizaki and Nikolaidis, 2006b), was
also indirectly pointed out during the investigation for palytoxin
analogues in shellﬁsh by means of the haemolysis neutralization
assay (Aligizaki et al., 2008a). In particular, certain crude and
diethylether extracts of shellﬁsh showed rapid haemolysis or
haemolytic activity that was not completely suppressed by
ouabain, a fact that implied the presence of other lipophilic toxins
together with putative palytoxin (Aligizaki et al., 2008a).
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P. lima strains have world widely been shown to produce
okadaic acid and dinophysistoxins (Murakami et al., 1982; Koike
et al., 1998; Barbier et al., 1999; Holmes et al., 2001; Gayoso et al.,
2002; Nascimento et al., 2005), which are implicated with
diarrhetic shellﬁsh poisoning (DSP) in humans. Total toxin
production of Prorocentrum cells may vary considerably (2.0–
28.6 pg cell1) and it has been suggested that it is strain dependent
(Rhodes and Syhre, 1995; Bravo et al., 2001).
4.2.5. P. rhathymum
Toxicological results of the present study (lethal effect for
Artemia nauplii, no OA and/or analogues detected with PP2AIA) are
in accordance with previous studies, where P. rhathymum was
found to produce haemolytic (Nakajima et al., 1981) and/or fast
acting methanol soluble toxins (Pearce et al., 2005), but not OA or
its analogues.
4.2.6. General remarks on toxicity
The toxicity results of the present study are in general
accordance with previous reports on each species toxicological
properties and moreover suggest that PP2AIA constitutes a useful
discriminative method, since in strains which were found toxic to
Artemia, most probably due to other than OA and/or analogues
toxins (e.g. P. borbonicum, P. rhathymum), OA and analogues were
not detected with PP2AIA. Furthermore, the Artemia bioassay was
proved to be a useful tool for short-term toxicity tests, as it has
been suggested in the past for Prorocentrum (Demaret et al., 1995;
Mohammad-Noor et al., 2007a), Alexandrium and Dinophysis
species (Demaret et al., 1995; Koukaras et al., 2004).
Toxicological ﬁndings of the present study indicate the
potential role of epiphytic Prorocentrum species, as DSP producers,
in the Mediterranean Sea. Until recently, DSP in this area was
usually related to Dinophysis species (Vila et al., 2001a; Koukaras
and Nikolaidis, 2004; Nikolaidis et al., 2005; Mouratidou et al.,
2006; Zingone et al., 2006; Frehi et al., 2007). However, the role of
epiphytic dinoﬂagellates should not be overlooked and they should
be involved in the routine monitoring programmes, since both
their presence and toxicological properties are obvious.
4.3. Distribution pattern remarks
With the exception of P. borbonicum, which was sporadically
found, the other four Prorocentrum species presented in this study
revealed a speciﬁc temporal pattern. In general, it could be noted
that P. emarginatum, P. levis and P. rhathymum proliferated towards
the end of the summer period, while P. levis was also recorded in
relatively high abundance earlier in summer. ‘‘P. lima complex’’
representatives were found all year round, with maximum
epiphytic abundances at the end of autumn, while relatively high
cell densities were found also during summer and autumn. The
period from mid summer until the end of autumn coincides with
the presence and blooms of Ostreopsis spp. in Greek waters
(Aligizaki and Nikolaidis, 2006b). The appearance of peak P. lima
cells densities just after this period may imply a succession pattern
between the toxic dinoﬂagellates Ostreopsis spp. (Aligizaki et al.,
2008a) and P. lima (present study).
There was an obvious trend in all Prorocentrum species to be
present in the water column and/or the sediment only if they were
found epiphytically (Table 2). On the contrary, this was not the case
for P. borbonicum in three sites (s10, s19 and s42, Table 2), where it
was detected only in the sediment samples; this observation
implies that its presence in sediment is not circumstantial, but P.
borbonicum might be both an epiphytic and benthic, sand-dwelling
species. This species was originally found and described from red
algae scraped from dead corals (Ten-Hage et al., 2000). Regarding
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substrate, no speciﬁc preference was detected since all Prorocentrum species were found in all macrophytes sampled in each
location. However, taking into account the maximum epiphytic
abundances that were found, it could be noted that the seagrass C.
nodosa mainly hosted dense populations of the ‘‘P. lima complex’’
representatives and P. rhathymum, while P. emarginatum and P.
borbonicum were usually found on red and brown algae (Cystoseira
sp., P. pavonica, Corallina sp.). Considering that ‘‘P. lima complex’’
representatives and P. rhathymum were the most abundant
Prorocentrum species during this study and they exhibited, in
some cases, high epiphytic abundances during August and
September, when Ostreopsis species usually prevail epiphytically
especially on Phaeophyceae and Rhodophyceae in Greek coastal
waters (Aligizaki and Nikolaidis, 2006b), it could be suggested that
a possible niche separation exists. This separation could involve
the presence of allellopathic effects between dinoﬂagellates or
species-speciﬁc promoting factors in the macrophytes (Carlson
and Tindall, 1985; Bomber et al., 1989) or, ﬁnally, the preference in
high or low surface area, branched or not macrophytes (Vila et al.,
2001b; Aligizaki and Nikolaidis, 2006b).
The majority of epiphytic Prorocentrum species found during
the present study in North Aegean waters were previously
reported from warm waters (tropical, subtropical areas). Furthermore, P. borbonicum and P. levis detection in Greek coastal waters
and subsequently the Mediterranean Sea could imply the northward expansion of previously considered tropical species, as it has
been suggested regarding the recent detection of the ciguatera
causing genus Gambierdiscus in the Mediterranean Sea (Aligizaki
and Nikolaidis, 2008; Aligizaki et al., 2008b). Moreover, an increase
in Ostreopsis species distribution is observed the last 5–7 years in
the Mediterranean Sea (Vila et al., 2001b; Penna et al., 2005;
Aligizaki and Nikolaidis, 2006b; Monti et al., 2007). However, the
possibility of increased records due to intensifying research in the
ﬁeld of epiphytic and benthic dinoﬂagellates should not be
overlooked.
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