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Abstract
Benthic dinoflagellates belonging to the genus Prorocentrum are known to produce diarrhetic toxins such as okadaic acid (OA)
and its analogues, dinophysistoxins (DTXs), as well as prorocentrolides and other unidentified fast-acting toxins. The present
study is a comparative analysis focused on the morphology, genetic, growth, toxin production, and toxicity by strains belonging
to the Prorocentrum lima species complex, isolated from different regions along the western Atlantic coast. While cell dimen-
sions (38–45 × 24–30 μm) and shape (ovoid) were similar between strains from Cuba and Recife (Northeast Brazil), cells of the
strain from the estuarine complex of Paranaguá Bay (South Brazil) were shorter (36–41 × 25–28μm) and oblong to ovate-oblong
(elliptical) in shape. This latter strain exhibited similar LSU rDNA and identical ITS1-5.8S rDNA-ITS2 sequences to those of P.
cf. lima Bmorphotype 5,^ which is closely related to Prorocentrum caipirignum by LSU, but separated from it by ITS. This
southern Brazilian strain attained the highest growth rate (0.34 ± 0.01 div day−1) and cell densities (11.2 × 105 cell mL−1) in batch
culture. Intracellular OA concentrations were higher for the other two strains during the late exponential and stationary phase, but
similar for all strains (9.50–10.06 pg cell−1) at the early exponential growth phase; consistently lower levels of DTX-1 were
produced by two strains, except the one from Recife. Finally, live cells of the strains from Cuba and Recife were more toxic to A.
salina metanauplii, whereas the southern Brazilian strain exhibited higher culture medium toxicity. The contrasts in growth and
toxicity potential revealed for these morphologically and genetically distinct Prorocentrum strains might be relevant for the local
management of diarrhetic poisoning outbreaks in shellfish harvesting and aquaculture sites, including in estuarine areas.

Keywords Diarrhetic shellfish poisoning . Harmful algae . Laboratory culture . Toxin production . Toxicity toArtemia salina

Introduction

The genus Prorocentrum Ehrenberg is distributed worldwide
in planktonic and benthic habitats. Toxic species are benthic or

associated with particular substrates. At least ten species have
been confirmed as toxigenic to date (Grzebyk et al. 1994;
Tindall and Morton 1998; Moestrup et al. 2009; Glibert et
al. 2012; Luo et al. 2017), producing diarrhetic toxins such
as okadaic acid (OA) and its analogues, dinophysistoxins
(DTXs), as well as prorocentrolides and other unidentified
Bfast-acting toxins^ (Hoppenrath et al. 2013). Besides
an inducer of diarrhetic shellfish poisoning (DSP) in
consumers of contaminated seafood, OA and its analogues
may cause other cell alterations, potentially leading to
cytoxicity, immunotoxicity, neurotoxicity, embryotoxicity,
and genotoxicity (reviewed in Valdiglesias et al. 2013).

Among the toxic benthic dinoflagellates, Prorocentrum
lima (Ehrenberg) F. Stein is the most common and widely
distributed in circumtropical/subtropical and temperate lati-
tudes and is considered a cosmopolitan species (Glibert et al.
2012). This dinoflagellate is mainly found in coastal marine
areas as epiphytic on macroalgae and other substrates,
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although it can also be epipelic, living in the interstitial water
between sand grains. Prorocentrum lima is known to produce
the diarrhetic toxins OA and DTXs, supposedly following the
enzymatic hydrolysis of inactive sulfated diesters (Hu et al.
2017). Although most of the global diarrhetic shellfish poi-
soning (DSP) events have been related to the presence of the
planktonic dinoflagellate Dinophysis spp., P. lima has been
also implicated in some DSP outbreaks in different coastal
areas such as in Canada (Marr et al. 1992; Lawrence et al.
1998), Japan (Koike et al. 1998), the Argentinean Patagonia
(Gayoso et al. 2002), and the UK (Foden et al. 2005).

Intraspecific variations in cell morphology and molecular
genetics have been widely described in P. lima. The ovoid
shape is the most commonly reported, although ellipsoid-ob-
long, ovate-oblong (referred as oval-oblong by some authors),
and rounded shapes were also documented (Bouaïcha et al.
2001; Yoo 2004; Nascimento et al. 2005, 2016; Aligizaki et al.
2009; Nagahama et al. 2011; Hoppenrath et al. 2013; Zhang et
al. 2015). Although different morphotypes can be genetically
separated into clades within a single species complex, the so-
called P. lima species complex (Zhang et al. 2015), no consis-
tent morphological variation has been related to the genetic
differences among clades when several strains were examined
(Nagahama et al. 2011). In addition, a closely related benthic
species, Prorocentrum caipirignum S Fraga, M Menezes & S
Nascimento, was recently described from samples collected at
two localities along the Brazilian coast. Like P. lima, those
strains of P. caipirignum produced detectable levels of OA

(but not DTXs), and also the fast-acting toxin prorocentrolide
(Nascimento et al. 2017).

The present study is a comparative analysis focusing on the
morphology, genetics, growth, toxin production, and toxicity
of three strains belonging to the P. lima species complex iso-
lated from different regions along the western Atlantic coast.

Materials and methods

Strain isolation and cultivation

Strain LM001 was isolated from the subtropical estuarine
complex of Paranaguá Bay (ECPB; Paraná State), located on
the southern Brazilian coast (25° 30′ S, 48° 30′ W) (Fig. 1).
The weather conditions in this estuary can be divided into two
main seasons: dry (April–September) with a mean salinity of
20–34 and water temperature of 18–25 °C, and rainy
(October–March) with a mean salinity of 12–29 and water
temperature of 23–30 °C (Lana et al. 2001). The culture of
LM001 was established in July 2014 from material collected
during a bloom of the macroalgaeUlva lactuca Linnaeus (25°
32′ S, 48° 24′ W).

The other strains of P. lima complex were obtained from
cells isolated from brown macroalgae (mostly of the order
Dictyotales) in 2014, collected in a rocky beach from Recife
(LM002), in Pernambuco State, northeastern coast of Brazil
(08° 08′ S, 34° 54′ W), and in a tropical coral reef lagoon

Fig. 1 Map of the study area and
sampling sites along the western
Atlantic coast, showing the
location of the sampling sites in
Cuba, Recife (Pernambuco State,
Brazil), and the Estuarine
Complex of Paranaguá Bay
(ECPB, Paraná State, Brazil)
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(LM003) in central-southern Cuba (21° 55′ N, 80° 18′ W)
(Fig. 1). The environmental conditions in Recife and Cuba
stations are comparable and very stable throughout the year,
with mean temperature and salinity ranging from 28.1 to
28.6 °C and 34.8 to 35.5, respectively (dos Santos et al.
2006; Peraza 2012).

The macroalgal specimens were collected manually and
placed in plastic bags containing local filtered seawater. In the
laboratory, the bags were vigorously shaken to detach the epi-
phytic microalgae. The liquid content was filtered through
300-μm mesh filters to remove large debris, and the liquid
recovered into glass bottles. Single cells of Prorocentrum were
isolated by the capillary pipette washing method under an
inverted microscope and transferred to a 96-multiwell plate
containing 150 μL of f/2 culture medium (Guillard 1975) in
filtered, autoclaved seawater with salinity 30–32.

After culture establishment through successive transfers to
24- and 6-well tissue culture plates, and then to 50-, 250-, and
500-mL glass Erlenmeyer flasks, the strains were maintained
at least for 1 week under the experimental conditions before
the beginning of the growth trial. Cultures were incubated in f/
2 seawater medium at 25 °C, 100–140 μmol photons m−2 s−1

under a light:dark cycle of 12:12 h.

Cell morphology

Cultured cells of all strains were observed alive or fixed in
Lugol’s iodine solution, under an Olympus BX-41 light mi-
croscope (LM) during the culture’s exponential growth phase.
Photomicrographs were taken with a digital camera (Canon
ELH 135), and both length and width of 80 cells from each
strain were measured at × 1000 magnification (oil immersion
objective). For scanning electron microscopy (SEM), about
1 mL of Lugol-fixed samples were filtered through a 3-μm
polycarbonate membrane filter (Nuclepore), rinsed three times
with distilled water, and dehydrated through an ethanol series
at 10, 30, 50, 70, 90, 95, and 99.9%. Samples were then
submitted to critical point drying with CO2 to avoid cell dis-
tortion. The filters were mounted on an aluminum stub with
carbon tape and coated with gold in a vacuum sputter coater;
SEM observations were conducted in a JEOL JSM-6360 LV
microscope under 15 kVacceleration voltage.

DNA amplification

A few cells of each of the cultures LM001, LM002, and
LM003 fixed in acidic Lugol were isolated using a capillary
pipette under an inverted microscope and transferred succes-
sively in five drops of deionized water in order to remove
traces of the fixative. Then, the cells were put in a 0.2-mL
PCR tube and stored at − 20 °C prior to DNA amplification.

To amplify approximately 990 bp of LSU rDNA (correspond-
ing to D1-D3 domains), two steps of semi-nested PCR were

performed using primers 28S-D1R (Scholin and Anderson
1994), D3B (Nunn et al. 1996), and LSU R2 (Takano and
Horiguchi 2005). After the first round of PCR using D1R and
LSU R2 primers, 1 μL of the amplicon was used as template for
the second round usingD1R andD3B. To amplify the ITS1-5.8S
rDNA-ITS2 region, the primers ITS-FW and D3B were used
(Nézan et al. 2012). The PCRs were carried out using KOD
Hot Start DNA polymerase (Merck Millipore) according to the
manufacturer’s instruction. The PCRs were performed in a T-
One (Biometra) thermocycler as follows: polymerase activation
at 95 °C for 2 min, followed by 35 cycles each consisting of
95 °C for 20 s (denaturation), 50 °C for 10 s (annealing), and
70 °C for 20 s (extension) min. The PCR products were purified
using the ExoSAP-IT PCR Product Cleanup Reagent (Thermo
Fisher) according to the manufacturer’s recommendations. Then,
they were sequenced directly using the ABI PRISM BigDye
Terminator Cycle Sequencing Kit (Applied Biosystems, USA).
Sequencing products were purified using the BigDye
XTerminator purification kit (Thermo Fisher), and the sequences
were determined using an automated 3130 genetic analyzer
(Applied Biosystems).

Phylogenetic analyses

Phylogenetic analyses inferred from LSU rDNA and ITS1-
5.8S rDNA-ITS2 were performed separately. For both matri-
ces, the sequences of the three strains were aligned together
with sequences of other Prorocentrum species retrieved from
GenBank. Sequences of Prorocentrum concavum-
Prorocentrum leve were used as outgroup. The sequences
were aligned using CLUSTAL Omega algorithm implement-
ed in Seaview 4 (Gouy et al. 2010). The alignment was refined
by eye. The LSU data matrix comprised 46 sequences and 643
positions while the ITS matrix comprised 44 sequences and
606 positions. Each dataset was analyzed by two methods of
phylogenetic reconstruction: maximum likelihood (ML) using
PhyML v.3.0 software (Guindon et al. 2010) and Bayesian
inference (BI) using MrBayes v.3.1.2 (Ronquist and
Huelsenbeck 2003). The most suitable model of substitutions
was first selected using the software jModeltest v. 0.1.1
(Posada 2008). For the LSU matrix, the Tamura-Nei model
(TN93+G) was chosen while the model GTR+I+Gwas select-
ed for ITS alignment, as indicated by the Akaike Information
Criterion and Bayesian Information Criterion (BIC) tests im-
plemented in jModeltest.

For the LSU phylogeny, the parameters of the model were
as follows: log-likelihood = − 2802.9; gamma shape parame-
ter = 0.632; transition/transversion ratios = 3.191 and 8.820
for purines and pyrimidines, respectively; and nucleotide fre-
quencies: f(A) = 0.24888, f(C) = 0.21132, f(G) = 0.30454, and
f(T) = 0.23526. For the ITS region phylogeny, the parameters
were as follows: log-likelihood = − 3780.6; gamma shape pa-
rameter = 2.564; proportion of invariants = 0.127; nucleotide
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frequencies f(A) = 0.19200, f(C) = 0.27655, f(G) = 0.29357,
and f(T) = 0.23787; and GTR relative rate parameters
A ↔ C = 1.41695, A ↔ G = 2.76560, A ↔ T = 1.27629,
C ↔ G= 0.90124, and C ↔ T = 3.84738 against G ↔ T =
1.00000. Bootstrap values (support for branches) of the trees
were obtained after 100 pseudo-replications in ML. For
Bayesian inference, four Markov chains were run simulta-
neously for 2 × 106 generations with sampling every 100 gen-
erations. Out of the 2 × 104 trees obtained, the first 2000 were
discarded (burn-in) and a consensus tree was constructed from
the remaining ones. The posterior probabilities—correspond-
ing to the frequency with which a node is present in preserved
trees—were calculated using a coupled Markov Chain-Monte
Carlo approach (MCMC).

Growth characteristics

The potential growth of each strain was evaluated in compar-
ative batch cultures grown in glass Erlenmeyer flasks contain-
ing 450 mL of filtered and autoclaved seawater enriched with
f/2 culture medium. Duplicate cultures were inoculated with
exponentially growing cells (5700 cells mL−1 average cell
density) and incubated at 25 °C under the previously de-
scribed culture conditions. At predetermined time intervals
over a 32-day period (every 2–3 days, depending on the cul-
ture stage), culture flasks were gently shaken to re-suspend
cells that were attached to the bottom and 5-mL aliquots were
harvested and fixed with Lugol’s solution for cell counting.
Cell density (cell mL−1) was determined by microscopic
counting using a Sedgewick-Rafter chamber under the light
microscope at × 200 magnification. Growth rate (divisions per
day) was calculated using the slope of a natural log curve of
cell numbers versus culture time (days) during the exponential
growth phase.

Toxin analysis

Additional sample aliquots (50 mL) were harvested at selected
time intervals during the growth curve (days 4, 10 19, and 32
of culture) from the two replicate cultures of each strain be-
longing to the P. lima species complex. Cells were retained on
glass fiber filters (Whatman GF/F, 0.8-μm nominal pore size)
and stored at − 18 °C until further use. Filters containing the
retained cells were immersed into 100% methanol (5 mL per
filter), and cells were disrupted using a sonic dismembrator
(Cole Parmer CPX130, USA; 1 min at 50% duty cycle). Toxin
analysis was carried out by liquid chromatography with tan-
dem mass spectrometry detection (LC-MS/MS) using an
Agilent 1200 series (USA) LC system coupled to a 3200AB
Q-TRAP triple quadruple mass spectrometer (Applied
Biosystems) equipped with a Turbo Spray interface.

Diarrhetic toxins were determined using selected reaction
monitoring (SRM) with the ion source in negative mode. The

following SRM transitions were monitored: m/z 817.5→
255.1 and 817.5→ 113.0 for DTX-1; m/z 803.5→ 255.1
and m/z 803.5→ 113.0 for both OA and DTX-2; and m/z
1041.6→ 255.1 for DTX-3. High-purity nitrogen, heated to
500 °C, was used as the nebulizing gas; and the MS spray
voltage was set at 4500 V, with curtain gas at 25 psi and
auxiliary gas at 40 psi. Declustering potential was adjusted
to − 129 V, entrance potential to − 10 V, and collision cell exit
potential to − 2 V. The LC separation was achieved in a silver
cartridge column (50 mm× 2.1 mm i.d.) packed with 3 μm
Hypersil-BDS-C8 (Thermo Fisher Scientific) for strain
LM001 or a C-18 column (50 mm × 4.6 mm i.d., 1.8 μm;
Phenomenex) for strains LM002 and LM003. Mobile phases
were 100% water (A) and 95% acetonitrile + 5% water (B),
both containing 2 mM ammonium formate and 50mM formic
acid. For LM001, a linear gradient elution (0.2 mL min−1)
from 20 to 100% B was performed over 10 min, held at
100% B for 15 min, followed by re-equilibration with 20%
B for 13min. For LM002 and LM003, a faster gradient elution
(0.3 mL min−1) was applied as follows: 80:20% (A:B) for
8 min, subsequently increased to 100% of B, and maintained
for 3.5 min before returning to the initial condition until the
end of analysis (13 min in total). The injection volume was
5 μL in all cases. Okadaic acid and DTX-1 concentrations
were calculated using the software Analyst from calibration
curves made from serial dilutions of the reference standard
(available at FRA-NRIFS, Yokohama, Japan, or purchased
from the National Research Council, Halifax, Canada) in de-
ionized water.

Artemia salina acute bioassay

The acute toxicity of either living cells or the dissolved intra-
cellular contents from each culture to metanauplii of the brine
shrimp Artemia salinawas evaluated in 24-h exposure assays.
For the dissolved fraction, intracellular contents were released
into the culture medium after sonication with a ultra-sonic
probe (Cole Parmer, CPX130) for 9 min to disrupt the cells,
and filtration (0.45 μm) to remove cell debris. Prior to the
filtration step, a 1-mL aliquot of the sonicated culture was
placed on a Sedgewick-Rafter chamber to estimate the num-
ber of remaining intact cells, which were then subtracted from
the initial cell density in order to calculate the cell-equivalency
of the extract. Larvae of A. salina were then exposed to seven
different concentrations for each species/strain (100, 50, 25,
12.5, 6.25, 3.12, and 0%) (Table 1), composed of either the
intact dinoflagellate cells or the dissolved fraction successive-
ly diluted in filtered seawater (salinity 30). For each concen-
tration, A. salina larvae were exposed to 4.5 mL of the solu-
tion, allocated into each well of 6-well tissue culture plates, in
triplicate. The initial number of larvae was registered (n 11 ±
4, mean ± SD) and the mortality was checked after 24 h of
exposure at 25 °C in darkness. Larvae were considered dead in
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the absence of any movement during 30 s of observation un-
der a stereoscope. The toxicity results were expressed as the
concentration (in cells per mL or cell-equivalent per mL in the
case of the dissolved fraction) causing 50% mortality (LC50).

Results

Cell morphology

Cells of all strains were solitary, armored, containing numer-
ous golden-brown chloroplasts, a conspicuous pyrenoid
(starch ring) situated at the cell center, and a posterior elon-
gated, oval nucleus—all visible under LM (Figs. 2, 3, and 4).
As observed by SEM, all strains presented a wide V-shaped
periflagellar area, composed of eight platelets. Additionally,
the three strains exhibited similar smooth thecal plates with a
ring of marginal pores and pores scattered on the thecal sur-
face, except in the central area. The shape of the thecal pores,
however, varied among the strains (Table 2). Whereas
the pores were oblong to kidney-shaped in strain
LM001 (Paranaguá; Fig. 2) and in strain LM003
(Cuba; Fig. 4), cells of strain LM002 (Recife) displayed
various pore shapes, ranging from rounded, ovoid, ob-
long, to kidney-shaped pores (Fig. 3).

The examined strains differed in cell size [cell length
(L), width (W)] and shape (L/W ratio); living cells of
LM001 were shorter and slightly thinner than those of
the other P. lima complex strains (Table 2). Cells of
LM001 (Fig. 2) were oblong to oval-oblong (elliptical)
in shape, and laterally flattened. Cell length ranged from
36 to 41 μm (38.41 ± 1.18 μm; average ± standard de-
viation), and cell width from 25 to 28 μm (26.28 ±
0.86 μm), with an average L/W ratio of 1.46 ± 0.06.
Smaller differences in cell size were also recorded be-
tween the strains of P. lima complex from Cuba and
Recife, which were expressed as slight differences in
shape between the two strains (Table 2). Cells of the
strain from Recife (Fig. 3) were characterized by a
wider ovoid shape, exhibiting the greatest width values

(26–36 μm; 27.56 ± 0.71 μm) and the lowest L/W ratio
(1.45 ± 0.03) among the three strains, with cell length
ranging from 38 to 43 μm (40.09 ± 1.01 μm). In con-
trast, cells of the Cuban strain (Fig. 4) exhibited a more
ovoid-elongated shape, resulting from the longest cell
length (40–45 μm, 41.88 ± 1.35 μm) and highest L/W
ratio (1.58 ± 0.05) measured among all strains, with a

Fig. 2 Strain ofProrocentrum cf. lima Bmorphotype 5^ (LM001) isolated
from Paranaguá Bay, Brazil. LM pictures showing a cultured oblong and
oval-oblong (elliptical) living cells with a central pyrenoid. SEM pictures
of b right valve showing the smooth valve surface and thecal pore, and c
triangular V-shaped flagellar area consisting of eight platelets, flagellar
pore (Fp). Oblong thecal and marginal pores are also shown. Scale bars
10 μm (a, b) and 2 μm (c)

Table 1 Increasing cell
abundances ofProrocentrum lima
species complex in whole cultures
(cellular; cells mL−1) and in cell-
free medium, after cell disruption
(dissolved; cell-equivalent mL−1),
exposed to Artemia salina larvae
during 24-h acute toxicity assays

Strain/source Concentrations

3.12% 6.25% 12.5% 25% 50% 100%

LM001-Paranaguá Cellular 2180 4359 8719 17,438 34,875 69,750

Dissolved 3472 6944 13,888 17,438 27,775 55,550

LM003-Cuba Cellular 1264 2557 5054.2 10,108 20,217 40,433

Dissolved 394 699 1397.4 2795 5590 11,179

LM002-Recife Cellular 540 1081 2162 4325 8650 17,300

Dissolved 220 390 900 1901 4158 8973
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cell width ranging from 38 to 43 μm (40.09 ± 1.01 μm)
(n = 80 cells per strain; Table 2).

Molecular analysis and phylogeny

The phylogenetic analyses showed that the sequences obtain-
ed from the study are not identical and belong to different
clades related to P. lima species complex and the recently
described P. caipirignum (Figs. 5 and 6). From the LSU phy-
logeny, strain LM001, from Paranaguá, South Brazil, clusters
with sequences ascribed to Prorocentrum cf. lima
Bmorphotype 5^ which appears very closely related to P.
caipirignum, with no support. The phylogeny inferred from
the ITS-region (Fig. 6) revealed that the sequence LM001
groups with other sequences of P. cf. lima Bmorphotype 5^
but is clearly separated from P. caipirignum. Both phyloge-
netic analyses showed that the other two sequences—
from Recife, Northeast Brazil (LM002), and from
Cuba (LM003)—were not identical and clustered in
two different subclades (B and C) within the P. lima
species complex (Figs. 5 and 6).

Culture observations and growth characteristics

The formation of mucilaginous aggregates and their tridimen-
sional spreading within the culture flasks were more pro-
nounced in the P. cf. lima Bmorphotype 5^ strain (LM001)
than in the other two P. lima strains (Fig. 7).

Growth rates varied widely among the strains. The
highest growth rate (0.34 ± 0.01 div day−1) and cell den-
sities (11.2 × 104 cells mL−1) were recorded for LM001
(Table 3). This strain reached its maximum cell density
on the 26th day of culturing, also exhibiting the
quickest doubling time (2.93 days) among all strains
(Fig. 8). Both LM002 and LM003 strains reached max-
imum values of cell density on the last (32nd) day of
culture. The lowest growth rate (0.19 ± 0.01 div day−1)
and cell density (3.5 × 104 cells mL−1) were recorded in
the strain from Recife, LM002 (Table 3; Fig. 8).

Toxins

Okadaic acid (OA) was the dominant toxin among the three
cultured strains. In addition, DTX-1, the only dinophysistoxin
detected, was present in low amounts in the south Brazilian
(LM001) and in the Cuban (LM003) strains, but was unde-
tectable in the strain from Recife (LM003) (Fig. 9).

The highest intracellular OA levels were detected dur-
ing the early exponential growth phase (4 days in batch
culture) for all strains, attaining 9.50, 9.74, and
10.06 pg cell−1 in the strain from Cuba, Paranaguá,
and Recife, respectively (Fig. 8). Varying OA cell con-
tents were measured among the strains at different
stages of the growth curve. Although the strain from
Recife sustained high and approximately uniform OA
levels over the growth in batch culture, there was a
decrease in intracellular OA concentrations during the
stationary phase for the other two strains, especially
for tha t iso la ted from Paranaguá (P. cf . l ima
Bmorphotype 5^).

Variations in intracellular levels of DTX-1 over the growth
cycle were similar to that of OA for the P. cf. lima
Bmorphotype 5^ strain, being higher in the early exponential
phase (0.60 pg cell−1). The values were constantly lower
(0.09–0.12 pg cell−1) in the P. lima strain from Cuba and
undetectable in the strain from Recife (Fig. 9).

Acute toxicity

All strains caused acute toxicity to A. salina metanauplii. The
24-h LC50, NOEC, and LOEC values (Table 4) revealed that
living cells of P. lima strains from Cuba, and especially those
from Recife (LC50 0.18 cells mL−1), were more toxic than
those of P. cf. lima Bmorphotype 5,^ isolated from
Paranaguá (LC50 829 cells mL−1). Conversely, the dissolved

Fig. 3 Prorocentrum lima strain from Recife, Brazil (LM002): a LM
picture showing an ovoid live cell with a central pyrenoid. SEM pictures
showing b right valve with a smooth valve surface and thecal pores, and c
V-shaped flagellar area. Rounded, ovoid, and kidney-shaped thecal and
marginal pores are also shown. Scale bar 10 μm (a, b) and 2 μm (c)
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cell contents were more toxic for the latter (LC50

3.41 cell-eq. mL−1) than those of both P. lima strains,
notably those from the Cuban strain, the least toxic one
to A. salina metanauplii by this exposure route (LC50

2512 cell-eq. mL−1).

Discussion

Marked morphological differences among the three strains
from the P. lima complex have been documented in this study.
The characteristic ovoid cells observed in cultures of P. lima

Fig. 4 Prorocentrum lima strain
from Cuba (LM003): LM picture
showing an ovoid live cell with a
central pyrenoid. SEM pictures
showing b–c right and left valves
with a smooth valve surface and
thecal pores, and d V-shaped fla-
gellar area, showing oblong thecal
and marginal pores. Scale bar
10 μm (a), 5 μm (b, c), and 2 μm
(d)

Table 2 Summary of themainmorphological differences among cells of theP. lima species complex isolated from different locations along thewestern
Atlantic coast (n = 80 cells per strain)

Features Species/strains

P. cf. lima Bmorphotype 5^
Paranaguá (LM001)

P. lima
Recife (LM002)

P. lima
Cuba (LM003)

Length (μm) 36–41 μm (38.41 ± 1.18 μm) 38–43 μm (40.09 ± 1.01 μm) 40–45 μm (41.88 ± 1.35)

Width (μm) 25–28 μm (26.28 ± 0.86 μm) 26–30 μm (27.56 ± 0.71 μm) 24–36 μm (26.61 ± 1.72 μm)

Length/width ratio 1.46 ± 0.039 1.45 ± 0.032 1.58 ± 0.072

Cell shape Oblong to ovate-oblong (elliptical) Ovoid Ovoid

Thecal pores shape Predominantly oblong and kidney-shaped Round, ovoid, oblong, and kidney-shaped Predominantly oblong and kidney-shaped
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established from isolates from Recife (northeastern Brazil)
and Cuba corresponded to the most common morphotype
shape attributed to the P. lima complex around the world
(Nagahama et al. 2011; Hoppenrath et al. 2013, Zhang et al.
2015; Nascimento et al. 2016). In contrast, cultured cells iso-
lated from the subtropical Paranaguá Bay (southern Brazil)
were shorter and exhibited an oblong and ovate-oblong

(elliptical) shape, which coincided with the Bmorphotype 5^
(oblong shape and kidney-shaped pores) defined by Zhang et
al. (2015), and also to some extent to the shape reported for the
newly described species P. caipirignum from cultures isolated
from tropical Brazilian regions (Nascimento et al. 2017).

The topologies of the LSU rDNA and ITS region trees
inferred in this study are congruent with other previous studies

Fig. 5 Phylogeny of strains belonging to the Prorocentrum lima species
complex, isolated from Paranaguá Bay (LM001), Recife (LM002), and
Cuba (LM003), inferred from partial large subunit (LSU) rDNA

sequences using maximum likelihood (ML) and Bayesian inference
(BI). Sequences acquired in this study are shown in gray boxes. Thick
lines indicate a full statistical support with both methods (i.e., 100/1.00)
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focusing on P. lima and related species (Zhang et al., 2015;
Nascimento et al., 2017). The genetic variability within the P.
lima species complex is high, and the subclades observed
herein might correspond to cryptic species. The results show
unambiguously that the strain LM001 from the southern part
of Brazil is related to P. cf. lima Bmorphotype 5^ for which
identical sequences have already been obtained from different
localities in China (Hainan Island and Beihai, Guangxi).

Although strain LM001 was morphologically close to P.
caipirignum described from Brazil, the molecular characteri-
zation of this strain using ITS region confirmed that it differs
from the latter species, suggesting that Bmorphotype 5^might
be a different, undescribed species within the P. lima complex.
Nevertheless, the genetic divergence between Bmorphotype
5^ and P. caipirignum (as Bmorphotype 4^ in Zhang et al.
2015) is low in the LSU rDNA region (Zhang et al. 2015;

Fig. 6 Phylogeny of strains belonging to the Prorocentrum lima species
complex, isolated from Paranaguá Bay (LM001), Recife (LM002), and
Cuba (LM003), inferred from internal transcribed spacer (ITS) rDNA
sequences (ITS1-5.8S rDNA-ITS2) using maximum likelihood (ML)

and Bayesian inference (BI). Sequences acquired in this study are shown
in gray boxes. Thick lines indicate a full statistical support with both
methods (i.e., 100/1.00)
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Nascimento et al. 2017; present study) so that further studies
may be necessary before concluding on the existence of a
novel species. Concerning our P. lima strains, LM003
(Cuba) clustered with two other strains from Belize
(CCMP1746) and Florida (CCMP1368), which seems to in-
dicate that this genotype (clade C, Fig. 5) is peculiar to the
Caribbean area. By contrast, LM002 (NEBrazil) appears to be

related to a large group of sequences acquired from various
localities worldwide.

Besides the morphological and genetic variability, physio-
logical differences were also observed among the three strains.
In particular, the P. cf. lima Bmorphotype 5^ strain (LM001)
exhibited higher exponential growth rate and maximum cell
densities, forming the densest mucilaginous cell aggregations

Fig. 7 Glass Erlenmeyer flasks
containing the three cultured
Prorocentrum lima complex
strains in f/2 culture medium: a P.
cf. lima Bmorphotype 5^ from
Paranaguá Bay showing abundant
cell aggregations over the entire
culture medium and b, c P. lima
strains from Recife and Cuba, re-
spectively, with cells mostly de-
posited on the bottom.

Table 3 Summary of the main
growth parameters in the cultured
strains of the P. lima species
complex

Species/strains Growth rate
(divisions day−1)

Maximum cell density
(cell mL−1) × 104

Doubling time
(days)

P. cf. lima
Bmorphotype 5^

Paranaguá (LM001)

0.341 ± 0.008 11.2 2.93

P. lima

Recife (LM002)

0.195 ± 0.015 3.53 5.13

P. lima

Cuba (LM003)

0.300 ± 0.007 6.35 3.38
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in culture. The highest growth rates observed in this strain
were within the range of values (0.2–0.3 div day−1) commonly
reported for other benthic Prorocentrum species, including P.
lima (Morton and Tindall 1995; Holmes et al. 2001; Vanucci
et al. 2010; Nascimento et al. 2016; Ben-Gharbia et al. 2016).

As in most studies on toxic benthic Prorocentrum strains
worldwide (Tomas and Baden, 1993; Nascimento et al. 2005,
2016; Vanucci et al. 2010; Ben-Gharbia et al. 2016; Luo et al.
2017), OA and DTX-1 were the only diarrhetic toxins found
in the strains belonging to the P. lima species complex in this
study. When detected (undetectable in LM002), intracellular
levels of DTX-1 were consistently lower than those of OA.
Interestingly, DTXs were not detected in P. caipirignum
strains from tropical Brazilian locations, including the type
material isolated from Rio de Janeiro coast (Nascimento et
al. 2017), which produced OA and the fast-acting toxin
prorocentrolide (not investigated in this study).

Toxin production along the growth cycle of P. cf. lima
Bmorphotype 5^ differed from that of the other P. lima strains
in the present study. Even though the three strains reached
similar maximum OA concentrations at early exponential
growth phase, the former accumulated lower toxin cell quotas
than the remaining P. lima strains at later stages in the growth
curve. This may have important ecological implications for
toxin transfer in benthic ecosystems during toxic blooms of
this species. The maximum OA values measured herein for
these western Atlantic strains were only moderate (9.50 to
10.06 pg cell−1) and similar to the levels reported for strains
of P. lima species complex worldwide (e.g., Bravo et al. 2001;
Nascimento et al. 2005). Nevertheless, the occurrence of mod-
erate cell densities of P. cf. lima in areas such as tidal flats in
Paranaguá Bay (reported as Prorocentrum sp. in Brustolin et
al. 2014), coupled with high toxin cell quotas (≥
15 pg OA cell−1), as recently reported in P. lima strains from
regions like the Mediterranean (Ben-Gharbia et al. 2016) and
the nearby coast of Rio de Janeiro in Brazil (Nascimento et al.

2016), as well as in the closely related P. caipirignum from
Bahia State, Brazil (Nascimento et al. 2017), indicates that
these benthic dinoflagellates may sometimes represent a rele-
vant source of diarrhetic toxins to the marine fauna.

Although most episodes of shellfish and fish contam-
ination by diarrhetic toxins are related to the planktic
dinoflagellate Dinophysis spp., as commonly reported
in southern Brazil (e.g., Mafra et al. 2014, 2015), there
are several evidences of shellfish poisoning associated
with P. lima in temperate waters of Argentina, Canada,
and Japan (Koike et al. 1998; Lawrence et al. 1998;
Gayoso et al. 2002). Furthermore, recent studies have
demonstrated shifts in species dominance within the
benthic toxic dinoflagellate communities in degraded
coral reef environments from the Great Barrier Reef
(Queensland, Australia) affected by eutrophication pro-
cesses, leading to the prevalence of Prorocentrum spe-
cies (Skinner et al. 2013). These findings along with the
present results should be taken into account for DSP
assessment risks in coastal areas of the western

Fig. 8 Growth curve (cell density over time) for the cultivated strains of
Prorocentrum lima species complex

Fig. 9 Toxin concentrations measured along the growth curve in the
strains of Prorocentrum lima species complex: a okadaic acid (OA) and
b dinophysistoxin-1 (DTX-1)
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Atlantic Ocean, especially in densely populated areas
benefiting from shellfish farms.

Finally, living cells of the P. lima complex—and their arti-
ficially released intracellular contents—exhibited significant
lethality to Artemia salina larvae in this investigation, as pre-
viously reported for living cells of different P. lima strains
(Ajuzie 2007; Laza-Martinez et al. 2011; Neves et al. 2017),
as well as for high concentrations of their cell-free media
(Ajuzie 2007). Considering the severe toxicity reported for
A. salina in this and previous studies, as well as the lack of
lethal effect of OA to other marine organisms (Valdiglesias et
al. 2013), acute toxicity of these Prorocentrum species might
be related to the presence of copious mucus and/or other toxic
compounds such as prorocentrolides (fast-acting toxins),
as recently detected in P. caipirignum (Nascimento et al.
2017). Even though, both the putative lethal compounds
and the possible effects to other organisms remain to be
properly determined.

To the best of our knowledge, this is the first investigation of
physiological and toxicological aspects of a Prorocentrum strain
(LM001) isolated from a large estuary in the western Atlantic.
Cells sharing the samemorphotype (i.e., P. cf. lima Bmorphotype
5^) were recently found in the mud tidal flats of the outer sector
of the estuarine complex of Paranaguá Bay, occurring over a
salinity range of 19.1 to 33 and water temperatures of 20.9 to
28.2 °C (Moreira-Gonzalez et al. under review). Likewise, labo-
ratory experiments have shown that the same strain possesses a
highly effective mechanism of osmotic regulation, tolerating
abrupt salinity changes (Sobrinho and Mafra 2016). Therefore,
P. cf. lima Bmorphotype 5^ is likely an euryhaline benthic dino-
flagellate able to permanently occupy coastal embayments and
estuarine areas where fishing, shellfish harvesting, and aquacul-
ture are usually common activities. Moreover, like in different
tropical and subtropical regions around the globe (e.g., Ajuzie
andHouvenaghel 2009), the otherP. lima strains evaluated in the
present study were isolated from coral reef areas. In these envi-
ronments, besides benthic feeders, pelagic organisms may accu-
mulate their toxins and become a food-safety issue to seafood
consumers.

Conclusions

Marked morphological and genetic differences have been
found among strains of the P. lima species complex isolated
from Cuba and Brazil, and important observations on their
toxinology and physiology have been made. Taken altogether,
the results described herein are especially relevant for
environmental-assessment studies considering the risks to the
marine fauna and seafood consumers associated to the occur-
rence of these worldwide-distributed, toxic dinoflagellates.
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