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The dinoflagellate genus Prorocentrum includes several harmful toxigenic
species, predominantly benthic ones. In the past, fast-acting toxicity in mice
has been observed in extracts of the epibenthic species P. borbonicum, with
the finding of two compounds termed as borbotoxins-A and -B. The presence
of palytoxin-like compounds was also suggested from electrophysiological
experiments. In the present study, a strain of P. borbonicum was isolated in the
continental coast of Colombian Caribbean, in seagrass beds of Thalassia
testudinum in Bonito Gordo, Tayrona National Natural Park (PNNT). The
morphological and molecular characteristics were consistent with the
original and former descriptions for this species. Typical haemolytic activity
due to palytoxin was confirmed in P. borbonicum extracts in presence of
ouabain, the toxin contents being estimated as 1.9 pg palytoxin equivalents
cell™. HPLC-HRMS analyses of these extracts unambiguously identified the
presence of borbotoxins and 42-hidroxy-palytoxin (42-OH-PLTX). This is the
first report of palytoxin-like compounds in another dinoflagellate genus than
Ostreopsis and the first record of P. borbonicum in Colombia and the
Caribbean region.
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Introduction

The genus Prorocentrum was first established by Ehrenberg
(1834) with P. micans as the type species (Fukuyo, 1981).
Prorocentroids are a group of dinoflagellates characterized by
presenting laterally compressed cells, completely covered by two
lateral thecal plates, with contours that can be rounded, oval,
ovoid or pyriform, reviewed in detail by Hoppenrath et al
(2013). They do not have a cingulum or sulcus; with the
insertion of its two flagella towards the apical area emerging
through one of the two pores surrounded by a cluster composed
of several fine platelets known as the periflagellar area, located in
the right thecal plate. The vast majority are marine and,
depending on the species, they can present planktonic and/or
epibenthic habitat, living on inert substrates (dead coral,
sediments, mollusk shells, sandy bottoms, submerged or
floating detrital aggregates, among others) or living
(macroalgae, marine grasses, mangrove roots and seagrasses,
etc; Glibert et al, 2012). Currently 121 species have been
reported, of which 79 have taxonomic acceptance according to
the AlgaeBase (Guiry and Guiry, 2021). Approximately half of
these display epibenthic habits.

In addition to their importance in the food web (Fukuyo,
1981), some species, generally epibenthic, are involved in
harmful algal blooms, 13 of which are included in the IOC-
UNESCO taxonomic reference list of harmful algae (Lundholm
etal,, 2021). These Prorocentrum species are known as producers
of several biotoxins such as okadaic acid (OA) and its analogues,
dinophysitoxins, borbotoxins, fast-acting toxins and haemolytic
toxins (Ten-Hage et al., 2000; Heredia-Tapia et al., 2002; Pearce
et al., 2005; Hoppenrath et al., 2013; Amar et al., 2018 and
Nakajima et al., 1981; Yasumoto et al., 1987; Jackson et al., 1993;
Hu et al., 1993; Ten-Hage et al., 2002). Some of them have been
related with diarrhetic shellfish poisoning (DSP) intoxications in
humans, like P. lima (Gayoso et al., 2002). However, until now it
has not been clearly established a relationship between the
presence of these organisms and DSP events (Levasseur et al.,
2003; Foden et al., 2005).

In addition to the above mentioned biotoxins, a variety of
secondary bioactive metabolites have been characterized in
Prorocentrum spp., including belizeanolide, formosalides,
hoffmaniolide, prorocentrolides and prorocentin (Kobayashi
and Kubota, 2010). In the case of P. borbonicum, haemolytic
and fast-acting toxins have been found, displaying symptoms of
toxicity different to DSP and PSP (Ten-Hage et al.,, 2000; Ten-
Hage et al, 2002). These authors suggested the presence of
palytoxin-like compounds in the butanol-soluble fraction of P.
borbonicum extracts based on results of electrophysiological
experiments. However, only borbotoxin-A was isolated and
purified, demonstrating that the main action of this compound
is to block post-synaptic nicotinic ACh receptors (Ten-Hage
et al., 2002).
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In the present study, a strain of P. borbonicum from the
continental coast of Colombian Caribbean was isolated and
identified based on morphology and LSU rDNA phylogenetic
analyses. Toxicity was examined using a haemolytic assay and P.
borbonicum extracts were prepared for further HPLC-HRMS
analyses. The obtained results provided the confirmation and
first report of a palytoxin analogue (42-hidroxy-palytoxin (42-
OH-PLTX) in another dinoflagellate genus than Ostreopsis. This
finding adds a new species that should be considered as a
potential source for these compounds in the marine food
chain, associated with clupeotoxism. This study represents also
the first report of P. borbonicum in Colombia.

Materials and methods
Isolation and culture of P. borbonicum

The Prorocentrum strain INV MYZ0003 was obtained from
leaves of Thalassia testudinum (Koenig, 1805) collected on
March 2018 in a seagrass bed at Bonito Gordo (11°19°16,4 N;
74°07°36,5 W, 2 m depth), in Tayrona National Natural Park
(PNNT), near the city of Santa Marta (Magdalena department,
Colombian Caribbean; Figure 1). T. testudinum leaves were
obtained by snorkeling at a depth of around 2 m, gently cut
from their base to avoid detachment of epiphytes and carefully
placed in hermetically sealed plastic bags (Ziploc®) with
seawater and airtight closure.

In the laboratory, bags were shaken to loosen the adhered
organisms, after which most of the leaves were manually removed.
The seawater containing the released organisms was passed through
a 250 um sieve to retain particle debris and remaining vegetal
material. The obtained filtrate was used to search and isolate single
dinoflagellate cells in aliquots on excavated slides under a Nikon
inverted microscope, Eclipse TS100 (Nikon Corporation, Tokyo,
Japan). Single cells isolation was carried out manually with capillary
pipettes adapted to a silicone hose to pick up the organisms of
interest. Once isolated, cells were transferred to another excavated
slide with a drop of sterile filtered seawater. The procedure for
transferring the cell into sterile seawater was repeated several times
until no contaminants were observed.

The isolated single cells were inoculated in a 96-well
microplate containing K culture medium (Keller et al., 1987)
diluted by half and without added silicates, prepared with
seawater from the source area, sterilized and adjusted to
salinity of 36. Cells were maintained at temperature of 25°C
and a photoperiod of 12:12 h light/dark with a photon irradiance
of about 90 umol quanta m™?s”' of PAR (Biospherical
Instruments Inc. San Diego, CA, USA), using cool-white
fluorescent lamps. In the wells where active growth was
observed, cells were transferred and kept into new 7.4 mL
glass vials and 20 mL flasks, under the same conditions.
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FIGURE 1

Sampling localization at Concha bay (Bonito Gordo), in the Tayrona National Natural Park (TNNP), Colombia.
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Light and scanning electron microscopy
(SEM) observations

Cells of the Prorocentrum strain INV MYZ0003 were
observed under a Leica DMLA light microscope (Leica
Microsystems GmbH, Wetzlar, Germany) equipped with
epifluorescence with UV lamp and with an AxioCam HR3
photographic camera (Zeiss, Gottingen, Germany). The images
in epifluorescence were obtained by applying a drop of
calcofluor on the cells for staining their plates, before covering
them with the coverslip (Fritz and Trimer, 1985), subsequently
observing them under a UV light filter (Reguera et al,, 2011). The
autofluorescence of chloroplasts in living cells was registered
using the same microscope and imaging equipment.

For SEM imaging, 2 mL of culture in exponential phase were
treated with 4% Triton (20 min) and washed with distilled water
through 10 um membrane filters (TCTP, Isopore, Ireland) to
remove external membranes. Then, cells were fixed with
formaldehyde 4% for 24 hours at 5 °C, before being
dehydrated by passing them (twice each step) through
increasing ethanol concentrations: 30, 50, 75, 90, 95 and 100%.
Then samples were dried using a critical point dryer equipment
(Baltec CPDO030). Afterwards, filters with specimens were
mounted in a stub Finally, specimens were coated with gold
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using a Quorum QI50R ES sputter coater and observed with a
FEI QUANTA 200-r with voltage acceleration between 20 and
25Kv. The working distance was between 8.8 and 9.6mm
(Scanning Electron Microscopy Laboratory - Universidad
Nacional de Colombia).

The terminology proposed by Hoppenrath et al. (2013) was
followed to describe the cell orientation, as well as for the
description, arrangement and enumeration of the periflagellar
platelets. Therefore, we use the term anterior or “apical” for the
site where the flagella emerge and “antapical” or posterior for the
opposite end, with the right thecal plate being the most
excavated anteriorly with respect to the left (both connected
through a sagittal suture).

DNA extraction, PCR amplification and
sequencing

For DNA extraction, 3 to 5 cells of strain INV MYZ0003
were isolated by micropipetting, washed three times in drops of
molecular grade distilled water and stored for 24 h at -40°C in a
200 pL tube. Then, samples were cold shocked with liquid
nitrogen for 1 min and heated (94°C, 1 min) in an Eppendorf
Mastercycler EP5345 (Eppendorf AG, New York, USA).

frontiersin.org


https://doi.org/10.3389/fmars.2022.973250
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Arteaga-Sogamoso et al.

The D1-D3 regions of the LSU rRNA gene were amplified by
PCR using the pair of primers DIR/LSUB (5'-ACCCG
CTAATTTAAG-CATA-3"/5"-ACGAACGATTTGCACGTCAG-
3’) (Scholin et al,, 1994). Amplifications were performed in an
Eppendorf Mastercycler EP5345, using Horse-Power Taq DNA
Polymerase MasterMix 2x (Canvax, Spain) following
manufacturer’s instructions.

PCR conditions for LSU rRNA gene amplifications were as
follows: 5 minutes initial denaturing at 94°C, followed by 30
cycles of 35 s denaturing at 94°C, 35 s annealing at 51°C (LSU),
and 1 min elongation at 72°C, with a final elongation step of
7 min at 72°C. The PCR products were purified with ExoSAP-IT
Express (Applied Biosystems, Foster City, CA, USA).
Sequencing reactions were performed using the Big Dye
Terminator v.3.1 reaction cycle sequencing kit and migrated in
a SeqStudio genetic analyzer (both at Applied Biosystems, Foster
City, CA, USA) at the CACTI sequencing facilities
(Universidade de Vigo).

Phylogenetic analyses

LSU rRNA gene sequence of strain INV MYZ0003
(GenBank Acc. No. OM522663) was assembled in Bioedit
(Hall, 1999), with a final length of 772 bp. An alignment
including Prorocentrum spp. available from GenBank database
was elaborated using MEGA 7 (Kumar et al., 2018), including 33
sequences from distinct species/phylotypes of Prorocentrum.
Final LSU rRNA alignment included 757 positions. Sequences
from Adenoides eludens (Herdman) Balech were used to root the
LSU rRNA.

Phylogenetic model selection (Maximum Likelihood, ML)
was performed using ModelTest tool in MEGA 7. A Kimura-2
parameter (K2+G, v = 1.01) model was selected.

The phylogenetic relationships were also determined using
Bayesian phylogenetic inference and in this case the substitution
models were obtained by sampling across the entire GTR model
space following the procedure described in Mr. Bayes v3.2
manuals. Bayesian trees were performed with Mr. Bayes v3.2
(Huelsenbeck and Ronquist, 2001) and the program parameters
were statefreqpr = dirichlet (1,1,1,1), nst = mixed, rates =
gamma. The phylogenetic analyses involved two parallel
analyses, each with four chains. Starting trees for each chain
were selected randomly using the default values for the Mr.
Bayes program. The corresponding number of unique site
patterns for LSU rRNA alignments were 276. The number of
generations used in these analyses was 1,000,000. Posterior
probabilities were calculated from every 100th tree sampled
after log-likelihood stabilization (“burn-in” phase). Maximum
Likelihood phylogenetic analyses were conducted in MEGA 7.
Bootstrap values were estimated from 1,000 replicates.

Overall topologies by ML and Bayesian inference (BI)
method were very similar. The phylogenetic trees were
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represented using the ML method with bootstrap values and
posterior probabilities from the BI. Uncorrected p-distances
[proportion (p) of nucleotide sites at which two sequences are
different (Transitions + Transversions), i.e. proportion of
nucleotide sites that are different] were calculated using
MEGA 7. Thus, no corrections for multiple substitutions at
the same site, substitution rate biases (e.g., differences in the
transitional and transversional rates), or differences in
evolutionary rates among sites are considered (Nei and
Kumar, 2000).

Toxins extraction

Prorocentrum borbonicum was grown in one 500 mL
Erlenmeyer flask containing 218 mL of K culture medium
(Keller et al., 1987) diluted by half and without added silicates
under the same culture conditions previously detailed.

After the microalgal culture reached the end of the growth
phase a Lugol-fixed aliquot was collected to determine cell
density under the light microscope using a Sedgewick-Rafter
chamber. P. borbonicum densities harvested for toxin analyses
were 14880 cells mL™". Cells were collected by filtering the whole
culture through a GF/C glass fiber filter of 25 mm diameter
(Whatman, International Ltd., Germany) and two consecutive
extractions, each one with 1500 puL methanol:water (8:2), were
performed. This methanol-water soluble extract was kept frozen
(-20°C) until toxin analyses.

Haemolytic assay

The haemolytic activity of the palytoxin (PLTX) standard
solution obtained from Palythoa tuberculosa (Wako Chemical
Industries, Ltd., Japan) and P. borbonicum extract was analyzed
by delayed hemolysis of sheep erythrocytes using the PLTX
antagonist ouabain following Riobo et al. (2008). Erythrocytes
were separated from the plasma by centrifugation for 10 minutes
at 400 x g at 10°C and washed twice with isotonic phosphate
buffer (PBS) containing 0.1% bovine serum albumin (BSA),
1mM calcium chloride (CaCl,-2H,0) and 1mM boric acid
(H3BO3). Then blood was diluted in PBS solution to a final
concentration of 1.7 x 10” red blood cells mL™.

One aliquot of the methanol-water soluble extract (500 uL)
was dried and dissolved in 5mL of PBS solution (dilution 1:10).
Assay was performed by using the following dilutions of P.
borbonicum extract in the hemolysis buffer: 1:10, 1:10% 1:10°
and 1:10".

Each assay was carried out in triplicate in a 96 microwell
plate by mixing 150 pL of blood solution with 150 uL of diluted
extract. Haemolysis controls for 0 and 100% lysis were prepared
by mixing 150 pL of blood solution with 150 uL of PBS solution
or distilled water respectively. Microplates were incubated for
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22 h at 25°C and then the whole plate was centrifuged for 10
minutes at 400g at 10°C. From each well, 200 uL of the
supernatant were transferred to a new plate and the
absorbance at 405 nm was measured with a microplate reader
(BioRad 550, USA). Measurements from three replicates
were averaged.

The hemolytic effect of palytoxin compound from the
microalgae extract was expressed as picograms of PLTX
equivalents per cell (pg PLTX equiv cell) (Riobo et al., 2008).

HPLC-DAD analyses

HPLC-DAD analyses of methanolic-water soluble extracts of
P. borbonicum and reference PLTX were performed by using an
Alliance HPLC System consisting of a 2695 separations module
and a Waters 996 photodiode array detector. Borbotoxins and
PLTXs were determined according to Ten-Hage et al. (2002).
Conditions for analyses were as follows: Toxins were separated on
a reverse-phase Poroshell 120 EC-C18 column (100 x 2.1 mm, 2.7
um particle size) maintained at 25 °C at a flow rate 0.2 mL min-1.
The mobile phase consisted of (eluent A) (Milli-Q water acidified
to pH 2.5 with trifluoroacetic acid) and (eluent B) acetonitrile.
Gradient conditions were as follows: 20% B at 0 min, 60% B at
20 min, 100% B from 25 min to 28 min, 20% B from 32 min to
35 min (initial conditions). The column effluent was monitored by
UV absorbance at 233nm (UV spectrum recorded between 200
and 325 nm). The injection volumes of P. borbonicum extract and
PLTX standard (25 ng mL-1) were 100 UL and 40 UL respectively.
For toxins identification a PLTX standard solution obtained from
Palythoa tuberculosa (Wako Chemical Industries, Ltd., Japan)
was used.

HPLC-HRMS analyses

HPLC-HRMS analyses were performed by using a Thermo
Scientific Dionex LC coupled to an Exactive mass spectrometer,
equipped with an Orbitrap mass analyzer. Two different
methods were applied in order to determine borbotoxins and
palytoxins on the one hand and diarrheic shellfish toxins (DSTs)
on the other hand. DSTs were determined according to the
Standardized Operating Procedure (SOP) validated by the
European Union Reference Laboratory for Lipophilic Marine
Biotoxins (EURLMB, 2015). Borbotoxins and PLTXs were
determined according to Garcia-Altares et al. (2015).

Conditions for analyses of DSTs were as follows: analyses
were performed in positive and negative modes (scan range: 100-
1200 m/z). Toxins were separated on a Gemini NX C18 column
(100 x 2 mm, 3um particle size) maintained at 40 °C at a flow
rate 0.4 mL min"'. The mobile phase consisted of (eluent A)
0.05% ammonia and (eluent B) 90% acetonitrile: 10% eluent A.
Gradient conditions were as follows: 25%B from 0 to 1.5 min,
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95%B from 7.5 to 9.5 min, 25%B from 12.5 to 16.5 min (initial
conditions). For toxins identification a standard mix solution
containing OA, DTX2, DTX1 and PTX2 (Cifga Laboratory,
Spain) was used.

Conditions for analyses of borbotoxins and PLTXs: analyses
were carried out in positive mode with and without all-ion
fragmentation (AIF) (NCE 35 eV) (scan range for full MS and
AIF mode: 200-3000 m/z). The column was identical to that used
for HPLC-DAD analyses and eluted with the same flow rate but in
this case was kept at 30°C. The mobile phases were Mili-Q water
(eluent A) and 95% acetonitrile/water (eluent B), both containing 30
mM acetic acid. The following gradient elution was used: 28%B at
0 min, 50% B at 10 min, 100% B from 15 to 16 min, 28% B from 17
to 25 min (initial conditions). The volume of P. borbonicum extract
and PLTX standard (25 ng mL'") injected was 20pL. For toxins
identification it was used the same PLTX standard as in the HPLC-
DAD analyses.

Results
Morphology

Prorocentrum strain INV MYZ0003 exhibited symmetrical
or slightly asymmetric broad oval to ovoid cells, with posterior
area broadly rounded, in lateral view (Figures 2A-E). Length (L)
varied between 19.0-27.4 um (mean 23.5 + 2.5 um, n = 35),
width (W) between 14.9-23.5 um, (mean 20.2 £ 1.9 um, n = 35)
and L/W ratios between 0.94-1.32 (mean 1.17 + 0.08, n = 35).
Living cells containing a golden-brown chloroplast with a central
pyrenoid with starch sheath (visible as ring) (Figure 2A). Both
thecal plates are foveate (Figures 2D, E, 3A, B) with different
sizes of scattered round pores usually inside the depressions
(Figures 2D, E, 3A, B). The largest pores are less numerous and
tend to be absent towards the center of the thecal plates
(Figures 2B, D, E). Sometimes the pores appear to be arranged
in a radial pattern. Depressions are round and more notorious at
the edges and sometimes in a small central area of the cell
(Figures 2D, E). Intercalary band is smooth (Figure 3B). Wide V-
shaped periflagellar area (Figures 2A, E, 3A). Lacking structures
such as ridges, protrusions, curved projections, wings or spines
(Figure 3A). Collar on left plate was not visible. Thick flange
surrounding the periflagellar area either was not observed
(Figure 3A). Platelets surrounding flagellar and accessory
pores may show platelet lists (Figures 2E, 3A). The accessory
pore is smaller than flagellar pore (Figures 2E, 3A).

Following the nomenclature proposed by Hoppenrath et al.
(2013), in this species nine platelets can be observed (1, 2, 3, 4, 5,
6a, 6b, 7, 8) (Figure 3A). Platelets 1 to 4 in contact to the border
of the left thecal plate, while platelets 5, 6a, 6b and 1 in contact
mainly with the right thecal plate (Figure 3A).

Platelet 1 triangular and excavated with one depression. This
platelet connects with platelets 2, 6a, 7 and externally with the
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FIGURE 2
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s

20.0um

Prorocentrum borbonicum: light micrographs (A—C) and scanning electron micrographs (D, E). (A) Live cell, in right lateral view, p= pyrenoid,
scale bar 10 um. (B) Left thecal plate showing large thecal pores and (C) Chloroplasts. Scale bars 20 um. (D) Cell in left lateral view and (E) Cell
in right lateral view showing depressions, pores, and V-shaped periflagellar area. Scale bars 20 um.

accessory pore (Figure 3A). Platelet 2 is small and square and has
one depression. It is in contact with platelets 1, 3, 7 and 8, and
forms the left side of the accessory pore (Figure 3A). Platelet 3 is
large, rectangular and excavated in 1 depression. It is in contact
with platelets 2, 4, 5 and 8 (Figure 3A). Platelet 4 is square and
small, with one depression, it is in contact with platelets 3 and 5
(Figure 3A). Platelet 5, characterized by being elongated and
thin, with a wide curved arc shape, is in contact with platelets 3,
4, 6b forming altogether most of the right, left and ventral side of
the flagellar pore; Platelet 5 generally presents an elongated
depression that gives it a channel-like appearance (Figure 3A).
Platelet 6 is characteristically divided two quadrangular platelets
(6a and 6b), the 6a in contact with platelets 1, 6b, 8, 7 and with
the right side of the accessory pore; the 6b in contact with the 6a,
5 and 8 platelets and with right side of the flagellar pore
(Figure 3A). Platelet 7 adjacent to 1, is internal and rounds
part of the accessory pore, it is also in contact with plate 2
(Figure 3A). Platelet 8 separates flagellar and accessory pores
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forming a bridge between platelet 6a and 6b in one side and
platelets 2 and 3 on the other side (Figure 3A).

Phylogeny

Partial LSU rRNA gene sequence obtained for P. borbonicum
INV MYZ0003 was placed unambiguously in a molecular clade
including other four P. borbonicum sequences with similar
length retrieved from GenBank (Figure 4). Closest
Prorocentrum species was P. sipadanense. In particular, the
sequence from this study was identical to three strains
originating from South China Sea. Other three sequences from
P. borbonicum available in GenBank were excluded from the
phylogeny given their shorter length (<600 bp). These belonged
to South China Sea (MH381781, MH359126) and Florida (USA;
KT898187; David, 2014) and were identical across their shared
sequences to INV MYZ0003.
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FIGURE 3

Prorocentrum borbonicum: scanning electron micrographs (A, B). (A) View of the periflagellar area and part of the right thecal plate, showing
Ap, small accessory pore; Fp, large flagellar pore; D, Depressions; Sp, small thecal pores; Lp, large thecal pore; Dp, depression with pore; and
nine platelets of the periflagellar area (1, 2, 3, 4, 5, 6a, 6b, 7 and 8). (B) Theca in antapical view showing: S, suture; Ib, Intercalary band.
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FIGURE 4

Bayesian-inferred phylogenetic tree showing relationships between Prorocentrum species. Sequence of Prorocentrum borbonicum, strain INV
MYZ0003 is in bold. Node values indicate posterior probabilities and bootstrap values obtained by Maximum Likelihood method.

Haemolytic assay

The methanol-water soluble extract of P. borbonicum
showed typical haemolytic activity due to PLTX which was
inhibited in presence of ouabain, a PLTX antagonist.
Absorbance measurements of control haemolysis solutions: 0%
(1 blood: 1 PBS solution) and 100% (1 blood: 1 distilled water)
were used to calculate haemolysis percentages of standard and
sample dilutions. Concentrations of twelve dilutions of PLTX
standard ranging from 2.5 pg pL" to 0.025 pg uL ™' and their
respective haemolysis percentages (from 88% to 5%) were used
to plotting the calibration curve. Haemolytic activity percentages
of dilutions 1:10 and 1:10% of the original sample extract were out
of the linearity range of the calibration curve (96% and 93%
respectively). Therefore, quantitation was achieved with
dilutions 1:10° and 1:10* of the original extract, which
percentages of haemolytic activity were 83% and 34%
respectively. The calibration curve equation was obtained from
the modified accumulative Weibull s function in terms of Dose-
Response model following Riobo et al. (2008). The toxin content
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in cells calculated with both dilutions was averaged. As result,
the concentration of PLTX- like compounds in P. borbonicum
strain INV MYZ0003 was estimated to be 1.9 pg PLTX
equivalents cell.

HPLC-DAD and HPLC-HRMS analyses

As result of HPLC-HRMS analyses of P. borbonicum extract,
lipophilic toxins (OA, DTX2, DTX1 and PTX2) were not
detected while borbotoxin (A or B) and 42-hidroxy-palytoxin
(42-OH-PLTX) were unambiguously identified.

Due to lack of borbotoxin calibration standard, the
identification of this compound by HPLC-HRMS was based
on the mass spectrum described for P. borbonicum (Reunion
Island) by Ten-Hage (2002). One peak at 1.46 min was detected
by monitoring pseudomolecular ions [M+H]" at m/z 1038.6063
and the sodium adduct [M+H+Na]** at m/z 530.7981, both of
them characteristic of borbotoxins A/B (Ten-Hage, 2002).
Furthermore, the mass spectrum of this peak presented the
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sodium adduct [M+Na]™ at m/z 1060.5882, the potassium aduct
[M+K]" at m/z 1076.5838 and two other characteristic ions
reported in borbotoxins at 7/z 1054.6012 and at m/z 1070.5966
(Figure 5). The UV spectra of this compound was measured
between 200 and 325 nm and showed two characteristic
absorbance maxima at 234 nm and 283 nm. (Figure 6).

Taking into account that in reversed-phase HPLC the more
polar solutes eluting first, this implies that borbotoxin compound
(RT 1.46 min) is more polar than PLTX standard which was
retained more time in column and eluted at 5.8 min. To analyze the
presence of PLTX, extracted ion chromatograms were obtained
from the HR full MS spectra for PLTX standard by selecting the
most abundant ion peaks at m/z 1351.7469 [M+2H+Na] *2 and m/z
906.8226 [M+2H+Ca]™? (corresponded to bi-charged and tri-
charged ion clusters respectively) as well as the characteristic
fragment ion at m/z 327.1927 (C¢H,,N,Os, A 3.825) attributed to
the cleavage between carbons 8 and 9 (Figure 7).

During the LC-HRMS analyses of P. borbonicum extract one
major peak was detected at 5.72 min in the chromatogram
monitored within the mass window m/z 326.5-327.5 Da. The
mass spectrum of this peak showed abundant ion peaks at m/z
1359.7429 [M+2H+Na]** and m/z 912.1533 [M+2H+Ca]*>.
This suggested that this compound contained 16 mass units
more than PLTX (P. tuberculosa), just like 42-OH-PLTX
(Ciminiello et al, 2009). The comparative analysis of the
HRMS spectra of both, PLTX standard (1) and PLTX-like
compound (2) showed evident structural similarities between
the two compounds like the presence of the fragment ion at m/z
327.1927 and abundant peaks due to subsequent losses of water
molecules from the precursor ions.

The HRMS spectra of (1) and (2) showed monocharged ions
[M+2H]" at m/z 2680.5044 (C,,0H,,505,N5. RBD 19.0, 3.621
ppm) and m/z 26964996 (C,29H,,5055N3, RDB 19.0, 3.705
ppm) respectively. Both signals were very low to be used for
assignment of molecular formulas. However, the elemental
composition calculated by the Xcalibur data acquisition
software agreed with the theoretical molecular formula of

>
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FIGURE 5
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PLTX standard (P. tuberculosa) for (1) (C;20H»,305,N3) and
also with subsequent evidences for assignment of molecular
formula of compound 2 (C;,9H,,3055N3) obtained from de
comparative analysis of bicharged and tricharged ion clusters
contained in the HRMS spectrum of (1) and (2). In particular, it
was confirmed that bicharged ion clusters contained in HRMS
spectrum of (2) were up-shifted by 8 mass units as compared to
those of (1) and further confirmation was provided by exact
masses of the most abundant tricharged ions. (Table 1).

The UV spectrum of PLTX showed two absorption peaks
contributed by two chromophores at 233 and 264 nm, being the
intensity at 233 nm double than 264 nm. This characteristic UV
absorption profile was observed in 42-OH-PLTX (Figure 6).

Discussion
Morphology

Most of the morphological characters detailed in the present
study for the INV MYZ0003 strain agree with the original
description for P. borbonicum (Ten-Hage et al., 2000).
Although, some differences were noted such as, e.g., the
presence of an additional periflagellar platelet in the INV
MYZ0003 strain compared to the eight reported in Ten-Hage
et al. (2000), however, this characteristic fits the description of
Hoppenrath et al. (2013) who consider that the number of
platelets for this species is between eight or nine, as well as
that of Zou et al. (2021) who count nine in a strain found in the
South China Sea. The general notoriety of the depressions of the
throughout thecal plates in the original description (Ten-Hage
et al., 2000), which for INV MYZ0003 were more noticeable in
those located towards the edges, and sometimes in small central
areas of the thecal plates (Figures 2D, E), probably due to thin
layers of mucilage and/or membranes that remained in our
material. This also made difficult to clearly appreciate the thecal
pores, because although various sizes could be distinguished

1054,6013
24000000 - 1038,6063
16000000 -
' 1050 o 1
T miz 5
8000000 4 20798t - T 11054,6013
ododa b
400 600 800 1000 1200
m/z

Methanolic-water soluble extract of P. borbonicum. LC-MS chromatogram monitored within the mass window m/z 1038-1039 Da (A) and mass

spectrum for peak at 1.46 min (B).
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FIGURE 6

Methanolic-water soluble extract of P. borbonicum. LC-DAD chromatogram monitored at 233 nm (left). Peaks at retention time 5.65 and 12.79

min correspond to borbotoxin A/B and 420H-PLTX respectively. UV spectrum between 200 and 325 nm (right) at 5.65 min (at top) and 12.79
min (at bottom).

(Figure 3A) it was not possible to appreciate the large pores
located outside the depressions and pores of smaller sizes
mentioned by Ten-Hage et al. (2000).

On the other hand, although the length and width sizes in

together with P. elegans Faust, P. formosum Faust, P.
norrisianum, Faust & Morton and P. sipadanense
Mohammad-Noor, Daugbjerg & Moestrup, differing P.
borbonicum from the first three for presenting a foveate thecal

some of the cells described in the present work exceeded the
largest values reported in the original description, in general
there was a good overlap between the size ranges of both
strains (Table 2).

P. borbonicum stands out for being part of the small-sized
epibenthic species of the genus Prorocentrum (L <28 pm)

surface (Ten-Hage et al., 2000) being smooth in P. elegans
(Faust, 1993a), P. formosum (Faust, 1993b) and P. norrisianum
(Faust, 1997).

Although P. sipadanense also presents a foveate thecal
surface, it is easily differentiable from P. borbonicum by
characteristics such as: asymmetrical oblique truncated apex in

/b\ '
.”w m

N

m/z327.1927
H,

FIGURE 7

Structure of PLTX molecule. The boxes show double bonds responsible of characteristic UV absorption profile. The circle shows the fragment
ion at m/z 327.1927 attributed to the cleavage between carbons 8 and 9. The carbon 42 is also numbered. This carbon is bonded to one
hydrogen atom or one hydroxyl group in PLTX and 42-OH-PLTX molecules respectively.
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TABLE 1 HRMS data of PLTX and PLTX-like compound 2 (42-OH-PLTX) obtained from full MS spectra acquired in the mass ranges m/z 2000-

3000, m/z 1200-1400 and m/z 850-950.

PLTX
MONO-CHARGED IONS
[M+2H]" 2680.5044
Formula Ci290H225054N3
RDB, A ppm 19.0, 3.621
BI-CHARGED IONS
[M+2H-4H,0]*? 1304.7343
Formula C129H218050N3
RDB, A ppm 22.5, 3.406
[M+2H-3H,0]** 1313.7402
Formula C120H12005N3
RDB, A ppm 21.5,3.853
[M+2H-2H,0]*? 1322.7465

Formula Ci29H22:05,N3
RDB, A ppm 20.5, 4.596
[M+2H+Na]*? 1351.7469
Formula Ci29H25054N3Na
RDB, A ppm 18.5, 3.656
[M+2H+K] "™ 1359.7308
Formula C120H225054N3K
RDB, A ppm 18.5, 1.378
TRI-CHARGED IONS

[M+2H+Ca]** 906.8226
Formula C20H325054N53Ca
RDB, A ppm 19.0, 4.379

Compound 2 (42-OH-PLTX)

2696.4996
C129H225055N3
19.0, 3.705

1312.7316
C129H218051N3
225, 3.266
1321.7370
CiaoH22005,N;
21.5,3.257
1330.7424
Ci20H12,053N;
20.5, 3.248
1359.7429
Ci20H125055N;Na
18.5, 2.490
1367.7260
CiaoH225055N3K
18.5, -0.280

912.1533
Ci29H25055N3Ca
19.0, 3.215

Assignment of molecular formulae to the monoisotopic ion peaks of mono-, bi- and tri-charged ions. Relative double bonds (RDB) equivalent and mass tolerance (ppm).

P. sipadanense (Saburova and Chomerat, 2016) being
symmetrical truncate in P. borbonicum; thecal pores scarce
and asymmetrically scattered in P. sipadanense (Saburova and
Chomerat, 2016) noticeable and visible by LM, while for P.
borbonicum are more or less arranged symmetrically and only
the largest pores being visible to the LM (Figure 2B); the
presence of conspicuous marginal pores in P. sipadanense
irregularly distributed (Mohammad-Noor et al., 2007;
Saburova and Chomerat, 2016) not present in P. borbonicum;
and presence of prominent marginal crest in P. sipadanense
(Saburova and Chomerat, 2016), absent in P. borbonicum.

Distribution and habitat

P. borbonicum was at first time isolated and described in a
fringing coral reef of St Leu from La Reunion Island (France,
southwest Indian Ocean) by Ten-Hage et al. (2000). Since then,
it has been also reported in some locations around the world
such as South China Sea (Zou et al., 2021); Mediterranean Sea
(Aligizaki et al., 2009) and Florida (David, 2014). Until 2019, P.
borbonicum had not been reported for the coasts of Latin
America (Duran-Riveroll et al., 2019) however, since that year
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it was reported on the beaches of the province of Santa Elena in
Ecuador (Catuto, 2019) and then on the coast of Parana in Brazil
(Junqueira de Azevedo, 2020). According to the results of this
work, this would be the first report of the presence of this species
in the Colombian Caribbean and for the Caribbean area.

It is noteworthy, the few places where this organism has been
reported compared to the reports of other organisms of the same
genus, perhaps because it is not usually found in high densities
and/or because of its small size that would make it go unnoticed
(Saburova and Chomerat, 2016).

During 2018, in the PNNT, small Prorocentrum species that
highly resembles in appearance and size of epiphytic P.
borbonicum were found on leaves of T. testudinum, a seagrass
with a wide and permanent distribution in the area, and also in
fiberglass mesh collectors placed for 24 hours in these meadows
in the months of March (major dry season), June (minor rainy
season) and October (major rainy season). During this last
month the highest abundances were found, both in mesh and
in T. testudinum; temperature values between 26,5 and 31.6° C
and salinity between 32.6 and 36.8 were recorded.

Although T. testudinum like other phanerogams can serve as a
substrate for a large number of organisms (Gonzalez and Diaz,
2008), among them P. borbonicum, it is not ruled out that this
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TABLE 2 Comparison of morphometric (min—-max [mean + SD]) and morphological features between the strain INV MYZ0003 and the original
description for P. borbonicum (Ten-Hage et al., 2000).

Cell length (um)

Cell width (um)
Length/width ratio
Cell shape
Asymmetry of apex
Marginal ridge
Periflagellar area

No. of platelets
Flagellar and accessory pores
Thecal ornamentation
Depression size

Pore size

Pore pattern
Plate centre
Position of pores
Intercalary band
Marginal pores
Pyrenoid

Original description

18-24 [20.0 + 1.2]
16-20 [18.1 + 1.0]
111

Symmetrical, broad oval to ovoid

Symmetrical-Truncated
No

Wide V-shaped

8

Yes

Foveate

0.4-0.5

Small: 0.07-0.08

Large: 0.16-0.17

Scattered

Devoid of large pores, with small pores

In depression and between
Smooth (outer)
No

Yes, central

species can be found in other types of substrates, if it is considered
that the PNNT presents a high diversity, with 218 Rhodophyta, 52
Phaeophyceae and 83 Chlorophyta recorded species (Diaz-Pulido
and Diaz-Ruiz, 2003). Aligizaki et al. (2009) also found P.
borbonicum on sediment in Greek coastal 398 waters.

The TNNP is a hotspot of coral reef biodiversity, with some
patches of phanerogams and mangroves also present, located
between the city of Santa Marta (>455,000 inhabitants) and
several smaller river mouths (Bayraktarov et al, 2014). The
general geomorphological characteristics are influenced by the
northwestern foothills of the Sierra Nevada de Santa Marta
which enter towards the sea. These configure an indented
coastline in which rocky headlands and inlets alternate with
beaches, between which Bahia Concha (Bonito Gordo) is
located. The region experiences a strong seasonal variation in
physical parameters (temperature, salinity, wind, and water
currents) due to alternating dry seasons with coastal upwelling
and rainy seasons. For example, temperature (decreasing in
average from 28 to 21°C) (Salzwedel and Miller, 1983;
Bayraktarov et al., 2014), salinity (increasing from 33 to 38)
(Salzwedel and Miiller, 1983; Bayraktarov et al., 2014) and
higher wind in dry seasons (Salzwedel and Miiller, 1983).

In cultures, P. borbonicum cells generally exhibited
sedentary behavior, primarily located at the bottom of the
containers, with some cells actively swimming in the water
column. There were strong attachments towards the
containers usually forming aggregations which increased as the
cultures became old.
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This study (INV MYZ0003)

19-27 [23.5 + 2.5]

15-24 [20.2 + 1.9]

1.17

Slightly asymmetrical or symmetrical, broad oval to ovoid
Symmetrical-Truncated

No

Wide V-shaped

9(123456a6b78)

Yes

Foveate

0.3-0.6

Large: 0.11-0.21
Scattered

Devoid of large pores
In depression, between?
Smooth (outer)

No

Yes, central

Genetics

Phylogenetically, P. borbonicum represents a well-defined
clade by means of LSU rDNA sequences, given the large genetic
distances regarding closest related species (P. panamense, P.
sipadanense and P. playfairi). Therefore, the use of additional
molecular markers were not necessary to depict its position. This
is not the case always for other Prorocentrum spp. which given
their genetic similarity need at least additional molecular
markers (ITS rDNA, ITS2 secondary structure) to outline their
differences between close ribotypes (e.g. Nascimento et al., 2017).

Morphologically, P. borbonicum shares with P. playfairi and P.
panamense the presence of a foveate-reticulated surface of its thecal
plates, differing mainly from these in the sizes that are much larger
in the latter (length> 42.5 and width> 30). Other differences were
the absence of pyrenoid in P. playfairi (Croome and Tyler, 1987);
the asymmetric (heart-shaped) in the thecal plates of P. panamense
cells (Grzebyk et al,, 1998). On the other hand, P. playfairi has as a
particular ecophysiological characteristic that of inhabiting fresh
waters (Croome and Tyler, 1987).

Toxins

Carrying out bioassays in mice with crude extracts of P.
borbonicum, Ten-Hage et al. (2000); Ten-Hage et al. (2002)
found lethality, previously presenting symptoms associated with
neurotoxicity such as prostration, progressive limp paralysis
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(from hind- to fore-limbs), dyspnea, and terminal convulsions,
without detecting diarrheal or paralytic toxins using HPLC
analyze. These symptoms could be probably due to any PLTX
analog since they are characteristic in mice after intraperitoneal
injection with samples containing PLTX like compounds (Riobo
et al., 2011); Similarly, P. borbonicum isolated from Greek
coastal waters was also lethal to the brine shrimp Artemia
without detecting the presence of okadaic acid (Aligizaki et al.,
2009). According to Ten-Hage et al. (2002), electrophysiological
experiments suggested the presence of palitoxy-like compounds;
it was also suggested that P. borbonicum possessed polar fast
acting toxins. The same authors, after HPLC-MS and MS/MS
analyses revealed the presence of two new isomeric toxins
named as borbotoxin-A and borbotoxin-B.

The mechanism of action for borbotoxin-A was found to be
the blocking of the post-synapse of the nicotinic-type acetylcholine
receptors. These receptors are involved in several central functions,
including: voluntary control of movement, memory and attention,
sleep and alertness, pain and anxiety (Le Novere et al., 2002). In
this study, presence of borbotoxin was confirmed, but the most
relevant result was the identification and quantitation of the PLTX
analogue 42-hidroxy-palytoxin (42-OH-PLTX) responsible for
haemolytic activity in P. borbonicum INV MYZ003.

Palytoxin (PLTX) and its analog 42-OH-PLTX are among the
most potent non-protein marine biotoxins in existence (Ciminiello
et al,, 2009). These compounds were first isolated in 1971 and 2009,
respectively, from zoanthid of the genus Palythoa in Hawaii (Moore
and Scheuer, 1971; Ciminiello et al, 2009), with 42-OH-PLTX
being the main palytoxin analog present in Palythoa toxica samples
and a main component of the toxic extract from the P. tuberculosa
sample, with biological effects similar to that of PLTX itself
(Ciminiello et al, 2009). Kerbrat et al. (2011) also report the
presence of these toxins in the cyanobacterium Trichodesmium
erythraeum in New Caledonia (Oceania). In bioassays by
intraperitoneal injection with extracts of this cyanobacterium in
mice Kerbrat et al. (2011) observed symptoms such as reduced
activity and responsiveness, frequent convulsive spasms, respiratory
distress, and partial paralysis, which quickly progressed to total
paralysis, which could lead to their death. On the other hand, Mori
etal. (2016), discovered a compound with identical activity to PLTX
in Chondria armata, when studying the vermifuge and insecticide
properties in this red alga.

Among the most representative cases due to their negative
impacts at the socio-economic, ecological and human health levels,
the production of PLTX and several of its analogs by different
species of dinoflagellates of the genus Ostreopsis stands out, such as:
ostreocins in Ostreopsis siamensis (Usami et al,, 1995; Terajima
et al,, 2019); mascarenotoxins in Ostreopsis mascarenensis (Lenoir
et al, 2004) and ovatoxins in Ostreopsis ovata (Ciminiello et al,
2008; Garcia-Altares et al., 2015). In accordance with the above, this
study reports for the first time the presence of a palytoxin analogue
(42-OH-PLTX), in a dinoflagellate of a genus other than Ostreopsis,
such as Prorocentrum, represented by P. borbonicum, confirming
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the suspicions of Ten-Hage et al. (2002) on the presence of
palytoxin analogs in this organism.

Although palytoxin and several of its congeners have also
been detected in various marine organisms such as fish (Fukui
et al., 1987), molluscs, crabs, starfish, corals, sponges,
polychaetes, gorgonians (Aligizaki et al., 2011; Bire et al,
2013), its presence is generally attributed to its transit and
bioaccumulation through the trophic network, also associated
by its close coexistence observed with zoanthids that produce
these toxins, without clearly establishing its original producer.

The presence of 42-OH-PLTX and borbotoxins in P.
borbonicum implies it as another of the producers and potential
dispersers of these biotoxins, not only in Colombia where it is
reported for the first time, but possibly in other areas of the world
where it has been found. The presence of P. borbonicum in the
Caribbean should be considered a potential problem for human
health and well-being, even more so when the economy of the
Caribbean region is based on tourism, an industry that has registered
income of 25 billion US dollars per year, which represents 20% of the
Gross Domestic Product (Burke and Maidens, 2005; Kingsbury,
2005; Pantojas, 2006). The finding of this article should serve to
strengthen the Benthic Harmful Algae Blooms (BHABs) monitoring
and design and implement an early warning system.
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