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Dinoflagellates of the genera Gambierdiscus and Fukuyoa are able to produce potent neurotoxins like ciguatoxins
(CTXs), which, after biooxidation in fish, are responsible for ciguatera intoxication. An isolate of G. australes from
the Canary Islands, that revealed the presence of CTX-like compounds by immunosensing tools, was studied by
immunocytochemistry to localize intracellular CTX-like compounds, using 8H4 monoclonal antibody that spe-
cifically recognizes the right wing of CTX1B and CTX3C analogues. Confocal microscopy observations of
immunostained whole cells revealed a strong positive reaction on cell surface and all along the cell outline, while
no reaction was detected inside the cells, probably because the antibody was not able to pass through thecal
plates. Cell sections showed a positive antibody staining not only on thecal plates, but also inside cytoplasm, with
numerous small dots and larger tubule-like reticulate structures. Small fluorescent dots were detected also on the
nuclear surface. These observations indicate that CTX-like compounds are present in G. australes cytoplasm, and
then are, at least in part, released to cover the cell surface.

1. Introduction

Dinoflagellates of the genera Gambierdiscus and Fukuyoa are able to
produce potent neurotoxins like ciguatoxins (CTXs), which, after bio-
oxidation in fish, are responsible for ciguatera intoxication. Gambier-
discus australes was first described in the Pacific (Chinain et al., 1999;
Litaker et al., 2009), and then in recent years also in other geographical
areas including NE Atlantic (Fraga and Rodriguez, 2014), and the
Mediterranean Sea (Tudo et al., 2020). Isolates of this species have
constantly revealed CTX- and maitotoxin (MTX)-like toxicities by mouse
bioassay (Chinain et al., 1999; Nishimura et al., 2013), and CTX-like
activity by N2a cell-based assay (Reverté et al., 2018; Rossignoli et al.,
2020). Toxin profiles obtained by LC-MS/MS are few and variable be-
tween clones, showing only in one case the presence of CTXs (Roeder

et al., 2010), while in other strains CTXs were not detected, and toxins
were represented by MTXs, gambierone, gambierol and gambieric acid
congeners (Rhodes et al., 2014, 2017; Munday et al., 2017; Murray et al.,
2019; Estevez et al., 2021).

Recently, the presence of CTX-like compounds was reported in an
isolate of G. australes from the Canary Islands with the use of an
immuno-based tool (Gaiani et al., 2020). This strategy was based on
monoclonal antibodies that specifically recognize the left wing (3G8 and
10C9 antibodies) and the right wing (8H4 antibody) of CTX1B and
CTX3C analogues (Tsumuraya and Hirama, 2019).

In this research the isolate of G. australes from the Canary Islands,
that revealed the presence of CTX-like compounds by immunosensing
tools, was studied by immunocytochemistry to localize intracellular
CTX-like compounds by confocal microscopy.

Abbreviations: BSA, bovine serum albumin; CTX, ciguatoxin; MIP, maximum intensity z-projection; MTX, maitotoxin; PBS, phosphate buffer saline; PBT, 0.1%
Triton X-100 solution in PBS; PFA, p-formaldehyde; RT, room temperature; PKS, polyketide synthase; TEM, transmission electron microscopy; WLL, white light laser;
DIC, differential interference contrast; LC-MS/MS, liquid chromatography tandem mass spectrometry.
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2. Material and methods

The study was carried out on a G. australes clonal culture (IRTA-
SMM-16-286), isolated from the Canary Islands. Cells were grown in
polystyrene flasks containing 500 mL of ES medium (Provasoli, 1968)
prepared with filtered and autoclaved seawater from L’ Ametlla de Mar,
Spain (salinity adjusted to 36) at 24 & 1 °C under a photon flux of 100
pmol photons m~2 s~! with a 12:12 h light/dark regime. Cell counts
were performed every 3 days until cultures reached the end of the
exponential phase (200-300 cell/mL), since pellets of cultures harvested
at this moment had been observed to produce CTX-like compounds
(Gaiani et al., 2020).

Immunostaining was carried out on whole cells and cells sections
using 8H4 anti-CTX mAb, which binds to the right wing of CTX1B, 54-
deoxyCTX1B, CTX3C and 51-hydroxyCTX3C, although with different
affinity constants, and lacks cross-reactivity with other related marine
toxins, including brevotoxin A, brevetoxin B, okadaic acid, and MTX
(Tsumuraya et al., 2006).

2.1. Whole cells protocol

Aliquots of cells were collected and pelleted at 1000 rpm for 5 min at
room temperature (RT) and fixed in 4% p-formaldehyde (PFA) in
phosphate buffer saline (PBS) for 30 min at RT. After 3 washes with PBS
(each one of 15 min), cells were permeabilized for 30 min at 4 °C in PBT
solution (0.1% Triton X-100 in PBS). Cells were then blocked for 30 min
at 4 °C in a blocking solution constituted by PBT containing 1% bovine
serum albumin (BSA).

Cells were then stained with 8H4 mAb, 1:500 diluted in blocking
solution for 90 min at 37 °C. After 3 washes with PBT (each one of 15
min), cells were stained with secondary Alexa Fluor 488-conjugated
anti-mouse IgG (Jackson ImmunoReserach; Milan, Italy), 1:500
diluted in blocking solution for 60 min at 37 °C. After 3 washes with PBT
(each one of 15 min), cells were mounted on glass coverslips using
ProLong™ Glass Antifade Mountant with NucBlue™ Stain for nuclei
staining (Life Technologies; Milan, Italy) before confocal analysis. Alexa
Fluor 488-conjugated anti-mouse IgG was used as negative control.

2.2. Cells sections protocol

Cells were fixed in 4% PFA in PBS for 30 min at RT and, after 3
washes with PBS, they were sectioned in a cryostat (5-9 um). Then,
sections were mounted on slides and immunostained following the same
procedure followed for whole cells.

2.3. Confocal microscopy

Cells and sections were observed with a confocal microscope Leica
TCS SP8 (Leica Microsystems GmbH, Wetzlar, Germany), using HC PL
APO CS2 water immersion 40x/1.10 NA, HCX PL APO lambda blue 63x/
1.40 NA and HC PL APO CS2 oil immersion 100x/1.40 NA objectives.
Three laser lines were used for excitation. A diode laser at 405 nm was
used for NucBlue (Hoechst 33342) excitation. Emission was detected by
PMT photodetector at 411-456 nm to visualize cells nuclei. A white light
laser (WLL) line at 492 nm was used for Alexa Fluor 488 conjugated IgG
targeting 8H4 mAb. Emission was detected by Leica HyD hybrid
photodetector at 502-543 nm with 0.3-6 ns time-gate. A WLL line at
475 nm or 580 nm was used for photosynthetic pigments excitation and
emission was detected by PMT photodetector at 630-720 nm to visu-
alize chloroplasts autofluorescence. 475 nm corresponds to the
maximum absorbance region of peridinin chlorophyll a protein light-
harvesting complex PCP (Haxo et al., 1976; Keima et al., 2000) and
580 nm corresponds to one of the absorbance maxima of chlorophylls c;
and cy (Zapata et al., 2006), which characterize Gambierdiscus pigment
composition (Durand and Berkaloff, 1985). Images reported in Figs. 3D,
and 4A and 4C were acquired at 0.78 AU and 0.76 AU pinhole size,

respectively, using the Leica HyVolution2 module that provides auto-
mated acquisition parameters to optimize confocal resolution (Borling-
haus and Kappel, 2016). In the case of Fig. 4A,C, images stacks were
subsequently deconvolved using the integrated SVI Huygens software.

Image stacks were processed for maximum intensity z-projection
(MIP) using Fiji image analysis software (Schindelin et al., 2012), and
Adobe Photoshop 23.3.2 release (Adobe Inc., San Jose, California, U.S.)
for illustration purposes.

3. Results

Confocal microscopy observations of G. australes whole cells immu-
nostained with Alexa Fluor 488 conjugated 8H4 mAb showed a strong
positive reaction on cell surface and all along the cell outline (Fig. 1A,C,
D,E). Many small fluorescent dots were visible on the surface of thecal
plates (Fig. 1B,C,H), matching well for position and size with thecal
pores and sutures between plates, as it can be observed by differential
interference contrast (DIC) images of the same cells (Fig. 1F,I). A
stronger staining was observed in correspondence of the sulcus (Fig. 1A,
E) and the apical pore complex (Fig. 1H). No reaction was observed
inside the cell, probably because the antibody was not able to pass
through thecal plates, being the Triton X-100 permeabilization approach
not sufficient to allow a whole thecal permeabilization, as already re-
ported for other dinoflagellates (Palacios and Marin, 2008). Controls,
incubated with Alexa Fluor 488-conjugated secondary antibody only,
were negative (Fig. 1G). The nucleus, stained by Hoechst 33342,
appeared in the dorsal part of the cell. It showed a bean or elongated
curved shape, and it was about 25-40 pm long and 15 pm wide. Strongly
stained chromosomal structures were visible in its concave part and in
some other small areas (Fig. 1A,D,G). A similar organization was
observed by Cuadrado et al. (2021), who revealed by fluorescence in situ
hybridization (FISH) that the strong staining of the concave region of
Gambierdiscus bean-shaped nucleus corresponded to 45S rDNA clusters
arranged in a large nucleolus.

Hoechst 33342 stained also a variable number (generally 15-20) of
smaller highly fluorescent cytoplasmic rounded bodies with diameter
between 2.5 and 7.5 um (Fig. 1B,C). They were closer to cell surface, and
on a different plane with respect to the nucleus. Analogue structures,
similar in size and number, giving Feulgen and acetocarmine positive
reaction, have been previously described by light microscopy, fluores-
cence microscopy and transmission electron microscopy (TEM) as
“pseudo-nuclear vesicles” in Gambierdiscus toxicus (Durand and Pui-
seux-Dao, 1985; Durand et al., 1986).

To further investigate the presence of CTX-like compounds inside the
cells, a well-established immunostaining approach on cell sections was
followed. Indeed, the use of higher concentrations of Triton X-100 or an
enzymatic approach to permeabilize the strong cellulosic theca (Pala-
cios and Marin, 2008), could be applied but they could lead to strong
membrane and theca structural alterations. For these reasons, these
approaches were avoided. Immunostaining of cell sections showed a
positive antibody staining on thecal plates, as already observed in the
whole cells, and in the cytoplasm, characterized by numerous small dots
and larger cytoplasmic structures (Figs. 2A-F, 3A-F and 4A-F). Small
fluorescent dots were detected also on the nuclear surface (Fig. 2A,B,E).
Controls, incubated with Alexa Fluor 488-conjugated secondary anti-
body only (Fig. 2C) or no antibody at all (Fig. 2F) were always negative.
Hoechst 33342, which is a nucleic acid stain, stained not only the nu-
cleus, but also thecal plates. Previous observations have shown that this
fluorochrome is able to stain also primary plant cell walls (Hernandez
and Palmer, 1988), which consist primarily of cellulose and other
polysaccharides, like dinoflagellates thecal plates (Loeblich, 1970;
Sekida et al., 2004). Thecal plates immunostaining evidenced a thin,
almost continuous, layer on their external surface with sparse small dots
and less intensely stained areas across their section (Figs. 2A,B,D,E and
3D,E). This confirmed thecal surface immunostaining observed in whole
cells, suggesting a release of toxins on cell surface through thecal pores.



apical pore complex (arrow).

Numerous small fluorescent dots showing a diameter lower than 0.5 um
were observed in the cytoplasm. They were diffusely distributed, often
arranged in clusters or rows, or forming a network between plastids
(Fig. 2A,B,D,E). Small fluorescent dots were present also on the nuclear
surface. Immunostaining also evidenced a small number (2-5 for sec-
tion) of larger cytoplasmic structures with size between 6 and 8 um
(Figs. 2B, 3A-C,E,F and 4A-F). They had a globular (Fig. 4A,C) or
slightly elongated (Fig. 4B) shape and appeared to be formed by short
tubule-like structures arranged in a reticulate pattern. No corresponding
structure was visible by light microscopy images of the same cells
sections.

4. Discussion

Immunostaining of G. australes IRTA-SMM-16-286 clone with 8H4
anti-CTX mAb confirms the presence of CTX-like compounds in this
species. Analysis of microalgal extracts of the same clone with a color-
imetric immunoassay and an electrochemical immunosensor had pre-
viously indicated the presence of CTX-like compounds (Gaiani et al.,
2020). CTX-like activity had been detected by N2a cell-based assay in
other clones of G. australes from the Canary Islands and Madeira
(Reverté et al., 2018; Rossignoli et al., 2020).

Previous observation on clones of this species from Pacific areas

Fig. 1. Gambierdiscus australes (IRTA-SMM-16-
286) whole cells stained with Alexa Fluor 488
coupled CTX 8H4 antibody (green fluores-
cence), and Hoechst 33342 (blue fluorescence)
observed by confocal microscopy. Red fluores-
cence is given by photosynthetic pigments
autofluorescence. A. Maximum intensity Z
projection (MIP) of a 7 slices stack in the me-
dian part of a cell (Z thickness 4.9 um) showing
the nucleus (n) and a strong positive antibody
reaction in correspondence with the girdle and
the sulcus (s). B. MIP of an 11 slices stack (Z
thickness 8.2 ym) of the hypothecal region of
the same cell of A. Numerous Hoechst 33342
stained fluorescent bodies (pseudo-nuclear
vesicles) are visible. A strong positive antibody
reaction is observed with many small dots on
cell surface, and in correspondence with cell
margin and sutures between thecal plates. C.
MIP of 20 slices (Z thickness 16.5 um) of a cell
showing pseudonuclear vesicles and positive
antibody reaction at cell surface. D. MIP of 12
slices (Z thickness 4.6 um). The nucleus (n)
shows an elongated curved shape with highly
fluorescent structures on its concave side. A
positive antibody reaction is visible on cell
margin. E. MIP of a stack of 7 slices (Z thickness
5.2 ym) showing antibody positive reaction at
cell margin and at sulcus level. F. Differential
interference contrast (DIC) image of the same
cell showing the sulcal area where the positive
antibody reaction was more intense in E. G. MIP
of a stack (8 slices, Z thickness 5.9 ym) of a cell
stained with Alexa Fluor 488-conjugated anti-
mouse IgG and Hoechst 33342 only as nega-
tive control. No Alexa Fluor 488 staining is
detectable. Only chloroplast red auto-
fluorescence and Hoechst 33342 nuclear stain-
ing can be observed. H. MIP of a stack of 40
slices (Z thickness 22.7 um), showing positive
antibody reaction at cell surface in correspon-
dence with thecal pores and the apical pore
complex (arrow). I. DIC image of the same cell
showing cell surface with thecal pores and the

revealed both CTX- and MTX-like toxicities by mouse bioassay (Chinain
et al.,1999; Nishimura et al.,, 2013), CTX-like activity by receptor
binding assay (Chinain et al., 2010) and activity in a N2a cell-based
assay, likely due to MTXs since no CTXs were detected with
LC-MS/MS (Rhodes et al., 2010).

Nevertheless, LC-MS/MS analyses detected 2,3-dihydroxy P-CTX3C
in an isolate from Hawaii (Roeder et al., 2010). Other isolates from the
Pacific Ocean were found to produce MTX1, MTX3 and 44-methyl-gam-
bierone and were also negative for CTXs (Rhodes et al., 2014, 2017;
Munday et al., 2017; Murray et al., 2019). A G. australes strain from the
Balearic Islands (Mediterranean Sea) showed MTX5, 44-methyl-gam-
bierone and gambieric acids C and D, suggesting that the toxin profile
of G. australes from the Mediterranean Sea may not be exactly the same
as that observed in the same species in the Pacific Ocean (Estevez et al.,
2021). Our results are a further confirmation that the analyzed strain
produces compounds that have structural similarity with CTX3C and
CTX1B group.

CTXs are polycyclic polyethers belonging to the family of poly-
ketides. The polyketides biosynthetic pathway in Gambierdiscus and
other dinoflagellates needs still to be elucidated, but recent tran-
scriptomic and genomic studies revealed the presence of Type I modular
and single domain polyketide synthases (PKSs) in Gambierdiscus species
(Van Dolah et al., 2020). PKSs subcellular localization is still largely



Fig. 2. Gambierdiscus australes (IRTA-SMM-16-
286) cell sections stained with Alexa Fluor 488
coupled CTX 8H4 antibody (green fluores-
cence), and Hoechst 33342 (blue fluorescence)
observed by confocal microscopy. Red fluores-
cence is given by photosynthetic pigments
autofluorescence. Hoechst 33342 stains nucleus
and also thecal plates. A Maximum intensity Z
projection (MIP) of a stack of 23 slices (Z
thickness 9.3 um) of a longitudinal section of a
cell. The nucleus is elongated and positioned in
the median part of the cell. It shows a positive
antibody reaction with many small dots on its
surface. A positive reaction is observed also in
the cytoplasm with numerous small dots ar-
ranged in clusters, and on thecal plates. B. MIP
of a stack of 16 slices (Z thickness 6.3 pm) of a
section of another cell showing, in addition to
what observed in previous image, the immu-
nostaining of two larger tubule-like reticulate
bodies (arrows). C. MIP of a stack 18 slices (Z
thickness 7.2 um) of a cell stained with Alexa
Fluor 488-conjugated anti-mouse IgG and
Hoechst 33342 only as negative control. No
Alexa Fluor 488 staining is detectable. D. MIP of
a stack 17 slices (Z thickness 6.8 um) of a
tangential section, showing immunostaining of
thecal plates with dots, probably corresponding
to thecal pores, as observed in whole cells in 1B
and 1H. Cytoplasmic dots appear to be arranged

in clusters and rows, forming a network between plastids. E. MIP of a stack 16 slices (Z thickness 6.3 pm) of a transverse section showing the nucleus (n) and an
immunostained reticulate tubule-like structure (arrow). F. MIP of 15 slices (Z thickness 5.9 pm) of a cell stained with Hoechst 33342 only as negative control.

unknown, apart some data on Karenia brevis, Ostreopsis cf. ovata and
Coolia monotis that indicate their localization in chloroplast and cytosol
(Monroe et al., 2010; Van Dolah et al., 2013). Few data on polyether
toxins localization in dinoflagellates are available: okadaic acid was
found to be localized within chloroplasts of Prorocentrum lima and
P. maculosum (Zhou and Fritz, 1994; Lawrence and Cembella, 1999;),
and in cytoplasm (Rausch de Traubenberg et al., 1995) and cytoplasmic
vacuolar structures of P. lima (Barbier et al., 1999), while ovatoxins
showed a diffuse cytoplasmic distribution in Ostreopsis cf. ovata (Honsell

Fig. 3. Gambierdiscus australes (IRTA-SMM-
16-286) sections immunostained with Alexa
Fluor 488 coupled CTX 8H4 antibody (green
fluorescence), and Hoechst 33342 (blue fluo-
rescence) observed by confocal microscopy.
Reticulate tubule-like cytoplasmic structures
formed by thin filaments are visible in cell
sections with a positive antibody reaction (ar-
rows). A. Maximum intensity Z projection (MIP)
of a stack of 21 slices (Z thickness 6.0 ym) of a
cell longitudinal section. B MIP of a stack of 25
slices (Z thickness 8.3 pm) of a cell transverse
section at sulcus (s) level. C. MIP of a stack of
26 slices (Z thickness 7.5 um), showing a
rounded reticulate structure. D. MIP of a stack
of 27 slices (Z thickness 4.8 um) in the periph-
eral zone of a cell showing an almost contin-
uous immunostained layer on the outer cell
surface and smaller dots on thecal plates,
stained in blue by Hoechst 33342. HyVolution
technique. E MIP of a stack of 29 slices (Z
thickness 6.9 um) of a section in the peripheral
zone of a cell showing a large reticulate tubule-
like structure and many small dots arranged in
rows. F. MIP of a stack of 21 slices (Z thickness
6 um) of a tangential section in the peripheral
zone of a cell.

et al., 2011). In G. australes, CTXs appear to be immunolocalized in the
cytoplasm, as it occurs for ovatoxins in O cf. ovata and okadaic acid in
P. lima, but they are found also on the external surface of thecal plates.
This finding is in accordance with Campbell et al. (1987), who observed
a positive anti-CTX reaction on the theca of Gambierdiscus toxicus cells in
the gut content of herbivorous fish Ctenochaetus strigosus. Reticulate
tubular structures evidenced in cytoplasm by immunostaining do not
show any correspondence with structures observed in previous ultra-
structural studies on Gambierdiscus (Durand and Berkaloff, 1985;



Durand and Berkaloff, 1985; Durand et al. 1986). The fact that these
structures appear to be formed by thin tubules suggests that they could
be a part of cell endomembrane system related to CTXs biosynthesis.
Also scattered small dots, detected on the nuclear surface, match with a
role of endomembrane system, in view of the continuity between nu-
clear envelope external membrane and endoplasmic reticulum. There-
fore, we could hypothesize that CTXs biosynthesis takes place in the
endomembrane system in cytoplasm, and then CTXs, detected as small
fluorescent dots, could pass outside the cell through thecal pores, which
showed a positive antibody reaction, to cover then thecal plates surface.
In any case, this should be confirmed by PKSs and CTXs immunolocal-
ization by immunoelectron microscopy. The presence of toxins on cell
surface seems to be a characteristic feature of Gambierdiscus, not
observed in other toxic benthic dinoflagellates, like Prorocentrum and
Ostreopsis. This can help in understanding the role of these toxins for the
ecology of Gambierdiscus, suggesting that their primary role could be
essentially related to deter Gambierdiscus direct grazers or competitors
by the presence of toxins on its cell surface, and their release in seawater,
as detected by Solid Phase Adsorption Toxin Tracking (SPATT) tech-
nique in ciguatera areas (Roué et al., 2018, 2020). This could be an
advantage for populations persisting all the year round in relatively
steady conditions, as it occurs in warm seas, making ciguatera a “chronic
situation” (Margalef, 1998). The following toxin accumulation and
biotransformation in fish through food webs should then be considered
according to the advantage given to fish by these toxic metabolites.
Overall, the obtained results suggest that, to correctly identify a hotspot
for ciguatera, the CTXs content should be checked in both Gambierdiscus
cells and the marine water from which they are collected.

5. Conclusion

Immunocytochemistry allowed for the first time the intracellular
localization of CTX-like compounds in a species of the genus Gambier-
discus. The cytoplasmic localization of CTX-like compounds suggests a
role of the cell endomembrane system. Further studies directed to
localize PKSs involved in CTXs biosynthesis will be necessary to better
characterize toxin production in these species. The presence of CTX-like
compounds on thecal surface represents a new feature, not observed
before in other toxic species, and could help to understand the role of
these toxins. In addition, it could allow the development of rapid and

Fig. 4. Tubule-like reticulate structures in
Gambierdiscus australes sections immunostained
with Alexa Fluor 488 coupled CTX 8H4 anti-
body (green fluorescence) by confocal micro-
scopy. A. Maximum intensity Z projection (MIP)
of a stack of 23 slices (Z thickness 4.0 um).
HyVolution deconvolution technique. B MIP of
a stack of 10 slices (Z thickness 2.7 ym) C. MIP
of a stack of 16 slices (Z thickness 3.5 um).
HyVolution deconvolution technique. D. MIP of
a stack of 9 slices (Z thickness 2.3 ym). E . MIP
of a stack of 9 slices (Z thickness 2.3 pm). F. MIP
of a stack of 7 slices (Z thickness 1.7 um).

direct methods of immunodetection of toxic cells without the need of
toxin extraction or cells sectioning for microscopy.
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