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to life-cycle processes
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A B S T R A C T

Dinoflagellates belonging to the genus Gambierdiscus are the causative agent of ciguatera fish poisoning

(CFP). This syndrome, which is widespread in tropical and subtropical regions, has recently been

reported also in temperate latitudes. Taxonomic studies of Gambierdiscus have yet to completely couple

the morphological features of member species with their genetics. In this study, the cellular and nuclear

morphology of a single strain of one species of Gambierdiscus was determined in cells grown under

different culture conditions. The results showed a wide-ranging variability of cell sizes, together with a

clear relationship between cell size and nuclear morphology. Thus, small cells were associated with

round to oval or slightly U-shaped nuclei and large cells with obviously U-shaped nuclei. Most cells

exhibited the typical anterio-posteriorly compressed lenticular, shape of Gambierdiscus, with the

exception of a few small globular-shaped specimens. In all cells, regardless of their size, the arrangement

of the thecal plates was typical of lenticular Gambierdiscus. Dividing cells were consistently the largest. In

these cells, nuclear morphology, karyokinesis, and cytokinesis were characterized. Cells underwent

division only during the dark period, thus demonstrating their spontaneous synchronized division.

Cellular forms related to the sexual cycle were also present in the cultures and included gamete pairs and

putative meiotic planozygotes. The effect of the culture medium was studied by means of principal

component analyses, which showed a positive correlation between the medium used and nuclear size

and shape but not cell size.

� 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Gambierdiscus is a genus of benthic dinoflagellates and the
causative agent of ciguatera, a toxin-mediated disease first
reported in tropical-subtropical regions (the Caribbean Sea, the
Hawaiian Islands, Australia, Southeast Asia and the Indian Ocean)
but more recently also in temperate regions (the Canary Islands,
the Mediterranean Sea, the Gulf of Mexico, and in the Atlantic
Ocean off the coast of North Carolina) (GEOHAB, 2012). The
consumption by humans of fish that have ingested Gambierdiscus

results in potentially severe gastrointestinal and neurological
symptoms.

Initially, only one species of Gambierdiscus was recognized,
Gambierdiscus toxicus (also referred to simply as Gambierdiscus sp.)
due to the difficulty of distinguishing species differences using
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light microscopy. Nonetheless, in the original description of
Gambierdiscus toxicus (Adachi and Fukuyo, 1979) and in subse-
quent studies, the high variability in cell size and shape, growth
rates, toxin production, and genetics suggested the presence of
cryptic species, as later demonstrated by genetic sequencing
(Litaker et al., 2009).

In the 1990s, six other species distinct from Gambierdiscus toxicus

were described (Faust, 1995; Holmes, 1998; Chinain et al., 1999),
with the last study being the first to use genetic sequencing in the
taxonomic determination of Gambierdiscus. More recently, taxo-
nomic studies, including phylogeny, have clarified the phylogenetic
relationship between Gambierdiscus species (Litaker et al., 2010) and
thus clarified the link between their geographic distribution and the
occurrence of ciguateric fish poisoning. To date, 14 species have been
described, with their genetic identification, including relative
ribotype, linked to the corresponding morphological description
(Adachi and Fukuyo, 1979; Faust, 1995; Holmes, 1998; Chinain et al.,
1999; Litaker et al., 2009; Fraga et al., 2011; Aligizaki et al., 2010;
Kuno et al., 2010; Nishimura et al., 2014). However, because of the
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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morphological plasticity of Gambierdiscus species their accurate
identification is difficult and the concordance between phenotype
and genotype in the genus is not yet well resolved (Parsons et al.,
2012). For example, the two recently divided daughter cells differ in
their respective morphologies (Fraga et al., 2011). Moreover, little is
known about the relationship between the life-cycle processes of
Gambierdiscus, including but not limited to cell division, and its
morphological variability. In fact, the need for studies on the life
cycle of Gambierdiscus was cited in the report of the Core Research
Project of GEOHAB: HABs in Benthic Systems (GEOHAB, 2012).

According to von Stosch, the full recognition of a species
includes knowledge of its complete life cycle, a view that has been
widely accepted in dinoflagellate research (Elbrächter, 2003; Bravo
and Figueroa, 2014). The morphological features of dinoflagellate
cysts are known to differ from those of vegetative stages, and in the
very limited, ambiguous observations of G. toxicus described in the
literature both sexuality and cyst formation have been suggested
albeit not confirmed (Hokama et al., 1996).

In the present study, we carried out a detailed examination of
the variation in nuclear shapes and cell sizes in a single strain of
Gambierdiscus sp., established from a sample obtained from the
Celebes Sea (SW Pacific Ocean). Phylogenetic studies have
confirmed this strain as a new species, distinct from other
Gambierdiscus species. The different cell-cycle stages in cultures
of this strain were monitored by nuclear staining. In addition, cell
sizes were measured in different enriched media. In total, 1315
specimens were studied under a variety of growth conditions and
during different phases of the cell cycle.

2. Materials and methods

2.1. Strain isolation and growth and maintenance of the cultures

Experiments were conducted with Gambierdiscus sp. strain
VGO917, established from seawater samples collected at Manado
(Celebes Sea, SW Pacific Ocean) in 2007 and obtained by isolating a
single cell in a well of a tissue-culture plate (Iwaki, Japan, 6.4-mm
diameter) containing 250 mL of K/2 medium (Keller et al., 1987)
without silica. The medium was prepared with Atlantic seawater
adjusted to a salinity of 32 psu by the addition of sterile bi-distilled
water. The plates were incubated at 25 8C, with a 12-h:12-h L:D
photoperiod and an irradiance of 90 mmol photons m�2 s�1.
Culture stocks were maintained in Erlenmeyer flasks filled with
20 mL of K/2 medium and were incubated under the above-
described conditions. Growth was studied in duplicate flask
cultures (200 mL of medium) containing either L1 (Guillard and
Hargraves, 1993), K/2 (Keller et al., 1987), or K/2 +L1 (2:1 ratio)
medium, prepared and adjusted to a salinity as described above.
They were placed under the same conditions used for culture
maintenance. Every 2–3 days, 3-mL samples were removed from
the flasks, fixed in Lugol, and used to estimate cell concentrations.
Fig. 1. Cell measurements used to estimate nucl
The number of cell divisions per day was calculated based on the
relationship Ke = (ln(Ct) � ln(Ci))/t, where Ct and Ci are the final
and the initial cell concentrations, respectively, and t = time
(Guillard, 1973).

2.2. Light microscopy, cell measurements, and imaging

Experiments were performed in cultures of strain VGO917
grown in Erlenmeyer flasks (200 mL of medium) in either K/2 or K/
2 +L1 (ratio 2:1) medium. Although L1 medium was used in the
growth experiment, it was discarded for other measurements and
imaging because after several transfers in this medium a large
number of lumpy abnormal cells appeared. Two flasks were used
from each medium and each one was placed in different incubators
held at the same temperature but with opposite photoperiods
(both 12:12 L:O), such that while one culture was in the light phase
the other was in the dark phase. Two samples were collected from
each incubator on each sampling day (days 2, 6, 9, and 14 from the
start of the experiment), one at 09:00 and another at 14:00. Thus,
samples during dark period were collected from one incubator and
those from light period from the other incubator. Also, one culture
was performed in K/2 + L1 medium without added nitrates,
ammonium, or phosphates and placed in the incubator used for
sampling in darkness. From this culture, only one sample was
collected, at 14:00. Ten-mL samples were obtained from the above-
described flasks on days 2, 6, 9, and 14 from the start of the
experiment, immediately fixed in ethanol:acetic acid (3:1 ratio) for
at least 24 h, washed twice with PBS (Sigma, USA), centrifuged, and
then stained with Sybr Green (Molecular Probes, Eugene Oregon,
USA) (Figueroa et al., 2006). To visualize the thecal plates, the cells
were stained using the fluorescent brightener Calcofluor (Sigma)
(Fritz and Triemer, 1985). An Axiocam HRC digital camera (Zeiss,
Germany) was used to obtain cellular and nuclear images and
measurements from cells observed by light microscopy (Leica
DMR, Germany) at 630� magnification. Between 30 and 40 cells
were analyzed in each sample. Cell size and nuclear shape were
determined based on the following parameters: (1) cell area (CA),
(2) cell depth (D) corresponding to the dorso-ventral diameter, (3)
cell width (W) corresponding to the transverse diameter, (4)
nuclear area (NA), and (5) nuclear shape index (NSI), which was
calculated based from N1, N2, and N3 as explained in Fig. 1.
NSI = N3/N2. NSI was used as an indicator of nuclear shape. As
shown in Fig. 1, for round or oval nuclei NSI = 0.5 whereas for U-
shaped nuclei NSI > 1.

2.3. Statistical analyses

The data were analyzed using the statistical software package
SPSS. Cells were classified in four groups using k-means cluster
analysis based on cell depth (D) and width (W) and the nuclear
shape index (NSI). The final sample comprised data from all
ear shape and cell size in Gambierdiscus sp.



Table 1
Descriptive statistics of variables of Gambierdiscus sp. (n = 1315), Cell area (CA),

nuclear area (NA) cell depth (D), cell width (W), nuclear measurements (N1-N3),

nuclear shape index (NSI)(see Fig. 1 and Material and Methods).

Minimum Maximum 95% confidence

interval of the

mean

Std. deviation

CA 969 4863 2880 � 31 566

NA 133 921 403 � 7 137

D 32 77 57.4 � 0.3 5

W 36 88 60.4 � 0.4 7

N1 14 51 29.8 � 0.4 7

N2 5 28 13.2 � 0.1 3

N3 5 34 14.2 � 0.2 5

NSI 0.3 3 1.1 � 0.1 0.4
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samples collected from the three media (n = 1315). The criterion
used to decide the number of clusters was based solely on the
fitness of the results. Maximum interactions were set to 10. A
Shapiro Wilk’s test (P > 0.05) showed that D, W, and NSI were not
normally distributed, therefore necessitating non-parametric
methods (Kruskal–Wallis) to determine differences between the
means. Principal component analysis (PCA) was applied to identify
the underlying factors that explained the pattern of correlations
within the variables CA, D, W, N1 and N3, NSI, and the type of
medium (Media). NA and nuclear measurement N2 were excluded
from the analyses because of low correlations. The final sample
used for PCA consisted of the data from cells grown in the three
media collected at dark at 14:00 pm (n = 514). Two factors with
eigenvalues >1 were extracted by means of the varimax rotation
method.

3. Results

3.1. Growth

Fig. 2 shows the growth curves obtained from cells grown in the
three different media. The mean and standard deviation of the
growth rates during the exponential phase (culture days 1–15)
were: 0.31 div day�1 (SD = 0.06, n = 2) for K/2 + L1, 0.19 div day�1

(SD = 0.13, n = 2) for K/2, and 0.20 div day�1 (SD = 0.10, n = 2) for L1.

3.2. Nuclear and cellular morphology

Table 1 lists the minimum and maximum values of the
measurements (Fig. 1) and the 95% confidence interval for the
mean and standard deviation. The high variability in nuclear
shapes and cell sizes is evident from the wide-ranging minimum
and maximum values. To study the distribution of cell size and
nuclear shape, data on cell depth (D), width (W), and the nuclear
shape index (NSI) were classified by cluster analyses, which
defined four groups (1–4) of decreasing cell size. D and W were
significantly different among groups (P < 0.001), with cluster 1
comprising the largest cells and cluster 4 the smallest ones (Fig. 3).
The final cluster centers and the number of cases in each cluster
are shown in Table 2. The NSI also decreased from group 1 to 4,
with significant differences between clusters (P < 0.01). Small
cells were associated with round or slightly U-shaped nuclei and
large cells with obvious U-shaped nuclei (Fig. 3). Thus, 50% of the
cells in cluster 4 had round to oval nuclei (percentile 50 of NSI
<0.7) and less than 10% had obvious U-shaped nuclei (percentile
90 of NSI >1.3). By contrast, in cluster 1 50% of the cells had
Fig. 2. Growth of Gambierdiscus sp. in different culture media: K/2 (continuous line),

L1 (dashed line), and K/2 + L1 (dotted line).
obvious U-shaped nuclei (percentile 50 of NSI >1.3) and only 10%
round to oval nuclei (percentile 10 of NSI <0.5) (Fig. 3C).

Cells from clusters 1 to 4 are shown in Fig. 4. Those in cluster 1
were significantly wider than deeper, as seen from an apical or
antapical view (Table 2, Figs. 3A and B, and 4A–H) whereas in cells
of clusters 2, 3, and 4 cell width and depth were approximately
equal (Table 2, Figs. 3A and B, and 4I–X), resulting in round cells on
apical or antapical view. Most of the cells were anterio-posteriorly
compressed, yielding a lenticular shape, with the exception of few
small globular-shaped cells (Fig. 4U–X, see Section 3.4). In all cells,
independent of the cluster, the arrangement of the thecal plates
was typical of lenticular Gambierdiscus (Fig. 4H, K, O, P, S, T, V–X).

Also shown in Fig. 4 is the large variability in nuclear shape. As
represented by the NSI, U-shaped nuclei were observed in all
groups, although to different degrees (Fig. 3C). Furthermore, most
nuclei were dorsally located, with the exception of pre-karyoki-
netic and recently divided nuclei as explained in the following.

3.3. Nuclear and cellular morphology during cell division

Cells undergoing division were observed in dark-phase
cultures. These cells were pre-karyokinetic, based on their
centrally located, closed-U-shaped nuclei (Fig. 4C and D).
Subsequently these nuclei acquired a round shape and retained
their central position (Fig. 4E). Karyokinetic and cytokinetic cells
(Fig. 4F and G) were also observed. Division occurred by
desmoschisis in the sagittal plane, with each daughter cell
inheriting half of the parental thecal plates (Fig. 4G). Very
recently divided cells had a laterally positioned nucleus (Fig. 4M)
which eventually moved to a dorsal position (Fig. 4N) even
before thecal plates of recently divided cells were completed
(Fig. 4O and P). Plate fission and separation followed the pattern
described in the literature for Gambierdiscus excentricus (Fraga
et al., 2011).

For binucleated cells, the mean � SD of cell depth (D) and width
(W) were 65.5 � 6.0 mm and 71.6 � 5.9 mm (n = 37), respectively.
These values were those characteristic of cells of cluster 1. For pre-
karyokinetic cells (Fig. 4C–E) the values were 63.5 � 6.1 mm and
67.6 � 7.4 mm (n = 46) respectively, characteristic of cells in clusters
1 and 2.

Based on the presence of a round to oval nuclei in recently
divided cells (Fig. 4M and N), in strain VGO917 progression of the
cell cycle until division seems to involve an increase in nuclear and
cellular size while at the same time the nucleus becomes U-shaped.
The broad range of nuclear shapes seen in Fig. 4 reflects this
process. Among samples obtained in light-phase cultures, neither
karyokinetic nor binucleated cells were observed, although, like
dark-phase cells, they also included cells with different forms of U-
shaped nuclei.



Fig. 3. Box plots of cell size (D and W) and nuclear shape index (NSI) classified by clusters.
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3.4. Nuclear and cellular morphology of small cells

The smallest cells were those in cluster 4, with a confidence
interval of the mean of 47.4 � 0.7 mm (D) and 48.3 � 0.7 mm (W)
(Fig. 3A and B), albeit with a wide range between the minimum and
maximum [32.3 (D), 31.2 (W), and 55.8 (D and W)]. Recently divided
cells, characterized by their incomplete theca (Fig. 4O and P), were
mostly in cluster 4, the values were 52.9 � 4.1 mm (D, mean � SD)
and 49.9 � 3.1 mm (W, mean � SD) (n = 20).

Cluster 4 also included an abundance of cells that were smaller
than the recently divided cells. A representative cell, 41 mm (D)
and 39 mm (W), is shown in Fig. 4R–T. The dimensions of these cells
placed them in cluster 4 but their average size was well below that
of the cluster. Like the cells in the other clusters, these anterio-
posteriorly compressed cells were lenticular in shape, with an oval
nucleus (Fig. 4R), whole theca, and a thecal plate arrangement
typical of discoid Gambierdiscus (Fig. 4S and T), although the
relatively large size of the Po plate is remarkable (Fig. 4V).

Even smaller cells (D = 32 mm and W = 36 mm; Table 1) were
observed. They were globe-shaped rather than lenticular and
thus unlike all the other cells described in the present study.
They were characterized by an oval nucleus (Fig. 4U) and a plate
arrangement typical of discoid Gambierdiscus (Fig. 4V–X), but
with unusual features, such as the absence of the apical Po plate
as determined by optical microscopy (Fig. 4V). These cells were
very scarce.

3.5. Cellular forms related to other life-cycle processes

The cellular and nuclear features of some cells could not be
attributed to the division process but were likely related to
sexuality. For example, a few gamete pairs were observed (Fig. 5A)
and their gametes were small and thecated. In addition, there were
cells in which the nucleus had a very obvious U-shape and
appeared to be undergoing division at its central part (Fig. 5B), and
thus unlike the nucleus of the dividing cells described in Section
3.3. The large or medium size of these cells included them in
clusters 1 and 2 and their nuclear shape was suggestive of meiotic
division. Since they were not abundant, with outliers SDI > 3, they
were removed from the cluster analyses.
Table 2
Final cluster centers for measurements of cell depth (D), cell width (W), and nuclear

shape index (NSI) of Gambierdiscus sp.

Cluster 1 2 3 4

D 63.0 59.4 55.0 47.4

W 71.0 62.6 55.6 48.3

NSI 1.3 1.2 1.0 0.8

Number of specimens 260 477 462 126
Furthermore, other cells of unknown origin were observed: (1)
rectangular-shaped cells with a broad ventral aspect and a laterally
situated flagellar region were included in cluster 1 (Fig. 5C). The
nuclei of these cells were variably shaped although generally
U-shaped. (2) Large or medium size cells with an elongated nucleus
(Fig. 5D) assigned based on their size to clusters 1 and 2. (3) Cells
with Plates 200 00 and 2000–4000 that protruded so as to form a very
prominent margin (Fig. 5E). These cells were distributed among all
four clusters and their nuclei were highly variable in shape, ranging
from slightly to obviously U-shaped. (4) In a group of cells
undergoing ecdysis, the protoplasm emerged from the theca
(Fig. 5F).

3.6. Effect of nutrient-depleted medium

The effect of different media was studied by means of PCA based
on the cross-correlation coefficients. The matrix for the PCA
comprised the variables cellular area (CA), cell depth (D), width
(W), nuclear measurements (N1 and N3), nuclear shape index (NSI)
and type of medium (Media). Nuclear area and nuclear measure-
ment N2 were excluded from the analyses because of their low
correlations. Two components were extracted by the PCA that
explained 74% of the variance. The Kaiser–Meyer–Olkin measure of
sampling adequacy was 0.70, above the recommended value of 0.6,
and Bartlett’s test of sphericity (which tests for the presence of
correlations among variables) was significant at P < 0.001. The
rotated component matrix (Table 3) contained the rotated factor
loadings, which explain how the variables are weighted for each
factor as well as the correlation between the variables and the
factor (correlations <0.3 were not included). Only variables related
to nuclear size and shape correlated positively with the type of
medium (see component 2 in Table 3, which explains 25% of the
variance). There was no correlation between the type of medium
and cellular size (Fig. 6).

A comparison of the means of cellular and nuclear size (D, W

and NSI) showed significant differences (P < 0.001) for variables
related to nuclear shape (NSI) between the medium depleted in N
and P and the other two replete media (Fig. 7A). Under nutrient
limitation, the nuclei were round and seldom U-shaped (NSI > 1.1;
see extreme values in Fig. 7A). However the sizes of cells grown in
the three media did not differ (Fig. 7B and C). Large cells with round
to oval dorsally located nuclei were scarce in K/2 and K/2 + L1
media, in which large cells had U-shaped nuclei, but abundant in
the nutrient-depleted medium.

4. Discussion

A coherent linkage of the morphology and genetics of the
Gambierdiscus genus has been difficult and remains problematic
(Parsons et al., 2012); indeed, the morphological changes that



Fig. 4. Photographs of cells of Gambierdiscus sp. arranged according to the statistically determined four clusters. The cell nucleus before its acquisition of a U shape (A); a cell

with a clearly evident U-horseshoe-shaped nucleus (B); a cell prior to karyokinesis, with a closed U-shaped nucleus (C); a cell prior to karyokinesis, with a nearly closed

nucleus (D); a cell prior to karyokinesis, with a central round nucleus (E); a karyokinetic cell (F); a binucleated cell (G); calcofluor-stained epitheca with thecal plates of the

same cells shown in F (H); a cluster 2 cell with an oval nucleus (I); a cluster 2 cell with a prominent U-shaped nucleus (J); calcofluor-stained hypotheca of the same cell

shown in J (K); a cluster 3 cell with a slightly U-shaped nucleus (L); a very recently divided cell with half of the theca and a lateral nucleus (M); a recently divided cell
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Fig. 5. Gambierdiscus sp. cells displayed according to life-cycle processes other than division (compare with Fig. 4). A gamete pair (A); a cell with a very obvious U-shaped

nucleus that, as evident from its central part, appears to be undergoing division (B); rectangular-shaped cell with a broad ventral aspect and a laterally situated flagellar region

(arrow) (C); a cell with an elongated nucleus (D); hypotheca, with the thecal plates partially protruding (E); a cell undergoing ecdysis (F).
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occur during the reproduction of this dinoflagellate are almost
completely unknown. In our study the intra-specific variability in
size of the studied strain was greater than that reported in the
Gambierdiscus literature. The detection of that variability was
possible because of the much larger sample size (1315 specimens)
than in other studies of several Gambierdiscus species (7–70
specimens; Chinain et al., 1999; Litaker et al., 2009; Fraga et al.,
2011; Nishimura et al., 2014), which accordingly would have
overlooked the very scarce smallest size cells described herein.
These smallest cells (around 30 mm) displayed interesting
morphological differences from the other cells, especially their
globular shape rather than the lenticular shape typical of discoid
Gambierdiscus. However, their plate arrangement was the same as
that of lenticular Gambierdiscus. More studies of these unusual cells
are needed in order to determine their origin and life-cycle
function. It is extremely unlikely that they were a culture
contaminant, given our efforts to ensure that the cultures used
in the experiments derived from a single cell.

Small cells have been described both in cultures and field
populations of many dinoflagellates (Silva and Faust, 1995). In
some studies they were shown to be the gametes of certain species
(Figueroa et al., 2006, 2009; Amorim et al., 2013) or were suggested
to arise during the rapid asexual divisions aimed at rejuvenating
the cell population (Partensky and Vaulot, 1989; Silva and Faust,
1995), but in other cases no particular function could be assigned
to them (Bravo et al., 2012). In dinoflagellates, morphological
differences apart from size are not common between gametes and
vegetative cells; however, differences in plate tabulation and gross
morphology have been reported for Protoperidinium steidingerae
(Fig. 4 contined ) with a dorsal nucleus (N); calcofluor-stained hypotheca of the sam

cluster 4 cell with a U-shaped nucleus (Q); a lenticular-shaped cluster 4 cell with an ova

cell shown in R (S); calcofluor-stained hypotheca of the same cell shown in R (T); small g

cell shown in U (V); ventral view of the calcofluor-stained hypotheca of the same cell 

shown in U (X).
and Protoperidinium depressum (Gribble et al., 2009) and for
Fragilidium subglobosum and F. cf. duplocampanaeforme (Amorim
et al., 2013).

Our study describes the morphological changes of Gambierdis-

cus nuclei during cell division. Similar U-shaped nuclear forms
related to division were reported for Gonyaulax tamarensis (Dodge,
1964). In that study, the horseshoe or U-shaped form was
attributed to the interphase nucleus of that species and its
U-closing arms around the central body to early prophase. In the
present study the intermediate forms of the U-shaped nucleus,
from oval to the horseshoe-shaped interphase nucleus, presum-
ably corresponded to S phase, i.e., to DNA replication. The many
forms of these gradual transitions observed during the light phase,
from the round/oval nuclei of recently divided cells (Fig. 4N) to the
nearly closed nuclei of mitotic cells (Fig. 4D), suggests that most
cells are in S phase during both the light phase and the dark phase.
This process may be the same described in an image flow
cytometry study of Alexandrium minutum Halim (Dapena et al., in
press), in which during the light period the population was shown
to be in S phase.

Here, differences in nuclear and cell size and shape and their
relationship to cellular division were described in a single strain of
Gambierdiscus sp. Morphological differences between daughter
cells with respect to both size and shape were previously reported
for Gambierdiscus excentricus (Fraga et al., 2011). These findings
suggest that division-related stages in Gambierdiscus contribute to
its known morphological intra-specific variability and thus to the
difficulty in establishing morphological-genetic correspondences.
However, the determination of different NSI values in all cell size
e cell shown in N (O); calcofluor-stained epitheca of a recently divided cell (P); a

l nucleus (R); Calcofluor-stained epitheca showing the Po plate (arrow) of the same

lobe-shaped cell with an oval nucleus (U); calcofluor-stained epitheca of the same

shown in U (W); dorsal view of the calcofluor-stained hypotheca of the same cell



Table 3
Rotated component matrix of the PCA for nuclear shape

and cell size variables (see Fig. 1 and Section 2) and

medium type (Media).

Component

1 2

CA 0.969

D 0.832

W 0.941

N1 0.534 0.629

N3 0.859

NSI 0.824

Media 0.643

Fig. 6. Plot of the factor loading of variables used in the principal component

analyses for nuclear shape, cell size, and media. CA, cell area; D, cell depth; W, cell

width; N1 and N3, nucleus measurements (see Fig. 1); NSI, nuclear shape index.
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groups (Fig. 3C) and the detection of cellular forms related to other
life-cycle stages, as described in Section 3.5, suggest that processes
other than division also account for the observed variability. The
presence of gamete pairs and putative planozygotes demonstrated
that sexuality occurs in cultures of Gambierdiscus and that the high
variability in nuclear and cell shapes can be explained by the
concurrence of asexual and sexual processes, as described for other
dinoflagellates (von Stosch, 1973; Figueroa et al., 2006; Gribble
et al., 2009; Tillmann and Hoppenrath, 2013). Thus, gametogene-
sis, gamete conjugation, mitosis, and meiosis together probably
underlie the morphological variability depicted herein for Gam-

bierdiscus sp., as these processes, by increasing or loosening DNA
compaction, greatly affect nuclear size (Figueroa et al., 2014).

A proposed life cycle scheme is shown in Fig. 8, in which most of
the life cycle stages described in this study are presented. Although
the progression of morphological changes during division,
represented in the figure as mitosis, were well distinguished
herein, important gaps in our knowledge remain to be filled by
further research, mainly regarding at what stage mitosis and
meiosis occur. Our results provide support for the occurrence of the
division process in both the sexual and the asexual cycle, and not
only in the latter as traditionally understood. In our study, dividing
cells were mostly in the cluster comprising the largest cells,
indicating that mitosis takes place in diploid cells. Notably, life
cycle processes such as meiosis and gametogenesis were
previously unknown for this genus and, together with the
unknown significance of the globular small cells detected in our
study, highlight the need for further investigations.

Differences in the growth rates and overall health of the cells
were observed between K/2, L1, and K/2 + L1 media. Although the
Fig. 7. Box plots of the nuclear shape index (NSI), cell depth (D), and cell width (W) in dif

(0); K/2 + L1 (1); K2 (2).
cultures achieved suitable growth rates in L1, the cells were
abnormal in shape and therefore not used in the morphological
study. L1 contains micronutrients that are not present in K/2, for
example chromium, nickel, and vanadium, which may have been
the cause of the cell abnormalities. Conversely, K/2 medium
contains not only nitrates but also NH4, which, accordingly, may be
necessary for the fine conditioning of Gambierdiscus. However,
other studies on the growth of Gambierdiscus spp. in culture
reported higher growth rates in K medium without NH4 and Tris
(Yoshimatsu et al., 2014). There is only one mention of abnormal
cells in the literature, in a report on Gambierdiscus toxin (Holmes
et al., 1990). The only modification of the K medium used in the
present study was the reduction by half of all nutrients; this was
done because in previous studies the lower nutrient concentration
resulted in healthier cell morphology. In terms of growth, no
differences were observed between K/2 and L1 media, whereas
almost no growth occurred in nutrient-depleted medium. The
distinct nuclear morphology in the latter medium might reflect the
absence of division. Accordingly, rather than a progressive change
in nuclear shape, the round to oval dorsally located nuclei suggest
cellular arrest in G0 because of nutrient limitation.

Our detection of dividing cells only during dark period is
consistent with the phased cell division in the diurnal cycle already
reported for Gambierdiscus toxicus (Van Dolah et al., 1995). In that
study, cell division occurred during a 3-h window beginning 6 h
after the onset of the dark phase. While this pattern was described
for one 24-h cycle, we were able to show that it is maintained
during many days of culture, both during the early and the late
phases of growth. A similar circadian regulation of cell division,
with phased division during the dark period, was reported for
several dinoflagellate species (Chisholm, 1981). Yet, our experi-
ence with dinoflagellate cultures has shown that in some species,
for example Alexandrium minutum and Ostreopsis ovata (Figueroa
et al., 2007; Bravo et al., 2012), phased division diminishes with
time and division occurs also during the light phase. In culture
ferent culture media. K/2 + L1 medium without nitrates, ammonium, or phosphates



Fig. 8. Schematic drawing of proposed life cycle of Gambierdiscus sp.
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studies of those species synchronization methods are needed. This
is in contrast to Gambierdiscus, in which phased division is
maintained naturally over years (data not showed). Further
investigations are needed to clarify whether different molecular
mechanisms regulate the different cell-cycle behaviors of dino-
flagellates.
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