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Effect of a bacterial consortium on the growth, 
morphology, pigments, and toxicity of the 
dinoflagellate Gymnodinium catenatum

Dulce V Ramírez-Rodríguez1, Christine J Band-Schmidt1*, Bárbara González-Acosta1, 
Francisco E Hernández-Sandoval2, Aldo Aquino-Cruz3, Sonia I Quijano-Scheggia4, 
José J Bustillos-Guzmán2

Abstract. Gymnodinium catenatum, a dinoflagellate that produces paralytic toxins, is 
one of the most studied dinoflagellate species. However, scarce information exists about 
its interaction with bacteria. In this study, the effect of a bacterial consortium in strains of 
G. catenatum was determined. Four strains of G. catenatum isolated from Bahía de Santiago, 
Colima; Lázaro Cárdenas, Michoacán; and Bahía Concepción and Bahía de La Paz, Baja 
California Sur were used. From the strain isolated from the coasts of Colima, a bacterial 
consortium was isolated with agar plates with GSe media that were incubated at a salinity of 
34, at 24 °C in a L:D cycle of 12:12 h. Gymnodinum catenatum was cultivated in GSe media 
under the same conditions as the bacterial consortium. The interaction between these micro-
organisms was evaluated inoculating G. catenatum strains with the bacterial consortium. The 
maximum abundance, growth rate, chain length, toxin, and pigment profile were determined 
in G. catenatum with and without the bacterial consortium. In the presence of bacteria there 
was no clear effect on the growth, toxin profile, and toxin content in G. catenatum, but a 
significant increase in the chain length was observed. Changes in cell morphology were also 
observed. In addition, in the presence of the bacterial consortium, there was an increase in 
accessory pigments in most strains. Results suggest that the bacterial consortium could be a 
stress factor for G. catenatum and provide new perspectives on the interaction between bac-
teria and G. catenatum.
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Introduction

Phytoplankton growth is controlled by a combination of 
hydrographic and physicochemical conditions such as tem-
perature, light, and nutrients (Noman et al. 2019, Vives et 
al. 2022). However, biotic factors also have a synergistic 
effect on phytoplankton growth due to interactions with 
other microorganisms that favor the development of ecolog-
ical relationships such as mutualism, allelopathy, predation, 
and/or grazing (Rooney-Varga et al. 2005).

In particular, dinoflagellates maintain associations with 
symbiotic bacteria that colonize the phycosphere. These pro-
liferate with the compounds released by the algae and carry 
out a variety of biological functions that include the provision 
of essential vitamins, the production of growth-promoting 

compounds, and photosynthesis (Paul and Ponhert 2011, Jau-
zein et al. 2015); in addition, symbiotic bacteria can eliminate 
phytoplankton through the production of algaecides (Zheng et 
al. 2023). Bacteria also influence metabolism through micro-
bial loop processes, which replenish and modulate the concen-
tration of nutrient inputs (Azam 1998) and dissolved organic 
matter (Moran and Miller 2007). Despite the impact of the 
bacterial community on phytoplankton dynamics and biogeo-
chemical cycles, the biological associations between bacteria 
and algae are still not fully understood (Jauzein et al. 2015). 
Algae–bacteria interactions are complex, in part because they 
can be species-specific and vary with environmental condi-
tions (Mayali and Azam 2004, Grossart and Simon 2007). 
The bacteria–dinoflagellate relationship has been considered 
a mutualistic relationship because dinoflagellates are not the 
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only ones that obtain benefits from associating with bacte-
rial communities; they, in turn, provide optimal habitat for the 
growth of bacteria through the production of organic com-
pounds and a greater fixation surface (Seibold et al. 2001, 
Wang et al. 2014, Jauzein et al. 2015).

Gymnodinium catenatum is the only naked marine dino-
flagellate that produces paralyzing toxins (Hallegraeff 1993) 
and is one of the most studied dinoflagellates in Mexico 
(Band-Schmidt et al. 2010). Research has focused on the 
dynamics of their proliferations (Hernández-Sandoval et al. 
2009, Cortés-Altamirano et al. 2019), toxins (Band-Schmidt 
et al. 2006, Durán-Riveroll et al. 2017), autoecology (Band-
Schmidt et al. 2004, 2014; Bustillos-Guzmán et al. 2012; 
Hernández-Sandoval et al. 2022), and trophic interactions 
(Palomares-García et al. 2006, Bustillos-Guzmán et al. 
2013, Fernández-Herrera et al. 2016). Its presence has been 
reported in more than 23 countries (Hallegraeff et al. 2011) 
and has been associated with organism mortality and human 
poisonings (MacKenzie 2014, Chen 2018). In Mexico, 
in recent decades, reports of this species and its negative 
impacts have increased (Alonso-Rodríguez and Páez-Osuna 
2003, Medina-Elizalde et al. 2018). Due to this, there is 
greater interest in describing the effects of the factors that 
regulate the growth and toxicity of this species (Hallegraeff 
et al. 2011).

Despite being a highly studied species, little is known 
about the interaction that exists between G. catenatum and 
the bacterial community. Some reports have shown that bac-
teria are essential for their growth and influence their toxicity, 
nutrient absorption, abundance, and growth rate, and can 
form mutualism relationships through mechanisms that are 
still unknown (Amin et al. 2007, Green et al. 2010, Bolch et 
al. 2011). Contrary responses have also been observed in the 
growth of G. catenatum depending on the genera of bacteria 
with which it interacts. Bacteria of the Roseobacter genus 
promote the cell death of G. catenatum; Marinobacter sp. and 
Alcanivorax sp. stimulate its growth (Bolch et al. 2017). The 
purpose of this study was to determine if, in the presence of 
a bacterial consortium isolated from a strain of G. catenatum 
from the coasts of Colima, strains of G. catenatum from other 
coastal regions of the Mexican Pacific would increase their 
growth rate and abundance and evaluate how the length of 

its chains, its morphology, the profiles of pigments and para-
lyzing toxins would be modified.

Materials and methods

Gymnodinium catenatum strains and cultivation conditions

Four non-axenic strains of G. catenatum isolated from veg-
etative cells during algal bloom events from various regions 
of the Mexican Pacific were used with the codes GCCV-7, 
GCMV-7, 62L, and G7 (Table 1). The strains were kept in 
GSe medium (Blackburn et al. 2001) with vermicomposting 
extract (Bustillos-Guzmán et al. 2015). In all experimental 
conditions, the cultures were kept at 24 ± 1 °C, with an illumi-
nation of 150 µmol photons·m–2·s–1 using daylight fluorescent 
lamps with a photoperiod of 12h:12h L:D at a salinity of 34.

Obtainment and counts of the bacterial consortium

Bacterial cells were separated from the dinoflagellate of 
G. catenatum G7 strain by phototacticism. At 12 h, a 100-µL 
aliquot of the bacteria that migrated to the illuminated area 
was taken and seeded in GSe medium with 1.5% agar in Petri 
dishes in triplicate. A bacterial consortium composed of 3 col-
onies of bacteria with different morphologies was obtained 
using the cross-streaking method. The colonies were kept in 
the liquid GSe medium and agar under the mentioned con-
ditions. Morphological identification was performed in an 
optical microscope using Gram staining. To determine if the 
bacteria were nitrogen fixers, they were grown in ASN-III 
medium without a nitrogen source (Rippka et al. 1891).

To quantify bacteria, 1-mL aliquots were collected and 
samples were diluted in a 1:2 proportion with 1% PBS, fixed 
with 4% formalin, and stored at 4 °C in the dark. After 24 
h, a 1:15 dilution was carried out with 1% Tris-EDTA pre-
viously filtered through 0.22-µm polycarbonate membranes. 
Staining of bacteria was done following the method of Kepner 
and Pratt (1994) with the fluorochrome SYBR Gold to stain 
DNA. Observations were made in an epifluorescence micro-
scope (Olympus CH30) under blue light emission, with a 
wavelength between 450 and 490 nm at 1,000×, in darkness. 
Counts were performed on an epifluorescence microscope 

Code Place and year of isolation Isolated by

GCCV-7 Bahía de Concepción, B.C.S. 2000 C. Band-Schmidt

GCMV-7 Bahía de Mazatlán, Sin. 2013 L. Morquecho-Escamilla

G7 Bahía de Manzanillo, Col. 2010 S. Quijano-Scheggia

62L Lázaro Cárdenas, Mich. 2005 M. Rodríguez-Palacio

Table 1. Gymnodinium catenatum strains isolated from vegetative cells during algal blooms in var-
ious regions of the Mexican Pacific.
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(Olympus CH30) with a square ocular micrometer (10 × 10 
mm), divided into 100 units. We considered 10 fields or those 
needed to complete a total of 300 cells (Kirchman et al. 1982, 
Sherr et al. 1993). The number of bacteria was determined 
with the following equation, with the corresponding settings 
for epifluorescence microscopy:

cell $mL–1 = V
N#F#dQ V ,                          (1)

where N is the average number of cells per reticle, F is the 
number of times the area of the reticle fits into the effective 
filtration area of the filter, d is the dilution, and V the filtered 
volume of the sample (mL); the filtration area was obtained 
from π·r2 (20,106 mm2), and the reticle area was 0.01 mm2 at 
100×.

Curves, growth rates, and chain lengths of Gymnodinium 
catenatum in the presence and absence of the bacterial 
consortium

A total of 150 mL of GSe medium was placed in 250-mL 
Erlenmeyer flasks, and each G. catenatum strain was inocu-
lated separately with an initial density of 500 cell·mL–1, with 
and without adding the bacterial consortium, in triplicate. The 
microbial consortium was composed of 9,500 cell·mL–1 of fil-
amentous bacteria, 70,000 cell·mL–1 of bacillus-type bacteria, 
and 9,000 cell·mL–1 of coccus-type bacteria. We took 2 mL of 
culture every second day until reaching the decay phase (max-
imum 26 days), fixing the samples with 1% Lugol (Throndsen 
1979). Dinoflagellate counts were performed using a Sedge-
wick-Rafter chamber under an optical microscope (Labomed 
CXRII). The number and length of cell chains were recorded. 
In all treatments, morphological changes in live G. catenatum 
cells were recorded under a Zeiss Axioscope optical micro-
scope with a ScopePhoto camera (version 3.0). The growth 
rate (K) was determined during the exponential growth phase, 
using the Guillard (1973) equation:

K = t2 – t1Q V
lnC2 – lnC1Q V ,                              (2)

where C1 is the number of cells per milliliter at time one (t1) 
and C2 is the number of cells per milliliter at time two (t2).

Pigments and paralyzing toxins

The pigment and toxin profiles of G. catenatum were 
determined in the presence and absence of the bacterial con-
sortium during the exponential growth phase. For both anal-
yses, 25-mL aliquots were filtered through 25-mm GF/F glass 
fiber membranes (Whatman, Springfield Mill, UK), and the 
samples were stored at –20 °C until analysis. Pigment anal-
yses were performed by high-performance liquid chromatog-
raphy (HPLC) on Agilent Technologies mod 1100 equipment 
(Santa Clara, USA) following the protocol of Vidussi et al. 
(1996). To identify and count pigments, the retention times 

and the light adsorption spectrum obtained with commercial 
standards (International Agency for Carbon 14 Determina-
tions, Denmark) were used (Vidussi et al. 1996, Montoura 
and Repeta 1997).

To analyze toxins, extraction and hydrolysis were carried 
out according to the methods of Hernández-Sandoval et al. 
(2022). Toxin analyses were performed by HPLC on an Agi-
lent Technologies mod 1260 Infinity II (Santa Clara, USA) 
according to the methods of Hummert et al. (1997) and Yu et 
al. (1998). Toxins were detected using a fluorescence detector 
(1260 FLD) with wavelengths at Ex 330 nm and Em 395 nm. 
To identify saxitoxin analogues, retention times were com-
pared with commercial standard samples (NRC, Canada). 

Statistical analyses

Differences in the maximum abundance of G. catenatum 
strains were determined with a univariate analysis of variance, 
the normality of the data was tested with the Kolmogorov–
Smirnof test, and homoscedasticity with the Levene test. For 
data that did not conform to normality, a Kruskal–Wallis test 
was performed (Zar 1999). Differences in the length of cell 
chains and in the profile of paralyzing toxins were evaluated 
with the χ2 statistical test, whereas differences in the profile of 
pigments and toxins were evaluated with the Student’s t test 
(Zar 1999). When there were significant differences, post-hoc 
Tukey mean comparison tests (Day and Quinn 1989) were 
performed for homogeneous groups. Analyses were per-
formed using Statistica v. 7.0 software (StatSoft, Inc.) with a 
significance level of 0.05.

Results

Bacterial consortium

We isolated a bacterial consortium associated with 
G. catenatum using the phototaxis and vertical migration 
technique. We obtained 3 populations of bacteria by cross-
streak plating. The first population consisted of heterotrophic 
Gram-negative filamentous bacteria with a size of 7–10 µm; 
the second consisted of heterotrophic Gram-negative bacil-
lus-type bacteria with a size of 5.00 ± 0.55 µm; the third 
consisted of Gram-negative, autotrophic, nitrogen-fixing, 
coccus-type bacteria with a size of 4.00 ± 0.86 µm. The bac-
terial consortium was composed of 9,500 cell·mL–1 of a fila-
mentous bacteria, 70,000 cell·mL–1 of bacillus-type bacteria, 
and 9,000 cell·mL–1 of coccus-type bacteria.

Curves, growth rates, and chain lengths of Gymnodinium 
catenatum in the presence and absence of the bacterial 
consortium

Without the addition of the bacterial consortium, all 
G. catenatum strains showed a short acclimatization phase (if 
present), followed by an exponential phase and a pronounced 
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decay phase. The exponential phase in all strains started on 
day 2 and ended between days 14 and 20 (Fig. 1 a–d).

The growth of G. catenatum varied with each strain when 
inoculated with the bacterial consortium. In the presence of the 
bacterial consortium, the GCCV-7 strain prolonged the expo-
nential phase to 22 d with respect to the control, which ended 
on day 12 (Fig. 1a). Maximum abundance with the inocula-
tion of the bacterial consortium was significantly higher (P < 
0.05) with respect to that of the control, namely 6,932 ± 26 
and 6,463 ± 25 cell·mL–1, respectively (Fig. 1a). In the pres-
ence of the consortium, the exponential phase in the GCMV-7 
strain lasted 14 d, whereas in the control, it was prolonged to 
20 d (Fig. 1b); in the presence of the consortium, maximum 
abundance was significantly higher (P < 0.05) (6,334 ± 25 
cell·mL–1) than in the control (2,840 ± 38 cell·mL–1).

In strains G7 and 62L, the addition of the bacterial consor-
tium did not favor the growth of the dinoflagellate. In strain 
G7, the exponential phase ended at 14 d with the inoculation 
of the consortium and at 16 d without it (Fig. 1c). In the pres-
ence of the bacterial consortium, the maximum abundance 
was 1,146 ± 5 cell·mL–1, which was significantly lower (P < 
0.05) than the maximum abundance without the bacterial con-
sortium (1,625 ± 5 cell·mL–1). In strain 62L, the exponential 
phase lasted until day 16 without the bacterial consortium and 
reached a maximum abundance of 6,444 ± 4 cell·mL–1; with 
the bacterial consortium, the abundance was significantly 
lower (P < 0.05) 628 ± 317 cell·mL–1 (Fig. 1d).

The highest exponential growth rates without the bacte-
rial consortium were obtained in strains GCCV-7 and 62L 
(0.215 ± 0.005 and 0.141 ± 0.002 d–1, respectively), followed 
by strain G7 with a growth rate of 0.094 ± 0.017 d–1 and strain 
GCMV-7 with the lowest growth rate (0.079 ± 0.002 d–1). With 
the addition of the bacterial consortium, strains GCCV-7, G7, 
and 62L significantly decreased (P < 0.05) their growth rates 
to 0.065 ± 0.00, 0.044 ± 0.017, and 0.0 d–1, respectively; in 
strain GCMV-7, the growth rate increased significantly (P < 
0.05) to 0.165 ± 0.001 d–1 (data not shown).

Without the addition of the bacterial consortium, the per-
centage of individual cells in the GCMV-7 strain increased 
until the sixth day of culture (from 22% to 50%). After this 
day, cells in chains composed mainly of 2–3 cells predom-
inated and varied between 20% and 71% (Fig. 2a). With 
the bacterial consortium, the percentage of individual cells 
decreased significantly to less than 43% and chains of 4–6 
cells represented between 20% and 43% (P < 0.05) (Fig. 2b).

Without the addition of the bacterial consortium, strain 
G7 had a higher percentage of single cells until day 8 and 
10 (35%) (Fig. 2c). This strain had a predominance of chains 
of more than 4 cells (from 36% to 67%). In the presence of 
the bacterial consortium, single cells significantly increased 
(from 24% to 70%) (P < 0.05), followed by chains of 4 to 6 
cells (from 19% to 44%) (P < 0.05) (Fig. 2d).

Without adding the bacterial consortium, in the GCCV-7 
strain, individual cells increased from 19% to 70% until days 
8–10 (Fig. 2e), followed by an increase in chain length. In 

the presence of the bacterial consortium, during most of the 
growth curve, the percentage of individual cells significantly 
decreased to between 3% and 32% (P < 0.05) and increased 
the formation of chains of 4–6 cells (between 30% to 62%) 
and of ≥7 cells (between 10% and 40%) (Fig. 2f).

In strain 62L, without the bacterial consortium, single 
cells predominated (between 18% and 54%) during most of 
the growth curve (Fig. 2g). In the presence of the bacterial 
consortium, the percentage of individual cells decreased sig-
nificantly (P < 0.05) (between 5% and 12%), as did chains of 
2–3 cells (between 15% and 26%) (P < 0.05); chains of 4–6 
and ≥7 cells increased significantly (P < 0.05) (from 67% to 
87%).

Morphological changes of Gymnodinium catenatum in the 
presence of the bacterial consortium

The morphological changes in G. catenatum with the 
addition of the bacterial consortium were the displacement in 
the sulcus and cingulum, the rupture of the cell membrane, 
the presence of trapezoidal cells, the displacement in cyto-
plasmic material, the presence of condensed chromosomes, 
and the presence of temporary cysts and lysis (Fig. 3). A 
high percentage of cells (80–90%) showed these changes 3 
h after inoculating the bacterial consortium. Only strain G7, 
the strain from which the bacterial consortium was obtained, 
showed no changes in its morphology.

Temporary cysts (15%) were observed in the GCCV-7 
strain during the decay phase. A high percentage of temporary 
cysts (95%) also inhibited the growth of strain 62L when the 
bacterial consortium was added. In the GCCV-7 and GCMV-7 
strains, in addition to the morphological changes described 
above, when the bacterial consortium was added, the cultures 
showed a color change and acquired an intense green tone; 
this coloration occurred during the exponential phase; the 
growth of G. catenatum was not inhibited.

Profile of pigments and paralyzing toxins

The pigment profile in G. catenatum cultures in the pres-
ence and absence of the bacterial consortium consisted of 8 
photosynthetic pigments. Chlorophyll a was the most abun-
dant pigment (from 47.52 ± 2.52% to 52.96 ± 1.65%) with 
no significant differences between treatments; the percentage 
of chlorophyll c2, carotenoids (zeaxanthin, β-carotene), and 
xanthophylls (diadinoxanthin, dinoxanthin, diatoxanthin) 
varied between strains and some pigments varied between 
treatments. The presence of the bacterial consortium in strains 
GCMV-7 and GCCV-7 significantly increased (P < 0.05) 
the percentage of zeaxanthin (from 0.0 to 4.46 ± 0.57% and 
from 0.0 to 6.93 ± 3.81%, respectively) and β-carotene (from 
0.24 ± 0.08 to 2.46 ± 0.58% and from 0.40 ± 0.06 to 2.83 ± 
0.74%, respectively) (P < 0.05) (Fig. 4a, b). In the presence 
of the bacterial consortium, strain 62L showed no significant 
changes in pigment content (P > 0.05) (Fig. 4c); in strain G7, 
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the percentage of chlorophyll c2 and peridinin significantly 
increased (P > 0.05) and zeaxanthin and ß-carotene signifi-
cantly decreased (Fig. 4d).

In all G. catenatum strains, 8 paralyzing toxin analogues 
were identified: C1/2, dcNEO, dcSTX, dcGTX 2/3, and 
GTX2/3. These were grouped based on the substituent group 
on the lateral chain into carbamoyl (GTX2/3), decarbamoyl 
(dcNEO, dcSTX, and dcGTX2/3), and N-sulfocarbamoyl 
(C1/2) toxins (Table 2). With the addition of the bacterial con-
sortium, the GCMV-7 strain did not show significant changes 
in the toxin profile; N-sulfocarbamoyl toxins were the most 
abundant (between 23.40 ± 3.81 and 21.94 ± 3.78 pgSTX  
eq·cell–1), followed by decarbamoyl (between 12.16 ± 0.52 
and 15.35 ± 0.73 pgSTX eq·cell–1) and carbamoyl (<1.24 
pgSTX eq·cell–1) (Table 2). In the GCCV-7 strain, the bacte-
rial consortium significantly increased (P < 0.05) the content 
of the toxins N-sulfocarbamoyl (from 43.25 ± 6.99 to 84.03 
± 14.07 pgSTX eq·cell–1), decarbamoyl (from 10.53 ± 0.43 
to 14.77 ± 0.71 pgSTX eq·cell–1), and carbamoyl (from 1.87 
± 0.10 to 4.41 ± 0.13 pgSTX eq·cell–1). In the presence of 
the bacterial consortium, strain 62L showed lower (P < 0.05) 
contents of decarbamoyl toxins (from 84.23 ± 3.81 to 20.71 ± 
0.92 pgSTX eq·cell–1). In strain G7, the presence of the bac-
terial consortium decreased decarbamoyl toxins from 2.04 ± 

0.16 to 0.69 ± 0.05 pgSTX eq·cell–1 and carbamoyl toxins did 
not exceed 1.15 pgSTX eq·cell–1 (Table 2). 

In the presence of the bacterial consortium, the toxin 
content decreased significantly in strains 62L and G7 (from 
126.35 ± 41.66 to 58.47 ± 18.34 and from 3.20 ± 1.02 to 
1.76 ± 0.54 pgSTX eq·cell–1, respectively). In the presence 
of the bacterial consortium, the toxin content of the GCCV-7 
strain increased (P < 0.05) (from 55.63 ± 21.83 to 103.22 ± 
43.29 pgSTX eq·cell–1); this strain had the highest toxin con-
tent (Table 2).

Discussion

The study of bacteria–microalgae interactions in 
G. catenatum has become relevant in the past decade, with 
several aspects being described, such as the autonomous pro-
duction of toxins by bacteria and their intervention in (1) the 
synthesis of toxins, (2) the reproductive process, (3) the direct 
or indirect influence on the development of certain stages 
of the life cycle of dinoflagellates, and (4) growth (Bolch et 
al. 2011, 2017; Albinsson et al. 2014; Jauzein et al. 2015). 
However, due to the complexity of algae–bacteria interac-
tions, these need to be understood in strains from various geo-
graphical areas and environmental conditions. In this study, 

Figure 1. Growth curves of Gymnodinium catenatum in GSe medium at 24 °C, salinity of 34, and 12:12 h L:D cycle in the presence of the 
bacterial consortium (empty boxes) and without adding the bacterial consortium (black circles). Strains: (a) GCCV-7. (b) GCMV-7. (c) G7. 
(d) 62L. Vertical lines: ds.
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Figure 2. Cell chains during the growth curve of Gymnodinium catenatum in the presence and absence of the bacterial consortium (BC). Light 
gray: individual cells. Dark gray: chains of 2–3 cells. White: chains of 4–6 cells. Black: chains of ≥7 cells. (a) strain GCMV-7 without BC; 
(b) strain GCMV-7 with BC; (c) strain G7 without BC; (d) strain G7 with BC; (e) strain GCCV-7 without BC; (f) strain GCCV-7 with BC; 
(g) strain 62L without BC; (h) strain 62L with BC.
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the effect of a bacterial consortium on the growth, abundance, 
morphology, chain length, pigment profile, and paralyzing 
toxins in G. catenatum was evaluated in 4 strains from dif-
ferent regions of the Mexican Pacific.

It has been reported that 15 to 24 bacterial genotypes make 
up the bacterial community associated with G. catenatum 
strains (Green et al. 2004, 2010). However, even though the 
community is so variable, previous studies have concluded 
that the effect of the bacterial community on the dinoflagel-
late is caused by the dominance of 1 or 2 species, not by the 
coexistence of these, because the dominant bacteria affect 
the growth of the dinoflagellate and inhibit the growth of the 
rest of the associated bacteria in mixed cultures (Albinsson 
et al. 2014). The growth curves of G. catenatum showed 

2 growth patterns (Fig. 1a–d) in the presence of the bacte-
rial consortium. The first is greater growth of the dinofla-
gellate, reflected in greater abundance. When cultured with 
the bacterial consortium, the GCCV-7 strain, in addition to 
increasing in abundance, reached the exponential growth 
phase in a greater number of days and had a lower growth 
rate (Fig. 1a). This coincides with what was reported for 
strains of Alexandrium spp. where the presence of bacteria 
prolonged exponential growth, which modulated the avail-
ability of nutrients with lower growth rates, which derived 
from growth dormancy (Hold et al. 2001). The second pattern 
observed was growth inhibition in G. catenatum strains 62L 
and G7 (Fig. 1c, d). In strain 62L, a significant decrease in 
abundance of more than 90% was observed with the addition 

Figure 3. Morphology of Gymnodinium catenatum in the presence and absence of the bacterial consortium. (a) Single cell (control). (b) Cell 
surrounded by a membrane characteristic of a temporal cyst. (c) Membrane rupture, loss of flagellum, displacement of the cingulum and 
sulcus. (d) Temporal cyst and bacteria. (e) Trapezoidal cell. (f) Round cell with evident nucleus and condensed chromosomes. (g) Chain of 
cells (Control). (h) Chain cells surrounded by hyaline membrane. (i) Displacement of the cingulum and sulcus. (j) Membrane rupture. (k) 
Displacement in the cytoplasm. (l) Lysis.
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of the bacterial consortium. Alavi et al. (2001) and Matsu-
moto (2011) described a similar response. Alavi et al. (2001) 
evaluated the effect of physical interaction on 4 strains of the 
dinoflagellate Pfiesteria sp. in the presence of a bacterial con-
sortium made up of 34 species and obtained an inhibition in 
the growth of Pfiesteria sp., which grew again when the cells 
were re-isolated in the absence of the bacterial consortium. 
On the other hand, Matsumoto (2011) evaluated the effect of 
bacterial cell filtrates from Alcanivorax sp. in G. catenatum 
and found that they inhibited the growth of the dinoflagel-
late, contrary to what was observed in experiments with cell 
contact, where the growth of G. catenatum was greater. This 
behavior could be due to bacteria releasing algaecides into the 
culture medium; nevertheless, neither Alavi et al. (2001) nor 
Matsumoto (2011) evaluated this parameter, but their results 
suggest that the growth-promoting substance is not exuded 
into the culture medium but rather that the species require 
being in contact to promote their growth, in addition to the 
fact that the growth dynamics established depend on the spe-
cies of bacteria, which encourages the formation of various 
ecological associations (Skovgaard 2000).

Chain length in G. catenatum is an indicator of stress con-
ditions, such as culture age (Blackburn et al. 1989, Band-
Schmidt et al. 2004); extreme salinity, light, and temperature 
(Band-Schmidt et al. 2014; Vale 2015, 2017); limiting concen-
trations of phosphates and nitrates (Lin et al. 2022); and alle-
lopathy (Fernández-Herrera et al. 2016, 2021; Band-Schmidt 
et al. 2020). It has been proposed that alterations in length pat-
terns in the natural environment can affect the vertical migra-
tion speed of this dinoflagellate (Fraga et al. 1989, Vale 2015). 
The increase in the percentage of chain cells in the presence 
of the bacterial consortium in this work could indicate that 

bacteria promote chain formation. The percentage of long 
chains in strain G7 did not increase (Fig. 2d); this could be 
because the bacterial consortium was isolated from this strain.

Several studies of bacteria–microalgae interactions have 
focused on the influence of bacteria on the germination of 
resting cysts in G. catenatum. Newly germinated cells of 
G. catenatum require the presence of bacteria from the 
Marinobacter sp. and Brachybacterium sp. genera to survive 
and grow (Bolch et al. 2011). In this study, temporary cysts 
of G. catenatum formed when in contact with the bacterial 
consortium. Morphological changes were also observed in 
G. catenatum suggesting that these alterations could influence 
its life cycle: loss of flagella; displacement in the cytoplasm, 
cingulum, and sulcus; and an evident nucleus with con-
densed chromosomes, characteristic of the fusion of gametes 
(Fig. 3), which was previously described by Figueroa et al. 
(2006, 2008). These observations support one of the hypoth-
eses established by the same authors that indicates that sexual 
processes are triggered as a result of the addition of nutrients, 
perhaps coming from bacterial exudates.

When G. catenatum was exposed to cells from other 
phytoplankton species or their filtrates, changes in its mor-
phology were also observed, such as a decrease in the length 
of cell chains, formation of temporary cysts, and lysis 
(Fernández-Herrera et al. 2016, 2021; Band-Schmidt et al. 
2020), which demonstrated that direct contact between phy-
toplankton species can also modify the dinoflagellate popula-
tion structure.

The pigment profile of G. catenatum is made up of 8 pig-
ments: chlorophyll a, chlorophyll c2, peridinin, zeaxanthin, 
diadinoxanthin, dinoxanthin, diatoxanthin, and β-carotene, 
coinciding with the pigment profile reported by Hallegraeff 

N-sulfocarbamoyl Decarbamoyl Carbamoyl Toxin content

Code pg STXeq·cell–1

GCMV-7 23.40 ± 3.81 15.35 ± 0.73 1.00 ± 0.08 39.74 ± 11.35

GCMV-7 + BC 21.94 ± 3.78 12.16 ± 0.52 1.24 ± 0.07 35.33 ± 10.36

GCCV-7 43.25 ± 6.99 10.53 ± 0.43 1.87 ± 0.10 55.63 ± 21.83

GCCV-7 + BC 84.03 ± 14.07 14.77 ± 0.71 4.41 ± 0.13 103.22 ± 43.29

62L 41.18 ± 6.87 84.24 ± 3.81 0.94 ± 0.08 126.35 ± 41.66

62L + BC 37.18 ± 6.65 20.71 ± 0.92 0.57 ± 0.08 58.47 ± 18.34

G7 0.01 ± 0.04 2.04 ± 0.16 1.15 ± 0.21 3.20 ± 1.02

G7 + BC - 0.69 ± 0.05 1.06 ± 0.18 1.76 ± 0.54

+BC: with bacterial consortium

Table 2. Paralyzing toxin profile and toxin content of Gymnodinium catenatum strains in the presence and absence 
of the bacterial consortium in the late exponential phase.
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et al. (1991). Given that the only variant in the experiments 
was the addition of the bacterial consortium, it is assumed 
that pigment content varied with the presence/absence of the 
consortium; this last stress factor modified the photosynthetic 
capacity of the dinoflagellate because it modified the content 
of accessory pigments (Fig. 4).

The paralyzing toxin profile of G. catenatum includes at 
least 3 dozen analogues described in various strains and geo-
graphical populations, which are characterized by the dom-
inance of sulfocarbamoyl toxins that represent more than 
85 mol%, followed by decarbamoyl and, finally, carbamoyl 
with a percentage <1% (Negri et al. 2007, Band-Schmidt et 
al. 2019). Although it has been determined that the presence, 
absence, and proportion of analogues varies between strains, 
there is a high similarity in the profile of paralyzing toxins 
between ecotypes, suggesting low genetic variability between 
populations (Cembella and Band-Schmidt 2018). The toxin 
profile of the strains in this study agrees with previous reports 
(Band-Schmidt et al. 2010). Most strains, with the exception 
of strain G7, showed a dominance of sulfocarbamoyl toxins, 
and a relative abundance greater than 70 mol% was recorded. 
Strain G7 was characterized by the dominance of decarba-
moyl toxins, followed by sulfocarbamoyl and carbamoyl 
toxins. This profile has also been reported in environmental 
samples of G. catenatum (Gárate-Lizárraga et al. 2006). Saxi-
toxin analogues from the carbamoyl group (GTX2/3) were 
found in low proportions, <2% of the total, which is charac-
teristic of the species (Hallegraeff et al. 2011). In the GCCV-7 
strain, the presence of the bacterial consortium increased the 
content of sulfocarbamoyl toxins and decreased the content of 

carbamoyl toxins; whereas in strains 62L and G7, the content 
of decarbamoyl analogues decreased (Table 2).

The toxin content of this species is relatively low compared 
to those of other species, and differences have been reported 
between environmental samples of natural G. catenatum 
and samples obtained from laboratory strains, in addition to 
differences in toxicity depending on the origin of the strain 
(Band-Schmidt et al. 2006, Negri et al. 2007). In this study, 
the strain from the coasts of Michoacán had the highest toxin 
content, followed by the strains from Bahía Concepción, 
Bahía de Mazatlán, and, finally, the strain from Manzanillo, 
which varied greatly from 1.76 ± 0.54 to 103.22 ± 43.29 
pgSTX eq·cell–1. Nonetheless, it is important to note that data 
from a single strain from each geographic region is insuffi-
cient to confirm these differences in toxin content between 
various geographic regions.

The addition of the bacterial consortium did not show a 
clear pattern in the toxin content of the strains. The toxin con-
tent increased in the GCCV-7 strain, whereas it decreased in 
the 62L and G7 strains and showed no significant changes in 
the GCMV-7 strain. Toxin content in G. catenatum strains iso-
lated from Mexican coasts has shown variability, and records 
show values from 2 to 370 pgSTX eq·cell–1 (Band-Schmidt 
et al. 2005, 2006; Fernández-Herrera et al. 2022). No clear 
relationship has been found with temperature (Band-Schmidt 
et al. 2014) or N:P ratios (Bustillos-Guzmán et al. 2012, 
Hernández-Sandoval et al. 2022), which suggests that the dif-
ferences are strain-specific. Only in the case of the exposure 
of G. catenatum to culture media of Chattonella marina and 
Gymnodinium impudicum was there an increase in the toxin 
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content (Fernández-Herrera et al. 2022), which suggests that 
this increase could be a survival strategy of G. catenatum in 
the presence of other phytoplankton species.

With the addition of the bacterial consortium, G. catenatum 
showed no clear effect on growth, abundance, toxin profile, 
and toxin content, but it did show an increase in the number 
of chain cells. In addition, changes in cellular morphology 
were observed. In the presence of the bacterial consortium, 
in most strains, the content of accessory pigments (zeaxan-
thin, diatoxanthin, and β-carotene) increased, which suggests 
that bacteria could be stress agents for G. catenatum, which 
provides new perspectives on the interaction between bacteria 
and dinoflagellates.
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