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Summary

Many dinoflagellate species are sensitive to mechanical disturbances, for instance, 

to mixing, which hampers effective continuous culturing of these organisms. Such 

sensitivity may be linked to the induction of ecdysis, a process of the cell covering 

rearrangement, followed by temporary quiescence of the dinoflagellate cells. Ecdysis 

can be induced in a significant fraction of a dinoflagellate population by unfavorable 

environmental conditions and is often involved in the formation of their cysts. 

Previously it was demonstrated that the bacteriostatic antibiotic tetracycline, which 

is widely used against bacteria in aquaculture, decreased the natural ecdysis rate in 

the culture of the dinoflagellate Prorocentrum minimum (Pavillard) Schiller, 1933. In 

this study, we tested the ability of this compound to lower the rate of ecdysis induced 

by mechanical stimuli. We showed that mechanical disturbances associated with 

centrifugation, stirring, and shaking equally induced ecdysis in the tetracycline-

treated and control cultures. Thus, tetracycline did not make dinoflagellates less 

susceptible to the mechanical stressors and cannot be used to surpass their sensitivity 

to mixing during continuous culturing.
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Introduction

Dinoflagellates are single-celled eukaryotic orga-

nisms representing important primary producers 

and grazers in the marine environment (Hackett et 

al., 2004). They are infamously known to produce 

potent toxins, such as saxitoxin, brevetoxin and 

okadaic acid, which can be accumulated by marine 

organisms to the levels threatening human health. 

The events of the rapid dinoflagellate proliferation 

called harmful blooms are especially dangerous 

in this respect, since they are associated with the 
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intensive toxin production (Hallegraeff, 1993; Wang,

 2008). All these features make dinoflagellates one of 

the threats to aquaculture maintaining. Potent toxins 

synthesized by them can be accumulated in tissues 

of clams and fish thus threatening consumers of 

cultured organisms (Shumway, 1990; Matsuyama, 

2012; Brown et al., 2020). Therefore, monitoring 

of fluctuations in the number of dinoflagellate cells 

in water is an important challenge for aquaculture 

management.

Dinoflagellates possess many peculiar traits 

of the cell structure and physiology important for
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their activity, including bloom formation, in the envi-

ronment. One of such traits is the special organization 

of a cell covering, called amphiesma, consisting of a 

plasma membrane and membrane vesicles beneath 

it. In armored species, amphiesmal vesicles contain 

thecal plates made of cellulose. In the course of 

a dinoflagellate cell life cycle, amphiesma can be 

subjected to a substantial rearrangement termed 

ecdysis (Morrill and Loeblich, 1983; Morrill, 1984; 

Pozdnyakov and Skarlato, 2012).

During ecdysis, amphiesmal vesicles fuse to 

form two continuous membranes (outer and inner 

amphiesmal vesicle membranes) beneath the plasma 

membrane. Then the plasma membrane, outer 

amphiesmal vesicle membrane and thecal plates (if 

present) are discarded, and the inner amphiesmal 

vesicle membrane becomes the new plasma mem-

brane. Subsequently, new amphiesmal vesicles 

appear and mature to restore the full amphiesma 

(Höhfeld and Melkonian, 1992; Pozdnyakov and 

Skarlato, 2012 and references therein; Matantseva 

et al., 2020). The rearrangement of a dinoflagellate 

cell covering is linked to the formation of their cysts 

and can be induced by various external triggers, e.g. 

mechanical disturbances, changes in temperature 

and light conditions (Bravo and Figueroa, 2014).

Whereas many triggers have been reported to 

induce ecdysis, it is less clear whether some factors 

can hinder the initiation and progression of this 

process. Previously it was demonstrated that the 

bacteriostatic antibiotic tetracycline decreased the 

natural background level of ecdysis in the laboratory 

culture of the dinoflagellates Prorocentrum minimum 

(syn. Prorocentrum cordatum (Ostenfeld) Dodge, 

1975) (Matantseva et al., 2020). The finding that 

a chemical agent can suppress the dinoflagellate 

ecdysis initiated by unknown internal or external 

stimuli further raises a question whether the same 

agent can affect ecdysis triggered by known external 

stressors. Mechanical impacts attract special atten-

tion since they are widely distributed in both natural 

(tidal and wind/wave activity) and laboratory 

(mixing during culturing) habitats and thus are 

highly significant for the dinoflagellate population 

dynamics (Pollingher and Zemel, 1981; Berdalet, 

1992; Wyatt and Jenkinson, 1997; Smayda, 2010; 

van de Waal et al., 2014). In turn, tetracycline and 

its derivatives are antibiotics commonly used in 

aquaculture worldwide (Alderman and Hastings, 

1998; Sapkota et al., 2008; Guidi et al., 2018; Lulijwa 

et al., 2020).

In this study, we tested experimentally the hypo-

thesis that the application of tetracycline to the 

culture of P. minimum can affect the rate of ecdysis 

induced by mechanical disturbances. Due to the 

huge impact of dinoflagellates on mariculture, this 

information could be of practical value.

Material and methods

CULTURE MATERIAL AND GROWTH CONDITIONS

The clonal culture of Prorocentrum minimum, 

strain CCAP 1136/16, was maintained in artificial 

seawater-based f/2 medium (Guillard and Ryther, 

1962) containing no silicate at salinity of 25. The 

cells were grown under a 12 h/12 h light/dark cycle 

at 100 µmol photons m−2 s−1 and 18 ˚C.

For experiments, cells were inoculated into 

Erlenmeyer glass flasks with fresh f/2 medium 

at a cell concentration of 40×103 cells ml−1 and 

then allowed to grow for four days to reach the 

exponential growth phase. All experiments were 

performed on the fourth day.

EXPERIMENTAL PROCEDURES

In order to estimate the effect of tetracycline on 

the ecdysis rate, we applied several different types 

of mechanical disturbance to samples incubated 

with the antibiotic and without it. Stock solution 

of tetracycline (B1418, ChemCruz, Santa Cruz 

Biotechnology, Dallas, Texas, USA) was added into 

the samples to a final concentration of 10 µg ml-1.

Ecdysis was triggered experimentally by the 

following treatments: shaking, mixing, and centri-

fugation. For the first treatment, 10 ml of the culture 

were placed into Erlenmeyer glass flasks with the 

bottom diameter 65 mm. These samples were 

shaken for 24 h at 200 rpm in the environmental 

shaker-incubator ES-20 (Biosan, Riga, Latvia). 

The second treatment included mixing of 10-ml 

samples in Erlenmeyer glass flasks with the bottom 

diameter 65 mm using magnetic stirrer MS-3000 

(Biosan, Riga, Latvia), the relative speed 2.5, and 

a 15 mm magnet for 24 h. For the third treatment, 

1-ml samples were centrifuged for 5 min at 10000 g, 

and then cells were resuspended and incubated for 4 

h before the determination of the ecdysis rate. The 

natural ecdysis level in the culture and the effect of 

tetracycline on it were examined by incubating 10 
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ml of the experimental culture in the normal media 

and in the media containing tetracycline (10 µg ml-1)

in Erlenmeyer glass flasks for 24 h at the standard 

conditions. All experiments were conducted in 3-4 

replicates.

ANALYTICAL PROCEDURES

To determine the ecdysis level, cells and empty 

separated thecal plates were counted in samples 

using a Fuchs-Rosenthal counting chamber and a 

light microscope. Before counting, all samples were 

vortexed to immobilize cells. At least 200 cells per 

sample were counted. The following formula was 

applied to estimate the ecdysis rate:

where Nthecae – number of empty thecal plates, Ncells –

number of cells.

Results

The addition of tetracycline to the culture media 

led to the lower background level of ecdysis in the 

cultures of Prorocentrum minimum compared to 

the control cultures (paired t-test, n=4, p=0.0246) 

(Fig. 1, A). The mean background level of ecdysis 

in nontreated cultures constituted 0.062±0.013, 

whereas in the tetracycline-treated cultures it was 

0.031±0.007.

Various mechanical disturbances, including 

centrifugation at 10000 g for 5 min, shaking on 

a rotation shaker at a speed of 200 rpm for 24 h, 

and mixing using a magnetic stirrer at the relative 

speed of 2.5 for 24 h, induced ecdysis in the P. 
minimum cultures. The level of ecdysis in 4 h after 

centrifugation and immediately after the completion 

of shaking and stirring was, on overage, 0.4. No 

statistically significant differences were found 

between the level of ecdysis in cultures growing 

on normal and tetracycline-containing media if 

cultures were subjected to centrifugation (Fig. 1, B), 

shaking (Fig. 1, C), and stirring (Fig. 1, D) (paired 

t-test, n=3–4, p > 0.05). It must be noted that albeit 

no statistically significant effect of tetracycline 

was revealed in the case of shaking at a chosen 

significance level, the mean rate of ecdysis induced 

by this disturbance was nearly two times lower in the 

tetracycline-treated cultures (Fig. 1, C).

Discussion

The growing demand of humanity in food ac-

companied by a decrease in natural catch have 

led to the development of aquaculture worldwide 

(Bostock et al., 2010; Merino et al., 2012). Culturing 

of aquatic organisms is associated with the outburst 

of infectious diseases among them (Lafferty et 

al., 2015). One of the main approaches to cope 

with this problem is the treatment of aquaculture 

with antibiotics, in particular, tetracycline and its 

derivatives (Alderman and Hastings, 1998; Sapkota 

et al., 2008; Guidi et al., 2018; Lulijwa et al., 2020). 

The elevated concentration of tetracycline in the 

regions of aquaculture may influence different 

components of ecosystems. Therefore, the effects 

of tetracycline-like antibiotics on organisms other 

than bacteria should be investigated.

The concentration of tetracycline chosen in this 

experimental study corresponds to the concentra-

tion used in Matantseva et al. (2020) for which the 

effect of tetracycline on the general ecdysis level 

in P. minimum culture was demonstrated for the 

first time. This concentration is in the range of the 

maximal tetracycline dosages applied to aquaculture 

(e.g. Alderman and Hastings, 1998; Armstrong et 

al., 2005). Thus, this concentration of the antibiotic 

is the maximum level that dinoflagellates can be 

exposed to in the natural habitats. To study the 

effect of tetracycline on the rate of ecdysis triggered 

by external stressors, it was necessary to induce the 

ecdysis exceeding the natural ecdysis level in the 

culture. We tested several variants of mechanical 

treatment in the study. The experiments were desig-

ned according to the results of the previous work 

(Matantseva et al., 2020) or preliminary testing. 

For shaking and stirring, settings have been chosen 

at the minimum level which stably caused ecdysis 

exceeding the natural rate. Centrifugation has been 

applied in the previous study and has appeared to 

be one of the potent stimuli inducing ecdysis in 

P. minimum (Matantseva et al., 2020). While we 

cannot estimate the intensity of mechanical impact 

precisely and match the strength of the experimental 

treatments to natural stressors, such stressor-indu-

ced ecdysis appears to be an appropriate model. In 

the absence of data on the actual trigger of ecdysis 

during mechanical disturbances both in natural and 

experimental systems, different types of treatments 

known to trigger ecdysis may be applied to elucidate 

the plausible role of tetracycline.

Herein we confirmed the effect of tetracycline 

on the natural rate of ecdysis in the dinoflagellate P. 
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Fig. 1. Effect of tetracycline on the level of ecdysis induced by various mechanical treatments in P. minimum 
culture. A – No mechanical treatment; B – centrifugation; C – shaking; D – stirring. Asterisk indicates 

statistically significant difference (paired t-test, n=4, p=0.0246).

minimum previously revealed by Matantseva et al. 

(2020). This peculiar fact indicates that tetracycline 

may represent an agent protecting dinoflagellate 

cells from stressors initiating ecdysis and cyst 

production. This phenomenon might be relevant for 

the regions of aquaculture and for the continuous 

cultures of these organisms.

Population dynamics and activity of dinoflagel-

lates both in natural habitats and in culture is 

linked to the production of cysts and temporary 

quiescence during the process of ecdysis which 

are often caused by mechanical disturbance. Our 

experiments demonstrated that tetracycline did not 

reduce the level of ecdysis if cultures were subjected 

to significant mechanical impacts including centri-

fugation, shaking, and stirring. Thus, it cannot 

be used to improve the efficiency of continuous 

culturing of dinoflagellates requiring mixing and 

unlikely to be important for the plankton-benthos 

shifts associated with wind and wave activity in 

natural waters containing this antibiotic. It was 

shown that the membrane fluidity in dinoflagellates 

Lingulodinium polyedra is affected by fluid shear 

stress (Mallipattu et al., 2002). This probably repre-

sents a mechanism behind the sensitivity of dino-

flagellates to mechanical stressors, although spe-

cial investigations are required to solve the issue 

of what exactly triggers ecdysis. Apparently, tetra-

cycline does not stabilize the membrane directly 

or indirectly to make it resistant to the treatments 

applied. However, we should mention a decrease 

(albeit statistically insignificant) in the mean rate of 

ecdysis in the tetracycline-treated cultures exposed 

to shaking relative to the control. Although this 

decrease could arise from random fluctuations in the 

ecdysis level, the role of tetracycline in the ecdysis 

suppression or a possible delay in the shedding of 

thecal plates cannot be completely ruled out and 

merit additional investigation.

The background level of ecdysis in cultures 

that were not subjected to centrifugation, shaking 

or stirring, can be explained in two ways. First, 

culture agitation caused by pipetting and thus 

inevitable during the experimental work could 
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represent a mechanical stressor of low intensity 

triggering ecdysis in a small fraction of a population. 

Previously it was shown that centrifugation at 500 g 

representing a disturbance of low intensity induced 

ecdysis in a smaller fraction of the dinoflagellate 

population compared to centrifugation at 5000 g 

and 10000 g (Matantseva et al., 2020). It is possible 

that tetracycline can protect dinoflagellate cells 

from the membrane damage only in the case of 

weak shear stress, whereas in the case of more 

intensive impact its protective effect is insufficient. 

Second, it cannot be excluded that P. minimum cells 

enter ecdysis not only because of the fluid shear 

stress-induced membrane damage, but also due to 

internal processes executed in response to changing 

conditions and resulting in the cyst production (for 

example, in response to the nutrient depletion). 

We consider the second scenario more probable. 

It was demonstrated that tetracycline affects gene 

expression in eukaryotes affecting tetracycline-

sensitive promoters and mitochondrial translation 

(Gossen and Bujard, 1992; Deuschle et al., 1995;

Moullan et al., 2015; Sanchez et al., 2020). There-

fore, this compound potentially can influence the 

physiology of dinoflagellates and intervene the 

initiation of intrinsically induced ecdysis.

In addition to such risks associated with antibio-

tics use in aquaculture, such as the resistance of 

bacteria and toxic effect of the applied compounds 

on cultured organisms, attention should be drawn 

to their impact on other components of ecosystems, 

such as dinoflagellates. While we showed that at the 

tested conditions tetracycline did not influence the 

level of ecdysis induced by mechanical stressors, it 

is still possible that this antibiotic can interfere with 

ecdysis triggered by other stressors. This question 

along with the investigation of mechanisms behind 

the tetracycline-dependent decrease in the natural 

level of ecdysis in the P. minimum culture are the 

agendas for future research.
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