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Omega-3 fatty acids, including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are polyunsaturated 

fatty acids beneficial to human health. A limited number of microalgae have been used for commercial omega-3 pro-

duction, which necessitates the identification of new microalgae with high omega-3 contents. We explored the fatty acid 

composition and EPA and DHA contents of the mixotrophic dinoflagellate Gymnodinium smaydae fed with the optimal 

algal prey species Heterocapsa rotundata. Cells of G. smaydae were found to be rich in omega-3 fatty acids. In particular, 

the DHA content of G. smaydae was 21 mg g-1 dry weight, accounting for 43% of the total fatty acid content. The per-

centage of DHA in the total fatty acid content of G. smaydae was the highest among the reported microalgae except for 

Crypthecodinium cohnii. Moreover, to determine if the prey supply interval affected the growth rate of G. smaydae and 

its fatty acid content, three different prey supply intervals (daily, once every 2 d, and once for 4 d) were tested. Daily prey 

supply yielded the highest total fatty acid and DHA contents in G. smaydae. Furthermore, we successfully produced 

high-density G. smaydae cultures semi-continuously for 43 d with daily prey supply. During the semi-continuous cul-

tivation period, the highest density of G. smaydae was 57,000 cells mL-1, with an average growth rate of 0.7 d-1. Taken 

together, the percentage of EPA and DHA in the total fatty acid content was maintained in the range of 54.2-56.9%. 

The results of this study support G. smaydae as a promising microalgal candidate for commercial DHA production and 

demonstrate that daily supply of prey can efficiently produce high-density G. smaydae cultures for more than a month.

Key Words: algae; biomass; DHA; EPA; FAME; lipid; polyunsaturated fatty acids

INTRODUCTION

Microalgae are typically phototrophic, unicellular spe-

cies (Cuellar-Bermudez et al. 2015, Lim et al. 2019a). They 

are known to produce several useful biological materials, 

such as lipids, functional pigments, antioxidants, and 

bioactive compounds (Leu and Boussiba 2014, Cuellar-

Bermudez et al. 2015, Paliwal et al. 2017, Khan et al. 2018, 

Lim et al. 2018, Lee et al. 2019a, 2019b, Berthold et al. 

2020). Thus, microalgae can be potentially used as food 

and energy resources for the future (Tan et al. 2015, Khan 

et al. 2018, Torres-Tiji et al. 2020). Omega-3 fatty acids, in-
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timal cultivation conditions for maximum mixotrophic 

microalgal growth.

Dinoflagellates are one of the major microalgal groups 

and live in marine or freshwater environments (Taylor et 

al. 2008, Jeong et al. 2013, 2017, Kang et al. 2019). They 

exhibit all three trophic modes, i.e., autotrophy, heterot-

rophy, and mixotrophy (a combination of photosynthesis 

and phagotrophy) (Jeong et al. 2010, Stoecker et al. 2017, 

Lee et al. 2019b). Therefore, they play diverse roles as pri-

mary producers, predators, prey, symbiotic partners, and 

parasites in marine ecosystems (Jeong et al. 2010, 2015, 

Holmes et al. 2014, LaJeunesse et al. 2018). Several dino-

flagellate species are known to contain diverse biologi-

cal materials of economic importance, such as omega-3 

fatty acids, macrolides, essential amino acids, carot-

enoids, and toxins (Shimizu 1996, Camacho et al. 2007, 

Mendes et al. 2009, Onodera et al. 2014, Jang et al. 2017, 

Lim et al. 2018). For example, the heterotrophic dinofla-

gellate Crypthecodinium cohnii is used for commercial 

DHA production (Mobin and Alam 2017). In addition, 

biotoxins produced by some phototrophic dinoflagel-

lates, such as Prorocentrum concavum and Karenia bre-

vis, are employed in the assessment of seafood safety and 

in medical and therapeutic studies (Camacho et al. 2007, 

Gallardo-Rodríguez et al. 2012, Assunção et al. 2017). Di-

noflagellates have received significant attention as they 

contain various useful bioactive molecules and exhibit 

high biotechnological and pharmacological potential, 

and diverse culture methods have been employed to in-

crease their biomass production across various indus-

tries (reviewed in Assunção et al. 2017). However, only a 

few species have been utilized for commercial produc-

tion. The major obstacle in the large-scale culture of di-

noflagellates for commercial use is their lower growth 

rates when compared with other microalgal groups (Tang 

1996). Furthermore, dinoflagellates are more sensitive to 

turbulence than green algae and diatoms (Thomas and 

Gibson 1990). Therefore, identifying dinoflagellates con-

taining useful biological materials and developing an ef-

fective method for their large-scale culture are critical for 

the commercial utilization of such dinoflagellates.

The dinoflagellate Gymnodinium smaydae, isolated 

from the waters of Shiwha Bay, Korea, was established 

as a new species in 2014 (Kang et al. 2014). This species 

was later revealed to be mixotrophic (Lee et al. 2014). 

This dinoflagellate grows rapidly when fed with the op-

timal algal prey species Heterocapsa rotundata but does 

not grow without added prey (Lee et al. 2014). This spe-

cies exhibits considerable potential as a new microalga 

for commercial application. First, this species is one of 

cluding eicosapentaenoic acid (EPA) and docosahexae-

noic acid (DHA), are polyunsaturated fatty acids benefi-

cial to human health (Gunstone 1996). The global market 

for microalgal products is estimated to be approximately 

US $6.5 billion, of which DHA production accounts for 

US $1.5 billion (Mobin and Alam 2017). DHA is essential 

for growth and functional development of the brain in 

infants and the maintenance of normal brain function in 

adults (Horrocks and Yeo 1999). Although fish oils repre-

sent the main dietary source of EPA and DHA, alternative 

sources of these omega-3 fatty acids are required owing 

to increasing marine pollution and depleting wild fish 

stocks (Doughman et al. 2007, Martins et al. 2013, Dhan-

ya et al. 2020). Some marine protists are known to have 

high EPA and DHA contents; for example, the eustimato-

phyte Nannochloropsis spp. and the diatoms Phaeodac-

tylum spp. and Odontella aurita have been identified as 

rich sources of EPA (Fajardo et al. 2007, Chua and Schenk 

2017, Mobin and Alam 2017), whereas the thraustochy-

trids Thraustochytrium spp. and Schizochytrium spp. 

and the dinoflagellate Crypthecodinium spp. are rich 

sources of DHA (Jiang et al. 1999, Fan et al. 2007, Gupta et 

al. 2012). However, these constitute a very small portion 

of the formally described microalgae, and thus, further 

efforts are required to identify promising microalgal spe-

cies containing high omega-3 contents.

In addition to high EPA and DHA contents, several 

other factors, such as ease of cultivation, high biomass 

productivity (or high growth rate), and lack of toxins, 

must be considered when culturing microalgae as a food 

source (Torres-Tiji et al. 2020). Even when a relatively 

fast-growing alga is selected for culture, the total produc-

tion cost would increase if the cost for media or carbon 

sources is high. For example, glucose has been used as an 

effective organic compound to enhance the growth and 

production of some microalgae (Li et al. 2007, Cheirsilp 

and Torpee 2012); however, glucose is expensive, some-

times accounting for 80% of the total medium cost (Li et 

al. 2007). Therefore, to reduce the total production cost, 

low-cost nutrient and carbon sources and cost-effective 

culture methods should be developed. Several alternative 

compounds, such as sweet sorghum juice, Enteromorpha 

hydrolysate, and orange peel extract, have been tested 

to reduce the production cost (Liang et al. 2010, Park et 

al. 2018, Ning and Liu 2020). Providing dense prey cul-

tures to mixotrophic dinoflagellates generally enhances 

their growth rate (Jeong et al. 2015). Thus, suitable algal 

prey cells present a good carbon source for mixotrophic 

microalgae with high growth rates and EPA or DHA con-

tents. Based on this, it is beneficial to determine the op-
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from dense G. smaydae cultures satiated with the prey 

and then starved for 1 d were harvested by centrifugation 

(Labogene 1696R; Gyrozen Co., Gimpo, Korea) at 4,315 ×g 

for 10 min and then stored at -70°C in a deep freezer un-

til analysis. To confirm the absence of any residual prey 

cells in the culture medium prior to cell harvest, a 5-mL 

aliquot was subsampled from each culture, fixed with 

acidic Lugol’s solution, and then examined carefully un-

der an inverted microscope.

Effect of prey supply intervals on growth rate 
and fatty acid content of Gymnodinium smaydae

The effect of different prey supply intervals during in-

cubation for 4 d, i.e., supplied daily, once every 2 d, and 

once for 4 d, on the mixotrophic growth rate and fatty 

acid contents of G. smaydae was determined (Fig. 1).

Initial concentrations of G. smaydae and H. rotundata 

were established by transferring a predetermined volume 

of the culture with known cell density to the experimental 

bottles using an autopipette. Dense cultures of mixotro-

phic G. smaydae (25,140 cells mL-1) fed with H. rotundata 

were transferred to nine 2,000-mL polycarbonate bottles 

containing 100 mL of f/2 medium. A dense H. rotundata 

culture (255,500 cells mL-1) at the stationary stage was 

then added to the triplicate bottles at three different sup-

ply intervals as follows: 400 mL at the beginning of the 

experiment, i.e., prey supplied once for 4 d; 200 mL at 

the beginning of the experiment and then again after 2 

d, i.e., prey supplied every 2 d; or 100 mL daily, i.e., prey 

supplied every day. The bottles were incubated at 25°C 

under 50 µmol photons m-2 s-1 LED illumination and 14 : 

10-h light : dark cycle. To determine the actual initial cell 

densities (cells mL-1) at the beginning of the experiment, 

10-mL aliquots were removed from each bottle and fixed 

with 5% acidic Lugol’s solution. Moreover, to ensure that 

the final volume of each culture was the same at the end 

of the experiment, aliquots with the same total volume 

were removed from each bottle before and after every 

prey input, and fixed with 5% acidic Lugol’s solution. 

All or >200 G. smaydae cells were counted in three 1-mL 

Sedgwick-Rafter counting (SRC) chambers. 

The specific growth rate of G. smaydae, µ (d-1), was cal-

culated as follows:

µ =
Ln (Ct2 / Ct1)

t2 − t1

, where Ct1 and Ct2 indicate cell concentrations at time 

points t1 and t2, respectively. The growth rates of G. smay-

dae were measured every day for 4 d.

the fastest growing mixotrophic dinoflagellates (Lee et al. 

2014). Second, this species was found to be non-toxic in 

bioassays (Lim et al. 2018). Third, the optimal tempera-

ture and light intensity supporting maximum growth of 

this microalga have already been determined (You et al. 

2020). Therefore, if this species contains high EPA or DHA 

contents, it can be a strong candidate for commercial 

omega-3 production.

In the present study, we analyzed the fatty acid compo-

sition and EPA and DHA contents of G. smaydae fed with 

H. rotundata using gas chromatography. The EPA and 

DHA contents were compared with reported contents 

of other microalgae. Moreover, to determine the optimal 

cultivation conditions supporting the high growth rate 

of G. smaydae, three different prey supply intervals were 

tested. To further test its suitability for commercial pro-

duction, G. smaydae was cultured mixotrophically under 

optimized and controlled conditions for 43 days, and its 

fatty acid composition was analyzed. This study demon-

strates G. smaydae as a strong candidate for the commer-

cial production of omega-3 fatty acids, its optimal culture 

conditions, and a new bioreactor design for mixotrophic 

dinoflagellates.

MATERIALS AND METHODS

Culture of Gymnodinium smaydae and its prey 
species

Cultures of G. smaydae (GSSH1005) and H. rotundata 

(HRSH1201) originally isolated from the waters of Shi-

wha Bay, Korea (Kang et al. 2014), were used in this study.

The specific growth rates of G. smaydae fed with H. ro-

tundata were the highest at 25℃, under 50 µmol photon 

m-2 s-1 light-emitting diode (LED) illumination and 14 : 

10-h light : dark cycle (You et al. 2020). Thus, experimen-

tal cultures were prepared under these conditions. Cells 

of G. smaydae cells (initial concentration: ca. 500 cells 

mL-1) were mixotrophically cultured in 2,000-mL culture 

bottles with H. rotundata as the prey (ca. 50,000 cells 

mL-1) under the aforementioned water temperature and 

light conditions. A clonal culture of H. rotundata in f/2 

medium (Merck, Germany) was also prepared under the 

same conditions.

Cell harvesting

The composition and contents of fatty acids of the cul-

tured G. smaydae and H. rotundata were analyzed. Cells 
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Fig. 1. Schematic representation of the experiment for studying the effect of different prey supply intervals during incubation for 4 d, i.e., sup-
plied daily, once every 2 d, and once for 4 d, on the mixotrophic growth rate and fatty acid contents of Gymnodinium smaydae. Culture volumes in 
the experimental bottles at t = 0, 1, 2, and 3 d under the three prey supply conditions were different, whereas those at 4 d were the same. Similar 
total volume of prey culture was added to the experimental bottles for 4 d. Hr, Heterocapsa rotundata; Gs, Gymnodinium smaydae. The numbers 
indicate the initial concentrations (cells mL-1) of Hr and Gs (see Materials and Methods section for details).

Fig. 2. Schematic diagram of an automatic system for culturing mixotrophic dinoflagellates (A) and the culture vessels (B) used in the present 
study. Media and cultures exiting the vessel through the liquid outlet were transferred to the next vessel through the liquid inlet. Air was supplied 
to the vessels using an air pump with an air filter for aeration and was dispersed evenly in the culture by the sparger (see Materials and Methods 
section for details).

A

B
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Simultaneously, f/2 medium from the medium vessel 

was transferred to the prey culture vessel using a peri-

staltic pump (flow rate = 2.1 mL min-1) in continuous op-

eration. Thus, a total of 3 L of the f/2 medium was trans-

ferred to the prey vessel every day. Fresh f/2 medium was 

added into the medium vessel as required. The flow rates 

of all pumps were calibrated before use.

To monitor H. rotundata density in the prey vessel, the 

culture was homogenously and gently mixed by aeration 

through the sparger for 2 min (airflow rate = 1 L min-1) 

before subsampling (Fig. 2B). Ten milliliter aliquots were 

sampled daily from the prey vessel through a sampling 

port and fixed with 5% acidic Lugol’s solution. Moreover, 

to monitor G. smaydae and H. rotundata densities in the 

predator vessel, the culture was mixed as previously de-

scribed, and 5-mL aliquots were subsampled before and 

after prey addition and fixed with 5% acidic Lugol’s so-

lution. All or >200 cells of each species were counted in 

three 1-mL SRC chambers. The experiment continued for 

43 d, and the pH was not controlled.

Lipid extraction and analysis

To obtain dry biomass, frozen cell pellets were lyophi-

lized using a freeze dryer (Bondiro, Ilshine, Dongduch-

eon, Korea) at -110°C under vacuum for 1 d. Total fatty 

acid methyl esters (FAMEs) were analyzed in 2-39 mg 

samples, after extraction from the lyophilized cells using 

the one-step hydrolysis, extraction, and methylation pro-

cedure described by Garcés and Mancha (1993).

FAMEs were analyzed by gas chromatography (7890A; 

Agilent Technologies, Santa Clara, CA, USA). One micro-

liter aliquots of the extracted FAMEs were injected into a 

capillary column (DB-23, Ser. No. US8897617H; 60 m × 

0.25 mm, 0.25 µm film thickness) coupled with a flame 

ionization detector at a split ratio of 20 : 1. The tempera-

ture program was as follows: initial temperature 50°C 

maintained for 1 min, increased to 130°C at 15°C min-1, 

increased to 170°C at 8°C min-1, increased to 215°C at 2°C 

min-1 and maintained for 10 min. The injector and de-

tector temperatures were 250°C and 280°C, respectively. 

FAME peaks were identified by comparing the retention 

times of the samples with those of the reference stan-

dards (Supelco 37-component FAME mix; Supelco, Bel-

lafonte, PA, USA). The fatty acid contents of G. smaydae 

and H. rotundata (n = 3) were expressed as means of the 

triplicates, except for daily prey supply samples.

At the end of the experiment, i.e., after incubation for 

4 d, the bottles were further incubated under the same 

conditions for two more days to eliminate all prey cells 

from the G. smaydae cultures. Cells were harvested from 

the bottles as previously described, and the fatty acid 

composition and contents of G. smaydae grown under 

different prey supply intervals were analyzed.

Semi-continuous cultivation of Gymnodinium 
smaydae

Semi-continuous cultivation of G. smaydae was con-

ducted to test its potential for application in EPA and 

DHA production. A newly developed photo-bioreactor 

for semi-continuous culturing of mixotrophic dinofla-

gellates was used for this experiment (Jeong and Lim 

2020). The bioreactor consisted of three 10-L vessels, two 

peristaltic pumps, and silicon tubing (Masterflex, Cole-

Parmer, IL, USA). Vessels containing the f/2 medium, 

prey, and predator were connected in series by the tub-

ings. A peristaltic pump fed the f/2 medium into the prey 

vessel, and another pump fed the prey culture into the 

predator vessel (Fig. 2A). To avoid any potential coun-

tercurrent between the two vessels, the outlet nozzle of 

each vessel was designed to be positioned in the lower 

part of the vessel and the inlet nozzle was positioned in 

the upper part of the vessel (Fig. 2B). Filtered air was sup-

plied into the vessel through a sparger for aeration, and 

was released via a hole in the lid of the vessel (Fig. 2B). 

LED lamps were fitted inside the vessel for illumination, 

and the temperature inside the vessel was continuously 

monitored (Fig. 2B).

The semi-continuous cultivation system was operated 

in a temperature-controlled chamber at 25 ± 1°C under 

50 µmol photons m-2 s-1 LED illumination and 14 : 10-h 

light : dark cycle, and the f/2 medium was also acclimat-

ed to this temperature. At the initial stage of operation, 

the medium vessel contained 10 L of fresh f/2 medium, 

the prey vessel contained 9 L of dense prey culture, and 

the predator vessel contained 3 L of dense G. smaydae 

culture. In this cultivation system, H. rotundata cultures 

in the prey vessel were automatically transferred to the G. 

smaydae culture vessel via a peristaltic pump (flow rate = 

300 mL min-1) for 10 min. Thus, a total of 3 L of the prey 

culture was transferred to the G. smaydae culture vessel 

every day. When the volume in the G. smaydae culture 

vessel reached 9 L, 6 L of the culture was transferred to 

the container and starved for 1 day under the same con-

ditions. After starvation, G. smaydae cells were harvested 

as previously described to analyze the fatty acid contents.
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The TFA content of H. rotundata was 45.14 mg g-1. 

Of the detected fatty acids, palmitic acid was the most 

dominant (17.87 mg g-1, 39.6% of TFAs), followed by DHA 

(17.53 mg g-1, 38.8% of TFAs) and alpha-linolenic acid 

(3.23 mg g-1, 7.2% of TFAs) (Table 1). EPA and lignoceric 

acid were detected in G. smaydae but not in H. rotundata 

(Table 1).

Specific growth rates and lipid composition of 
Gymnodinium smaydae at three different prey 
supply intervals

The maximum specific growth rate of G. smaydae 

RESULTS

Lipid composition of Gymnodinium smaydae 
and Heterocapsa rotundata

The total fatty acid (TFA) content of G. smaydae sati-

ated with H. rotundata and then starved for 1 d was 49.46 

mg g-1. Of the detected fatty acids, DHA was the most 

dominant (21.22 mg g-1, 42.9% of TFAs), followed by pal-

mitic acid (9.65 mg g-1, 19.5% of TFAs) and myristic acid 

(9.18 mg g-1, 18.6% of TFAs) (Table 1). The EPA content 

was 4.16 mg g-1 (8.4% of TFAs), and the total omega-3 

content was 25.63 mg g-1 (51.8% of TFAs).

Table 1. Contents (mg g-1) of fatty acids and their proportion (%) in the total fatty acid content of the mixotrophic dinoflagellate Gymnodinium 
smaydae and its prey Heterocapsa rotundata

             Common name
C:D

(carbon and 
double number)

G. smaydae H. rotundata

Content Percentage Content Percentage

Butyric acid C4:0 - - - -
Caproic acid C6:0 - - - -
Caprylic acid C8:0 - - - -
Capric acid C10:0 - - - -
Undecylic acid C11:0 - - - -
Lauric acid C12:0 - - - -
Tridecylic acid C13:0 - - - -
Myristic acid C14:0 9.18 (± 0.02) 18.58 (± 0.54) 2.45 (± 0.02) 5.42 (± 0.01)
Myristoleic acid C14:1 - - - -
Cis-10-pentadecenoic acid C15:1 - - - -
Palmitic acid C16:0 9.65 (± 0.06) 19.53 (± 0.40)    17.87 (± 0.10)        39.60 (± 0.15)
Palmitoleic acid C16:1 - - - -
Margaric acid C17:0 - - - -
Cis-10-heptadecenoic acid C17:1 - - - -
Stearic acid C18:0 0.70 (± 0.03)   1.41 (± 0.02) 1.22 (± 0.00) 2.71 (± 0.03)
Elaidic acid C18:1n9t - - - -
Oleic acid C18:1n9c 1.23 (± 0.03)   2.49 (± 0.00) 0.43 (± 0.00) 0.94 (± 0.01)
Linolelaidic acid C18:2n6t - - - -
Linoleic acid C18:2n6c 0.58 (± 0.06)   1.17 (± 0.09) 2.34 (± 0.02) 5.20 (± 0.09)
Gamma-linolenic acid C18:3n6 0.22 (± 0.01)   0.44 (± 0.01) 0.06 (± 0.00) 0.14 (± 0.00)
Alpha-linolenic acid C18:3n3 0.25 (± 0.05)   0.51 (± 0.09) 3.23 (± 0.06) 7.16 (± 0.07)
Arachidic acid C20:0 - - - -
Eicosenoic acid C20:1 - - - -
Eicosadienoic acid C20:2 - - - -
Dihomo-gamma-linolenic acid C20:3n6 - - - -
Heneicosylic acid C21:0 - - - -
Arachidonic acid C20:4n6 - - - -
Eicosatrienoic acid C20:3n3 - - - -
Eicosapentaenoic acid C20:5n3 4.16 (± 0.27)   8.41 (± 0.32) - -
Behenic acid C22:0 - - - -
Erucic acid C22:1n9 - - - -
Docosadienoic acid C22:2 - - - -
Tricosylic acid C23:0 - - - -
Lignoceric acid C24:0 2.27 (± 0.01)   4.58 (± 0.15) - -
Docosahexaenoic acid C22:6n3    21.22 (± 0.85) 42.88 (± 0.57)    17.53 (± 0.26)        38.83 (± 0.23)
Nervonic acid C24:1 - - - -
Total fatty acids -    49.46 (± 1.31) -    45.14 (± 0.41) -
Total omega-3 -    25.63 (± 1.16) 51.79 (± 0.98)    20.76 (± 0.32)        46.00 (± 0.29)
Total omega-6 - 0.80 (± 0.07)   1.61 (± 0.10) 2.41 (± 0.02) 5.34 (± 0.10)
Total omega-9 - 1.23 (± 0.03)   2.49 (± 0.00) 0.43 (± 0.00) 0.94 (± 0.01)

All experiments were performed in triplicates, and data are expressed as means (± standard error) of the three values.
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Semi-continuous cultivation of Gymnodinium 
smaydae

Three liters (1/3 total volume) of the H. rotundata cul-

ture in the prey vessel were transferred to the G. smaydae 

culture vessel, to which 3 L of f/2 medium was added ev-

ery day. The density of H. rotundata in the prey culture 

fed with H. rotundata at three different supply intervals 

ranged from 1.51-1.83 d-1 (Fig. 3). The maximum specific 

growth rate of G. smaydae fed with H. rotundata every 

day, once every 2 d, and once for 4 d was 1.79, 1.83, and 

1.51 d-1, respectively (Fig. 3). However, the prey supply in-

terval did not significantly affect the maximum specific 

growth rate of G. smaydae (ANOVA, F(2, 5) = 1.755, p > 0.05).

The TFA and DHA contents in biomass dry weight of 

G. smaydae were significantly affected by the prey sup-

ply interval (ANOVA, F(2, 5) = 7.381 and p = 0.032 for TFAs, 

F(2, 5) = 6.121 and p = 0.045 for DHA). The TFA content of 

G. smaydae supplied daily with prey (49.46 mg g-1) was 

significantly higher than when prey was supplied every 

2 d (37.98 mg g-1; one-tailed t-test, p = 0.005) or once for 

4 d (38.79 mg g-1; one-tailed t-test, p = 0.033) (Fig. 4A). 

Similarly, the total omega-3 content of G. smaydae sup-

plied daily with prey (25.63 mg g-1) was higher than when 

prey was supplied every 2 d (19.39 mg g-1; one-tailed t-

test, p = 0.005) or once for 4 d (19.62 mg g-1; one-tailed 

t-test, p = 0.043) (Fig. 4A). Moreover, the DHA content of 

G. smaydae supplied daily with prey (21.22 mg g-1) was 

significantly higher than when prey was supplied every 

2 d (16.21 mg g-1; one-tailed t-test, p = 0.005) or once for 

4 d (16.34 mg g-1; one-tailed t-test, p = 0.043) (Fig. 4A). 

However, the EPA contents were not significantly differ-

ent between the three prey supply intervals (ANOVA, F(2, 

5) = 4.001, p > 0.05).

Furthermore, the proportion of EPA and DHA in the 

TFA content of G. smaydae was not significantly affected 

by the prey supply interval (ANOVA, p > 0.05) (Fig. 4B). 

Taken together, EPA and DHA accounted for more than 

50% of G. smaydae TFAs under all three prey supply in-

tervals (Fig. 4B).

Fig. 3. Maximum specific growth rates (d-1) of Gymnodinium smay-
dae fed with Heterocapsa rotundata at different prey supply intervals 
during incubation for 4 d (supplied daily, once every 2 d, and once 
for 4 d). Symbols represent treatment means ± standard error.

Fig. 4. Contents (mg g-1) of eicosapentaenoic acid (EPA), docosa-
hexaenoic acid (DHA), EPA + DHA, omega-3, and total fatty acids 
(TFAs) in biomass dry weight (DW) (A) and percentage (%) of EPA, 
DHA, EPA + DHA, and omega-3 in TFAs (B) of Gymnodinium smaydae 
fed with Heterocapsa rotundata at different prey supply intervals 
(daily, once every 2 d, and once for 4 d). Symbols represent treatment 
means ± standard error. *p < 0.05.

A

B

Fig. 5. Changes in Heterocapsa rotundata density (cells mL-1) in the 
prey culture vessel in the semi-continuous cultivation system over 
43 d. The gray area indicates the range of H. rotundata density during 
the study period. Fresh medium was placed in the prey culture vessel 
at a continuous flow rate of 3 L per day.



Algae 2020, 35(3): 277-292

https://doi.org/10.4490/algae.2020.35.9.2 284

on the next day because of predation (Fig. 6B). The maxi-

mum density of G. smaydae in the vessel was recorded as 

57,000 cells mL-1 (Fig. 6B), and the average growth rate of 

G. smaydae during the experimental period was 0.72 d-1. 

After starvation for 1 day, the density of H. rotundata in 

the G. smaydae culture vessels was <10 cells mL-1 for most 

samples, whereas the density of G. smaydae ranged from 

29,363-43,500 cells mL-1.

In this semi-continuous cultivation system, the TFA 

content of G. smaydae in the harvested samples ranged 

from 52.80-65.24 mg g-1, whereas the DHA content ranged 

between 23.74-30.98 mg g-1 (Fig. 7A & B). Moreover, the 

content of EPA and DHA together was 28.67-37.15 mg g-1 

(Fig. 7C). DHA accounted for 45.0-47.5% of G. smaydae 

TFAs, averaging at 46.3%, whereas EPA and DHA together 

accounted for 54.2-56.9% of the TFAs (Fig. 8).

vessel was maintained above 105,000 cells mL-1 (range: 

105,333-184,667 cells mL-1) for 43 d, although dilution 

due to the addition of f/2 medium was inevitable (Fig. 

5). On transferring 3 L of the H. rotundata culture to the 

G. smaydae culture vessel, the former’s density in the 

G. smaydae culture vessel increased (Fig. 6A). However, 

it decreased to almost zero with increasing incubation 

time because of predation by G. smaydae (Fig. 6A). After 

prey addition, the density of H. rotundata in the G. smay-

dae culture vessel was maintained between 27,750 and 

79,600 cells mL-1 (Fig. 6A). Moreover, before prey addi-

tion, the density of G. smaydae in the G. smaydae culture 

vessel was maintained above 30,000 cells mL-1, except for 

the first day when G. smaydae was inoculated (Fig. 6B). 

The density of G. smaydae decreased temporarily imme-

diately after prey addition, to as low as 3,500 cells mL-1 on 

the first day, before rapidly increasing to 30,700 cells mL-1 

Fig. 6. Changes in the densities (cells mL-1) of Heterocapsa rotundata (A) and Gymnodinium smaydae (B) in the predator culture vessel of the 
semi-continuous cultivation system. The gray area in (A) indicates the range of H. rotundata density after feeding. An increase was observed in 
H. rotundata density owing to the daily addition of prey culture (3 L for 10 min), which then decreased because of predation by G. smaydae (A). 
Arrows in (B) indicate the day when the G. smaydae culture was transferred to the harvest container. Dilution of the G. smaydae culture occurred 
because of daily addition of prey culture (3 L for 10 min), but the density of G. smaydae increased after feeding on prey cells (B). Open and solid 
squares indicate the densities of H. rotundata and G. smaydae before and after prey culture addition, respectively.

A

B
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A

C

B

Fig. 7. Contents (mg g-1) of total fatty acids (TFAs) (A), docosahexaenoic acid (DHA) (B), and eicosapentaenoic acid (EPA) together with DHA (C) 
in Gymnodinium smaydae harvested using the semi-continuous cultivation system.

Fig. 8. Percentage (%) of docosahexaenoic acid (DHA) (A) and eicosapentaenoic acid (EPA) together with DHA (B) in the total fatty acid (TFA) 
content of Gymnodinium smaydae harvested using the semi-continuous cultivation system.

A

B
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Chen 2000, Mansour et al. 2005, Jang et al. 2017), and 

was higher than that of the thraustochytrid Schizochy-

trium mangrovei (39%) and the dinoflagellates Amphi-

dinium carterae, H. rotundata, and Paragymnodinium 

shiwhaense (32-39%). However, the absolute DHA con-

tent of G. smaydae fed with H. rotundata was lower than 

that of S. mangrovei, Schizochytrium limacinum, and C. 

cohnii but was comparable to that of P. shiwhaense (Table 

2, Fig. 9). Therefore, G. smaydae is a good candidate for 

DHA production.

Several studies have been conducted to determine the 

DISCUSSION

The present study demonstrated that G. smaydae fed 

with H. rotundata possess high DHA and omega-3 con-

tents. Furthermore, a newly developed semi-continuous 

cultivation system could continuously produce dense G. 

smaydae cultures with high DHA and omega-3 contents. 

The percentage of DHA in the TFA content of G. smaydae 

(48%) was the highest among the reported microalgae, 

except for the commercially-used heterotrophic dinofla-

gellate C. cohnii (57%) (Jiang et al. 1999, 2004, Jiang and 

Fig. 9. Comparison of the percentage (%, A) of docosahexaenoic acid (DHA) in the total fatty acid content of Gymnodinium smaydae and other 
marine microalgae. Species exhibiting >10% of DHA were included. Comparison of the DHA content (mg g-1, B) in biomass dry weight of G. smay-
dae and other marine microalgae. The values indicate the highest recorded DHA contents at 20-25°C. G. smaydae is indicated in boldface. Data 
obtained from this study, Volkman et al. (1989), Dunstan et al. (1992), Thompson et al. (1992), Jiang et al. (1999, 2004), Jiang and Chen (2000), 
Mansour et al. (2005), Fan et al. (2007), Patil et al. (2007), Ethier et al. (2011), Jang et al. (2017), and Kang et al. (2020).

A

B
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Table 2. The percentage (%) of eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and EPA + DHA in the total fatty acid content of 
Gymnodinium smaydae and previously reported microalgae

Species Group EPA 
(%)

DHA 
(%)

EPA + DHA 
(%)

Trophic 
mode

        Carbon 
         source

Reference

Amphidinium carterae DINO 23.9-32.9 24.7-32.0 48.6-64.9 A - Jang et al. (2017), 
Mansour et al. 
(2005)

Crypthecodinium cohnii DINO n.d 40.5-57.3 40.5-57.3 H Porphyridium  
with glucose

Jiang and Chen 
(2000), Jiang et al. 
(1999)

Gymnodinium smaydae DINO 8.1-9.9 41.6-47.5 50.5-56.9 M Microalgal prey This study

Paragymnodinium shiwhaense DINO   2.9-18.8 30.5-42.9 33.4-54.5 M Microalgal prey Jang et al. (2017)

Schizochytrium mangrovei THRA 0.45-0.78 32.3-39.1 33.0-39.6 H Glucose Jiang et al. (2004)

Phaeodactylum tricornutum BACI 10.1-39.0 1.8-3.5 11.9-39.0 A - Yongmanitchai 
and Ward (1991), 
Thompson et al. 
(1992)

Heterocapsa rotundata DINO           0 38.8 38.8 A - This study

Teleaulax sp. CRY         25 12.4 37.4 A - Jang et al. (2017)

Effrenium voratum DINO 10.9 25.4 36.3 A - Kang et al. (2020)

Pavlova pinguis HAP 25.3 10.9 36.2 A - Mansour et al. (2005)

Heterosigma akashiwo RAP 27.1   3.4 30.6 A - Jang et al. (2017)

Pavlova lutheri HAP 7.9-19.7 1.9-9.4 9.8-29.1 A - Volkman et al. (1989), 
Thompson et al. 
(1992)

Schizochytrium sp. THRA 0.8-1.5 15.6-26.3 17.0-27.1 H Glucose Jiang et al. (2004)

Rhodomonas salina CRY 17.6 8.9 26.5 A - Mansour et al. (2005)

Thraustochytrium sp. THRA 0.5-1.3 18.9-25.9 20.1-26.4 H Glucose Jiang et al. (2004)

Skeletonema sp. BACI 20.2 4.2 24.4 A - Mansour et al. (2005)

Thalassiosira pseudonana BACI    5.1-19.3 1.1-3.9   6.2-23.2 A - Volkman et al. (1989), 
Thompson et al. 
(1992), Mansour et 
al. (2005)

Navicula jeffreyi BACI 20.1 2.1 22.2 A - Mansour et al. (2005)

Chroomonas salina CRY 10.9-11.9 5.2-5.7 16.6-17.1 A - Volkman et al. (1989)

Heterocapsa niei DINO <0.05         16.5 16.6 A - Mansour et al. (2005)

Chaetoceros calcitrans BACI 10.5-14.6 0.7-0.9 11.2-15.5 A - Volkman et al. (1989), 
Thompson et al. 
(1992)

Isochrysis galbana HAP 0.6-1.9    8.2-11.1 10.1-11.7 A - Thompson et al. 
(1992)

Micromonas pusilla CHL 0.3 8.5 8.8 A - Dunstan et al. (1992)

Proteomonas sulcata CRY 3.3 5.3 8.6 A - Mansour et al. (2005)

Isochrysis sp. HAP 0.2 8.3 8.5 A - Volkman et al. (1989)

Skeletonema costatum BACI          6 2.0 8.0 A - Volkman et al. (1989)

Tetraselmis chui CHL          8           0            8 A - Dunstan et al. (1992)

Chaetoceros simplex BACI     2-6.8 0.5-1.2 2.5-8.0 A - Thompson et al. 
(1992)

Chaetoceros gracilis BACI 4.6-5.8 0.3-0.6 4.9-6.3 A - Volkman et al. (1989), 
Thompson et al. 
(1992)

Tetraselmis suecica CHL 4.3-5.3 TR 4.3-5.3 A - Volkman et al. (1989)

Pyramimonas cordata CHL 0.4 4.5 4.9 A - Dunstan et al. (1992)

Nannochloris atomus CHL 3.2 TR 3.2 A - Volkman et al. (1989)

Dunaliella tertiolecta CHL           0 0-0.6     0-0.6 A - Thompson et al. 
(1992)

Only the data obtained at 20-25°C are presented. 
DINO, Dinoflagellate; THRA, Thraustochytrids; BACI, Bacillariophyte (Diatom); CRY, Cryptophyceae; HAP, Haptophyta; RAP, Raphidophyceae; CHL, 
chlorophyte; n.d, no data; TR, trace amount; A, autotroph; H, heterotroph; M, mixotroph.
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larger culture volumes for commercial DHA production 

can be developed. Obtaining sufficient quantities of seed 

culture (20-25% of the final culture) for inoculation is a 

critical step in the scaling up process (Rawat et al. 2013).

This is the first study on semi-continuous cultivation 

of dinoflagellates using mixotrophy and an automatic 

system. Almost all previous studies on culturing dino-

flagellates have focused on their autotrophic or hetero-

trophic growth (Jiang et al. 1999, Jiang and Chen 2000, 

Fuentes-Grünewald et al. 2016, Assunção et al. 2017). 

The effects of nutrients, light, and salinity on the growth 

and contents of compounds of interest in autotrophic 

dinoflagellate cultures have been investigated using 

phototrophic reactors (Camacho et al. 2007, Gallardo-

Rodríguez et al. 2007, 2010, Benstein et al. 2014, Wang et 

al. 2015, Fuentes-Grünewald et al. 2016). An automatic 

system has already been developed for culturing the het-

erotrophic dinoflagellate C. cohnii (De Swaaf et al. 2003). 

The growth rates and biomass of mixotrophic dinoflagel-

lates are generally higher under mixotrophic conditions 

(i.e., with added prey) than under phototrophic condi-

tions (i.e., without added prey) (Li et al. 1999, Jeong et al. 

2015). Karlodinium veneficum and Effrenium voratum 

(previously Symbiodinium voratum) are known mixotro-

phic dinoflagellates, and their mixotrophic growth rates 

are considerably higher than their phototrophic growth 

rates (Li et al. 1999, Yoo et al. 2009, Jeong et al. 2012). 

Furthermore, the EPA content of K. veneficum fed with 

Storeatula major was greater than that of K. veneficum 

without added prey (Adolf et al. 2007). Thus, mixotrophy 

can be employed for higher production of biomass and 

biological materials by microalgae in comparison with 

autotrophy. Furthermore, mixotrophy may lower energy 

costs because dinoflagellates require lower light intensi-

ties for growth, as compared with when they are grown 

autotrophically (Li et al. 1999, Kim et al. 2008, Lim et al. 

2019b). For culturing mixotrophic dinoflagellates, an ar-

rangement for supplying prey is required to be added to 

a system for culturing autotrophic dinoflagellates. How-

ever, such an addition would be beneficial because mix-

otrophy yields considerably higher growth rates and bio-

mass of mixotrophic dinoflagellates.

The present study presents the mixotrophic dinofla-

gellate G. smaydae as a new promising candidate mi-

croalga for commercial DHA production. Furthermore, 

the newly developed culture system for G. smaydae cells 

with daily prey supply can be used for designing large-

scale mass culture systems for omega-3 production by G. 

smaydae.

optimal conditions to yield higher lipid content and bio-

mass in commercial DHA production using microalgae 

(Jiang et al. 1999, 2004, Jiang and Chen 2000, Fan et al. 

2007, Mendes et al. 2009, Liang et al. 2010, Martins et al. 

2013). The DHA content of C. cohnii varies considerably 

under different cultivation conditions (21.5-77.9 mg g-1) 

(Jiang et al. 1999, Pleissner and Eriksen 2012). Determin-

ing the optimal prey species, prey concentration, prey 

supply interval, and light and temperature conditions 

may be critical for increasing the cell density and culture 

volume of a target mixotrophic dinoflagellate. We previ-

ously identified the optimal prey species, prey concentra-

tion, and light and temperature for culturing G. smaydae 

(Lee et al. 2014, You et al. 2020). Providing a very dense 

prey culture in a single dose to a mixotrophic dinoflagel-

late may reduce labor and production costs. However, 

presence of prey cells in very high numbers sometimes 

reduces the growth rate of mixotrophic dinoflagellates 

(Kim et al. 2008, Blossom et al. 2012). Furthermore, re-

maining unutilized prey cells may deteriorate the culture 

water quality (Kim et al. 2008). Therefore, identifying the 

optimal prey supply interval under which G. smaydae ex-

hibits a high growth rate and eliminates most prey cells is 

important. The results of the present study clearly show 

that the absolute DHA content of G. smaydae was signifi-

cantly affected by the prey supply interval, although the 

maximum specific growth rate and the percentage of EPA 

and DHA in TFAs remained unaffected. Daily supply of 

prey cells to predator cultures is the most beneficial in 

the production of TFAs and DHA by G. smaydae. G. smay-

dae cells are likely to eliminate prey cells more effectively 

and produce more DHA when H. rotundata is supplied 

daily at a moderate concentration than when it is pro-

vided once every 2 d or once for 4 d at relatively higher 

concentrations.

Obtaining approximately 10 L of a pure microalgal cul-

ture is a critical step in omega-3 content, pigment, and 

transcriptome analyses. We successfully developed a 10-L 

culture system that could continuously produce healthy 

G. smaydae cultures for more than a month. The culture 

system was automatically operated and controlled for 

43 d of the experimental period. The system design al-

lowed for transferring a known volume of the prey cul-

ture from the prey vessel to the predator vessel, while 

adding the exact same volume of fresh medium to the 

prey culture vessel. This process was repeated 21 times. 

Therefore, using this system, dense G. smaydae cultures 

could be harvested every 2 d. Based on the operation of 

culture systems producing 10 L of pure microalgal cul-

tures, scaled-up culture systems capable of producing 
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