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Species belonging to the dinoflagellate genus Prorocentrum are known to cause red tides or harmful algal blooms. To 

understand the dynamics of a Prorocentrum sp., its growth and mortality due to predation need to be assessed. However, 

there are only a few Prorocentrum spp. for which heterotrophic protist predators have been reported. We explored feed-

ing by the common heterotrophic dinoflagellates Gyrodinium dominans, Oxyrrhis marina, Pfiesteria piscicida, Oblea 

rotunda, and Polykrikos kofoidii and the naked ciliate Strombidinopsis sp. (approx. 90 µm cell length) on the planktonic 

species Prorocentrum triestinum, P. cordatum, P. donghaiense, P. rhathymum, and P. micans as well as the benthic spe-

cies P. lima and P. hoffmannianum. All heterotrophic protists tested were able to feed on the planktonic prey species. 

However, O. marina and O. rotunda did not feed on P. lima and P. hoffmannianum, while G. dominans, P. kofoidii, and 

Strombidinopsis sp. did. The growth and ingestion rates of G. dominans and P. kofoidii on one of the seven Prorocentrum 

spp. were significantly different from those on other prey species. G. dominans showed the top three highest growth rates 

when it fed on P. triestinum, P. cordatum, and P. donghaiense, however, P. kofoidii had negative growth rates when fed on 

these three prey species. In contrast, P. kofoidii had a positive growth rate only when fed on P. hoffmannianum. This dif-

ferential feeding on Prorocentrum spp. between G. dominans and P. kofoidii may provide different ecological niches and 

reduce competition between these two common heterotrophic protist predators. 

Key Words: ciliate; dinoflagellate; harmful algal bloom; protist; red tide

Abbreviations: ESD, equivalent spherical diameter; HAB, harmful algal bloom; HSD, honestly significant difference; 
HTD, heterotrophic dinoflagellate; Imax, maximum ingestion rate; Kgr, prey concentration sustaining 1/2 µmax; Kir, prey 
concentration sustaining 1/2 Imax; µmax, maximum growth rate; OA, okadaic acid; SRC, Sedgewick Rafter chamber

INTRODUCTION

Dinoflagellates are ubiquitous in marine environ-

ments (Kudela and Gobler 2012, Jeong et al. 2013, Lee 

et al. 2018, 2019b, Leles et al. 2019). They play diverse 

roles in marine food webs as primary producers, prey, 

and predators (Mallin et al. 1991, Hansen 1992, Psarra 

et al. 2000, Jeong et al. 2010, Anderson and Menden-

Deuer 2017, Kang et al. 2019). They often form red tides 

or harmful algal blooms (HABs), causing human illness 

and the large-scale mortality of finfish and shellfish (Hal-

legraeff 1992, Khan et al. 1997, Azanza et al. 2005, Backer 
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Hulbert, Oblea rotunda (Lebour) Balech ex Sournia, O. 

marina, Pfiesteria piscicida Steidinger & J. M. Burkholder, 

and Polykrikos kofoidii and the naked ciliate Strombid-

inopsis sp. (approximately 90 µm in cell length) on P. cor-

datum, P. donghaiense, P. hoffmannianum M. A. Faust, P. 

lima, P. micans, P. rhathymum A. R. Loeblich III, Sherley 

& R. J. Schmidt, and P. triestinum J. Schiller. Prorocen-

trum cordatum, P. triestinum, P. donghaiense, and P. rha-

thymum are planktonic species, while P. lima and P. hoff-

mannianum are benthic species (Hoppenrath et al. 2013, 

Jeong et al. 2017). P. cordatum, P. donghaiense, and P. trie-

stinum are considerably smaller in size than are P. rhathy-

mum and P. micans. Additionally, P. hoffmannianum and 

P. lima are larger than the other five Prorocentrum spp. 

Thus, several factors affecting feeding by heterotrophic 

protists on Prorocentrum spp. can be examined. HTDs 

feed on prey cells in various ways: O. marina and Gyro-

dinium dominans feed by direct engulfment, Polykrikos 

kofoidii feeds by engulfment after anchoring a prey cell 

using a taeniocyst-nematocyst complex, Oblea rotunda 

feeds using a pallium after anchoring prey cells using a 

tow filament, and Pfiesteria piscicida feeds using a pe-

duncle. In addition, the naked ciliate Strombidinopsis sp. 

feeds by direct engulfment after generating a feeding cur-

rent (Barker 1935, Westfall et al. 1983, Gaines and Taylor 

1984, Hansen 1991, Burkholder and Glasgow 1997, Verni 

and Gualtieri 1997). Thus, whether the feeding mecha-

nisms of the heterotrophic protist predators affect feed-

ing or not can be explored. 

Using clonal cultures of these Prorocentrum spp. and 

the heterotrophic protists, we investigated whether 

each predator feeds on each Prorocentrum sp. Further-

more, we measured the growth and ingestion rates of 

G. dominans on P. donghaiense and P. kofoidii on P. hoff-

mannianum as functions of prey concentration. We also 

measured the growth and ingestion rates of G. dominans 

and P. kofoidii on the other Prorocentrum spp. at single 

high prey concentrations. The results of this study may 

provide a basis for understanding the feeding by hetero-

trophic protist predators on Prorocentrum spp. in marine 

food webs and the dynamics of these predators and prey 

species. 

MATERIALS AND METHODS

Preparation of experimental organisms

Cells of Prorocentrum triestinum, P. cordatum, P. dong-

haiense, P. lima, P. rhathymum, and P. micans were isolat-

and McGillicuddy 2006, Jeong et al. 2017). To minimize 

losses due to red tides or HABs, the population dynam-

ics of red-tide dinoflagellate species should be elucidated 

(Wyatt and Zingone 2014, Jeong et al. 2015). The growth 

and mortality of red-tide dinoflagellates due to predation 

are two critical parameters in their population dynamics 

(Franklin et al. 2006, Jeong et al. 2015). While there have 

been many studies reporting the growth rates of red-tide 

dinoflagellates, there have been fewer studies on their 

mortality due to predation (Smayda 1997, Matsubara et 

al. 2007, Jeong et al. 2010, Lee et al. 2019a); the mortal-

ity of red-tide dinoflagellates due to predation should be 

explored.

Species in the dinoflagellate genus Prorocentrum are 

known to cause red tides or HABs (Labib 1996, Heil et 

al. 2005, Pearce et al. 2005, Chen et al. 2006, Ingarao et 

al. 2009, Kang et al. 2013). To understand the dynamics 

of a Prorocentrum sp., its growth and mortality due to 

predation need to be assessed. However, there are only 

a few Prorocentrum spp. for which heterotrophic protist 

predators have been reported (Jeong et al. 2010); many 

mixotrophic and heterotrophic protist predators of Pro-

rocentrum cordatum (Ostenfeld) J. D. Dodge (= P. mini-

mum) and P. micans Ehrenberg have been found (Strom 

and Buskey 1993, Nakamura et al. 1995, Lee 1998, Jeong 

et al. 1999b, 2001b, Kim and Jeong 2004); P. donghaiense 

D. Lu is known to be eaten by Oxyrrhis marina Dujardin 

(An et al. 2016) and P. lima (Ehrenberg) F. Stein is fed on 

by Polykrikos kofoidii Chatton (Matsuoka et al. 2000). 

Some Prorocentrum spp. are planktonic, whereas oth-

ers are benthic (Faust 1990, Nagahama et al. 2011, Hop-

penrath et al. 2013). Furthermore, some species are toxic, 

and others are not (Murakami et al. 1982, Yasumoto et 

al. 1987, Morton et al. 1994, Dam and Colin 2005, Sierra-

Beltrán et al. 2005, Zingone et al. 2006, Sugahara et al. 

2011). Prorocentrum spp. vary widely in size (10-50 µm) 

(Hoppenrath et al. 2013, Lim et al. 2013, Jeong et al. 2015). 

Thus, a heterotrophic protist predator may respond dif-

ferently to different Prorocentrum spp. Meanwhile, there 

are several heterotrophic dinoflagellate and ciliate preda-

tors that are commonly found in diverse marine environ-

ments (Lewis 1990, Strom and Buskey 1993, Nakamura et 

al. 1995, Jeong et al. 1999b, 2006, Coyne et al. 2001, Lowe 

et al. 2005, Claessens et al. 2008, Watts et al. 2010, Cal-

bet et al. 2013, Tillmann and Hoppenrath 2013). Thus, to 

understand the population dynamics of a Prorocentrum 

sp., feeding by these common heterotrophic protists on 

Prorocentrum spp. should be explored. 

In this study, we explored feeding by the common het-

erotrophic dinoflagellates (HTDs) Gyrodinium dominans 
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tions. The cell volumes of the predators were estimated 

using the methods of Kim and Jeong (2004) for G. domi-

nans, Ok et al. (2017) for O. rotunda, Jeong et al. (2001a) 

for O. marina, Jeong et al. (2001b) for P. kofoidii, Jeong et 

al. (2007) for P. piscicida, and Kang et al. (2018) for Strom-

bidinopsis sp. (Table 2).

Feeding by heterotrophic protists on each Pro-
rocentrum species

Experiment (Expt.) 1 was designed to investigate the 

predator–prey relationship between each of the seven 

Prorocentrum spp. and each of the six heterotrophic pro-

tists after one prey species was provided to one predator 

species.

A dense culture of each Prorocentrum sp. was added 

to a 42-mL polycarbonate (PC) bottle containing each of 

the HTDs and added to a well of a 6-well plate chamber 

containing the ciliate (Table 3). One predator control 

bottle or well (without Prorocentrum prey species) and 

one prey control bottle or well (without heterotrophic 

protist predators) were set up for each experiment. The 

bottles were placed on a plankton wheel rotating at 0.9 

rpm (0.00017 g) and incubated at 20°C, under 20 µmol 

photons m-2 s-1 illumination provided by cool-white fluo-

rescent light with a 14 : 10 h light / dark cycle. The 6-well 

ed from Korean coastal waters, and clonal cultures were 

established using two serial single-cell isolations (Table 

1). A culture of P. hoffmannianum (CCMP683) isolated 

from the Caribbean Sea was obtained from the National 

Center for Marine Algae and Microbiota (NCMA), USA 

(Table 1). All cultures were maintained in 250-mL flasks 

containing f/2-Si or L1-Si medium (Guillard and Ryther 

1962, Guillard and Hargraves 1993), placed on a shelf at 

20°C under 20 μmol photons m-2 s-1 illumination provid-

ed by cool-white fluorescent light with a 14 : 10 h light / 

dark cycle. The carbon content of each Prorocentrum sp. 

was estimated from the cell volume according to Strath-

mann (1967). 

To establish cells of G. dominans, Oxyrrhis marina, 

Oblea rotunda, and Polykrikos kofoidii, plankton sam-

ples were collected from water samples of Korean coastal 

waters during 2001-2019 (Table 2). A clonal culture of 

each species was established by two serial single-cell iso-

lations. The culture of Pfiesteria piscicida was obtained 

from the NCMA. Moreover, to obtain cells of the ciliate 

Strombidinopsis sp. (approximately 90 µm in cell length), 

plankton samples were collected using a 10 µm mesh net 

from the waters of Masan Bay, Korea, in January 2018, 

when the water temperature and salinity were 5.6°C and 

33.0, respectively (Table 2). A clonal culture of Strombid-

inopsis sp. was established by two serial single-cell isola-

Table 1. Information on the isolation and maintenance of seven Prorocentrum spp. 

Organisms Strain name ESD CV Location Time T S

Prorocentrum triestinum PTMS0205 11.8 0.9 Masan, Korea May 2002 - -

P. cordatum (= P. minimum) PMKS9906 12.1 1.1 Gunsan, Korea Jun 1999 21.1 30.1

P. donghaiense PDYS1407-1 13.3 1.2 Yeosu, Korea Jul 2014 - -

P. rhathymum PRJJ0907 25.3 9.4 Jeju, Korea Jun 2012 11.4 13.3

P. micans PMSH0910 26.0 9.2 Shiwha, Korea Oct 2009 16.8 27.0

P. lima DF-114 37.1 17.8 Yeosu, Korea Nov 2012 16.5 32.4

P. hoffmannianum CCMP683 43.4 25.5 Caribbean sea, USA Jan 1985 - -

ESD, equivalent spherical diameter (µm); CV, cell volume (×103 µm3); T, temperature (°C); S, salinity.

Table 2. Information on the isolation and maintenance of the six potential predator species 

                    Organisms Type FM ESD CV             Location     Time T S   PS       PC

Pfiesteria piscicida (CCMP 2091) HTD PD 13.5 1.3 Neuse River, USA Jan 1998 - - Ac ~5.0

Oxyrrhis marina HTD EG 15.6 2.0 Gunsan, Korea May 2001 16.0 27.7 Ac 10.0-20.0

Gyrodinium dominans HTD EG 20.0 2.0 Jeongok, Korea Jul 2019 25.2 31.9 Ac 10.0-20.0

Oblea rotunda HTD PA 21.6 5.3 Jinhae bay, Korea Apr 2015 12.6 31.2 Ac ~10.0

Polykrikos kofoidii HTD EG 43.5 43.0 Jangheung bay, Korea Jul 2016 23.6 26.4 Am ~5.0

Strombidinopsis sp. NC FF 68.5 168.1 Masan bay, Korea Jan 2018 5.6 33.0 Lp ~5.0

HTD, heterotrophic dinoflagellate; NC, naked ciliate; FM, feeding mechanism; PD, peduncle feeder; EG, engulfment feeder; PA, pallium feeder; FF, 
filter feeder; ESD, equivalent spherical diameter (µm); CV, cell volume (×103 µm3); T, temperature (°C); S, salinity; PS, prey species; Ac, Amphidinium 
carterae; Am, Alexandrium minutum CCMP1888 (= A. lusitanicum); Lp, Lingulodinium polyedra; PC, prey concentration (×103 cells mL-1).
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Hulburt was transferred into a 250-mL culture flask (Fal-

con; Corning Inc., New York, NY, USA). The flask was 

filled to capacity with freshly filtered seawater, capped, 

and placed on a rotating plankton wheel, and incubated 

under the conditions described above. To monitor the 

conditions and interactions between predator and prey 

species, the flask was periodically removed from the ro-

tating wheel, examined through the surface of the capped 

bottle using a dissecting microscope, and then returned 

to the rotating wheel. Once the prey cells were no longer 

detectable, the flask was maintained without added prey 

for 2 d. This was carried out to minimize possible residual 

growth resulting from the ingestion of prey during batch 

culture. Three 1-mL aliquots from the flask were count-

ed, using a compound microscope, to determine the cell 

concentration of the predator, and the culture was then 

used to conduct the experiment. 

For Expt. 2, the initial concentrations of G. dominans 

and P. donghaiense were established using an autopipette 

to deliver predetermined volumes of known cell concen-

trations to the bottles. Triplicate 42-mL PC experiment 

bottles (mixtures of predator and prey) and triplicate 

control bottles (prey only) were set up for each preda-

tor–prey combination. Triplicate control bottles contain-

ing only predators were also established at one predator 

concentration. To obtain similar water conditions, the 

water of the predator culture was filtered through a 0.2-

plate chamber was placed on the shelf under the same 

conditions.

Three milliliter aliquots were removed from each 

bottle after 2, 24, and 48 h incubations and transferred 

into 6-well plate chambers. Approximately 100 cells of 

each HTD predator and 10 cells of the ciliate in the plate 

chambers were observed under a dissecting microscope 

(or inverted microscope), at a magnification of 10-63× (or 

100-400×) to determine whether the predator could feed 

on the Prorocentrum sp. Cells of the predator contain-

ing ingested Prorocentrum cells were photographed on 

a confocal dish (SPL100350; SPL Life Sciences Co., Ltd., 

Pocheon, Korea) using a digital camera (Zeiss AxioCam 

HRc 5; Carl Zeiss Ltd., Göttingen, Germany) attached to a 

microscope at 200-400× magnification. 

Growth and ingestion rates of Gyrodinium domi-
nans on Prorocentrum donghaiense as a function 
of prey concentration

Expt. 2 was designed to measure the growth and inges-

tion rates of G. dominans feeding on P. donghaiense as a 

function of the prey concentration (Table 3). In a prelimi-

nary test, among the Prorocentrum spp., P. donghaiense 

supported the highest growth rate of G. dominans.

In this experiment, a dense culture of G. dominans 

growing on the dinoflagellate Amphidinium carterae 

Table 3. Design of experiments 

Expt.
No.

Prey Predators

Species Density (cells mL-1) Species Density (cells mL-1)

1 Each of Prorocentrum  
triestinum, P. donghaiense,  
P. micans, P. rhathymum,  
P. lima, and P. hoffmannianum

See Table 4 Each of Oxyrrhis marina, 
Gyrodinium dominans, 
Polykrikos kofoidii, Pfiesteria 
piscicida, Oblea rotunda, and 
Strombidinopsis sp.

See Table 4

2 P. donghaiense 88, 170, 498, 969, 4,642, 
7,816, 14,105, 19,203, 
32,707

G. dominans 10, 7, 7, 17, 41, 49, 44, 51, 88 
(243)

3 P. triestinum 15,475 G. dominans 73
4 P. cordatum 12,779 G. dominans 118
5 P. rhathymum 3,019 G. dominans 58
6 P. micans 2,020 G. dominans 117
7 P. lima 1,683 G. dominans 95
8 P. hoffmannianum 1,318 G. dominans 192
9 P. hoffmannianum 8, 31, 86, 164, 324, 739, 

1,276, 1,814
P. kofoidii 7, 20, 17, 36, 55, 76, 76, 96 

(83)
10 P. triestinum 10,977 P. kofoidii 52
11 P. donghaiense 8,616 P. kofoidii 45
12 P. rhathymum 1,903 P. kofoidii 35
13 P. lima 1,019 P. kofoidii 84

The numbers in the prey and predator columns are the actual initial densities (cells mL-1) of prey and predators. The values within parentheses in 
the predator column are the predator densities in the control bottles.
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ingestion rates (IRs, cells predator-1 d-1 or ng C predator-1 

d-1) of G. dominans were fitted into a modified Michaelis-

Menten equation:

IR = Imax(x) / [KIR + (x)]                                (3)

, where Imax is the maximum ingestion rate (cells preda-

tor-1 d-1 or ng C predator-1 d-1), x is the prey concentration 

(cells mL-1 or ng C mL-1), and KIR is the prey concentration 

sustaining 1/2 Imax.

Growth and ingestion rates of Gyrodinium domi-
nans on all Prorocentrum spp. at single prey 
concentrations

Expts. 3-8 were designed to measure the growth and 

ingestion rates of G. dominans on each of P. triestinum, 

P. cordatum, P. rhathymum, P. micans, P. lima, and P. hoff-

mannianum at single high prey concentrations (Table 3). 

In these experiments, 9-10 different prey concentra-

tions for each Prorocentrum sp. were originally set up, 

but the abundances of G. dominans and the target prey 

at two or three of the highest prey concentrations were 

quantified. The growth and ingestion rates of G. domi-

nans on each Prorocentrum sp. and mean prey concen-

trations were determined as those in Expt. 2. To compare 

the growth and ingestion rates of G. dominans on each 

Prorocentrum sp., the growth and ingestion rates of G. 

dominans on each Prorocentrum sp. at a high mean prey 

concentration, which was similar to that on the other 

Prorocentrum spp., were selected. Moreover, the growth 

and ingestion rates of G. dominans on P. donghaiense at a 

similar mean prey concentration to those in Expt. 2 were 

also selected for this comparison. 

Growth and ingestion rates of Polykrikos kofoidii 
on Prorocentrum hoffmannianum as a function 
of prey concentration

Expt. 9 was designed to measure the growth and inges-

tion rates of P. kofoidii on P. hoffmannianum as a function 

of the prey concentration (Table 3). In a preliminary test, 

among the Prorocentrum spp., only P. hoffmannianum 

supported a positive growth rate of P. kofoidii.

In this experiment, dense cultures of P. kofoidii grow-

ing on the dinoflagellate Alexandrium minutum Halim 

CCMP1888 (= A. lusitanicum) were transferred into two 

250-mL culture flasks. The flasks were filled to capacity 

with freshly filtered seawater, capped, placed on a rotat-

ing plankton wheel, and incubated under the conditions 

μm disposable syringe filter (DISMIC-25CS type, 25 mm; 

Advantec, Toyo Roshi Kaisha Ltd., Chiba, Japan) and then 

added to the prey control bottles in the same amount as 

that added to the experiment bottles for each predator–

prey combination. Similarly, the water of the prey culture 

was filtered through a 0.2-μm disposable syringe filter 

and then added to the predator control bottles in the 

same amount as that of the prey culture added into the 

experimental bottles. All bottles were filled to capacity 

with freshly filtered seawater and capped. To determine 

the actual predator and prey densities at the beginning of 

the experiment, a 5-mL aliquot was removed from each 

bottle, fixed with 5% acidic Lugol’s solution, and exam-

ined with a light microscope to determine predator and 

prey abundances by enumerating the cells in three 1-mL 

Sedgewick Rafter chambers (SRCs). The bottles were re-

filled to capacity with f/2-Si medium, capped, and placed 

on a rotating wheel under the conditions described 

above. The dilution of the cultures associated with refill-

ing the bottles was considered when the growth and in-

gestion rates were calculated. A 10-mL aliquot was taken 

from each bottle at 48 h and fixed with 5% acidic Lugol’s 

solution. The abundances of predators and prey were de-

termined by counting all or >300 cells in three 1-mL SRCs 

at 48 h. The conditions of the predators and prey were 

assessed using a dissecting microscope, as described 

above, prior to subsampling.

The specific growth rates of G. dominans [µ (d-1)] were 

calculated using the following formula: 

µ (d-1) = [Ln(Gt / G0)] / t                             (1)

, where G0 and Gt are the concentrations of the predator 

at 0 and 2 d, respectively. 

Data for the growth rates of G. dominans were fitted to 

a modified Michaelis–Menten equation: 

µ (d–1) = µmax(x – x′) / [KGR + (x – x′)]                 (2)

, where µmax is the maximum growth rate (d-1), x is the 

prey concentration (cells mL-1 or ng C mL-1), x′ is thresh-

old prey concentration (the prey concentration where 

µ = 0), and KGR is the prey concentration sustaining 1/2 

µmax. Data were iteratively fitted to the model using Delta-

Graph (Red Rock Software Inc., Salt Lake, UT, USA).

The ingestion and clearance rates and mean prey 

concentrations were calculated using the equations of 

Frost (1972) and Heinbokel (1978). The incubation time 

for calculating the ingestion and clearance rates was the 

same as that for estimating the growth rate. The data for 
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2015, Kim and Jeong 2004, Berdalet et al. 2007).

A dense culture of a target Prorocentrum sp. growing 

autotrophically in f/2-Si or L1-Si medium was transferred 

to a 250-mL culture flask. An aliquot from the flask was 

added to a 38-mL cell culture flask (BD Biosciences, Bed-

ford, MA, USA) and allowed to acclimatize for 30 min. A 

video camera was focused on one field (appearing as a 

circle in the cell culture flask) under a dissecting micro-

scope (SZX10; Olympus, Tokyo, Japan) at 20°C, and the 

swimming movement of the cells of the target Prorocen-

trum sp. was then recorded at 20× magnification using a 

video analysis system (SRD-1673DN; Samsung Techwin, 

Seongnam, Korea). The mean and maximum swimming 

velocities observed after the first 10 min were analyzed 

for all swimming cells moving randomly. The average 

swimming speed was calculated based on the linear dis-

placement of cells in 1 s during single-frame playback. 

The swimming speeds of 20 cells were measured.

Statistical analysis

Univariate analyses and post-hoc tests were performed 

to investigate the effects of the seven different Prorocen-

trum spp. as prey on the growth and ingestion rates of 

two heterotrophic protists (G. dominans and Polykrikos 

kofoidii) at single high mean prey concentrations. Prior 

to the analyses, normality and homogeneity of variance 

were tested. A one-way ANOVA with Tukey’s honestly sig-

nificant difference (HSD) post-hoc test was performed 

when both assumptions of normality and homogeneity 

of variance were satisfied. However, Welch’s ANOVA with 

Games-Howell post-hoc test was conducted when the 

homogeneity of variance was not satisfied. Moreover, a 

non-parametric Kruskal-Wallis test and Mann-Whitney 

U test with Bonferroni correction was conducted when 

the normality assumption was not satisfied. To assess the 

differential effects of Prorocentrum spp. on the specific 

growth and ingestion rates of those two heterotrophic 

protists, a multivariate analysis of variance (MANOVA) 

was conducted. Pillai’s trace for MANOVA was select-

ed, as this test is robust to the violation of assumptions 

(Scheiner 1993). The simple linear regression was used to 

examine relationships between variables (i.e., equivalent 

spherical diameters [ESD] of Prorocentrum species, and 

the growth and ingestion rates of a predator feeding on 

each Prorocentrum species). All analyses were performed 

using SPSS ver. 25.0 (IBM-SPSS Inc., Armonk, NY, USA). A 

0.05 significance criterion was chosen.

described above. To monitor the conditions and interac-

tions between the predator and prey species, the bottles 

were periodically removed from the rotating wheel, ex-

amined, and then returned. Once the prey cells were no 

longer detectable, the flasks were maintained without 

added prey for 1 d. Three 1-mL aliquots from each flask 

were counted to determine the cell concentration of the 

predator. 

The process of establishing triplicate experiments and 

prey and predator control bottles, subsampling, deter-

mining the abundances of the predator and prey, and 

calculating the growth and ingestion rates in this experi-

ment was the same as those in Expt. 2. 

Growth and ingestion rates of Polykrikos kofoidii 
on all Prorocentrum spp. at single prey concen-
trations

Expts. 10-13 were designed to measure the growth 

and ingestion rates of P. kofoidii on each of P. triestinum, 

P. donghaiense, P. rhathymum, and P. lima at single high 

prey concentrations (Table 3). Data on the growth and 

ingestion rates of P. kofoidii on P. cordatum and P. micans 

at single high prey concentrations were obtained from 

Jeong et al. (2001b) for comparison.

In these experiments, 9-10 different prey concen-

trations for each of P. lima and P. rhathymum and two 

different high prey concentrations for each of P. dong-

haiense and P. triestinum were originally set up, but the 

abundances of P. kofoidii and the target prey at two of the 

highest prey concentrations were quantified. The growth 

and ingestion rates of P. kofoidii on each Prorocentrum 

sp. and mean prey concentrations were determined us-

ing the same method as those in Expt. 9. To compare the 

growth and ingestion rates of P. kofoidii on all Prorocen-

trum spp., the growth and ingestion rates of P. kofoidii 

on each Prorocentrum sp. at a high mean prey concen-

tration, which was similar to those on the other Proro-

centrum spp., were selected. Moreover, the growth and 

ingestion rates of P. kofoidii on P. hoffmannianum at a 

similar mean prey concentration to those in Expt. 9 were 

also selected for this comparison. 

Swimming speed

The (previously unrecorded) swimming speeds of P. 

rhathymum, P. lima, and P. hoffmannianum were mea-

sured. The swimming speeds of the four other Prorocen-

trum spp., G. dominans, and P. kofoidii were obtained 

from previous studies (Jeong et al. 1999a, 2001b, 2002, 
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Fig. 1. Feeding by the heterotrophic dinoflagellates Gyrodinium dominans (Gd), Polykrikos kofoidii (Pk), and Oxyrrhis marina (Om) and the naked 
ciliate Strombidinopsis sp. (Stm; AA-FF) on Prorocentrum prey species (A-F). Intact Prorocentrum triestinum (Pt) (A), Prorocentrum donghaiense (Pd) (B), 
Prorocentrum rhathymum (Prh) (C), Prorocentrum micans (Pmc) (D), Prorocentrum lima (Pl) (E), and Prorocentrum hoffmannianum (Phf ) (F). Unfed Gd 
cell (G). Gd with an ingested Pt cell (H). Gd with an ingested Pd cell (I). Gd with an ingested Prh cell (J). Gd with an ingested Pmc cell (K). Gd with 
an ingested Pl cell (L). Gd with an ingested Phf cell (M). Unfed Pk cell (N). Pk with five ingested Pt cells (O). Pk with an ingested Pd cell (P). Pk with 
two ingested Prh cells (Q). Pk with two ingested Pl cells (R). Pk with five ingested Phf cells (S). Unfed Om cell (T). Om with two ingested Pt cells (U). 
Om with an ingested Pd cell (V). Om with an ingested Prh cell (W). Om with an ingested Pmc cell (X). Om did not feed on Pl cell (Y). Om did not 
feed on Phf cell (Z). Stm with many ingested Pt cells (AA). Stm with many ingested Pd cells (BB). Stm with several ingested Prh cells (CC). Stm with 
several ingested Pmc cells (DD). Stm with an ingested Pl cell (EE). Stm with several ingested Phf cells (FF). Scale bars represent: A & B, 5 µm; C-M & 
T-Z, 10 µm; N-S & AA-FF, 20 µm.
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calculated maximum growth rate (µmax) of G. dominans 

on P. donghaiense was 1.62 d-1. 

The ingestion rates of G. dominans on P. donghaiense 

increased rapidly with increasing mean prey concentra-

tions <155 ng C mL-1 (970 cells mL-1), but became satu-

rated at higher concentrations (Fig. 3). When the data 

were fitted to Eq. (3), the calculated maximum ingestion 

rate (Imax) of G. dominans on P. donghaiense was 1.48 ng C 

predator-1 d-1 (9.3 cells predator-1 d-1). The KIR was 80.1 ng 

C mL-1 (501 cells mL-1).

Growth and ingestion rates of Gyrodinium domi-
nans on all Prorocentrum spp. at single prey 
concentrations

At single high mean prey concentrations of 2,450-2,779 

ng C mL-1, the specific growth rates of G. dominans on P. 

donghaiense, P. triestinum, and P. cordatum were 0.871, 

0.850, and 0.759 d-1, respectively; those on P. rhathymum, 

P. micans, and P. hoffmannianum were 0.499, 0.206, and 

0.153 d-1, respectively, but that on P. lima was -0.193 d-1 

(Fig. 4A). The specific growth rates of G. dominans on the 

seven Prorocentrum spp. at single high mean prey con-

centrations were significantly different (ANOVA, F6, 14 = 

108.14, p < 0.001) (Fig. 4A), and Tukey’s HSD test revealed 

that they were divided into four groups. 

At single high mean prey concentrations of 2,450-2,779 

ng C mL-1, the ingestion rates of G. dominans on P. rha-

RESULTS

Feeding by heterotrophic protists on each Pro-
rocentrum species

All the heterotrophic protists tested were able to feed 

on P. triestinum, P. cordatum, P. donghaiense, P. rhathy-

mum, and P. micans, although Pfiesteria piscicida was 

only able to feed on motionless prey cells (Fig. 1). Fur-

thermore, Gyrodinium dominans, Polykrikos kofoidii, 

and Strombidinopsis sp. were able to feed on P. lima and 

P. hoffmannianum, and P. piscicida only on motionless 

prey cells (Fig. 1). However, Oxyrrhis marina did not feed 

on P. lima and P. hoffmannianum, although it did attempt 

to engulf them. Moreover, Oblea rotunda failed to deploy 

a pallium on P. lima and P. hoffmannianum, although it 

did anchor the cells using a tow filament. 

Growth and ingestion rates of Gyrodinium domi-
nans on Prorocentrum donghaiense as a function 
of prey concentration

The specific growth rates of G. dominans on P. dong-

haiense increased rapidly with increasing mean prey 

concentrations <2,260 ng C mL-1 (14,100 cells mL-1), but 

increased slowly at higher concentrations (Fig. 2). The 

specific growth rate of G. dominans without added prey 

was -0.329 d-1. When the data were fitted to Eq. (2), the 

Fig. 2. Specific growth rate (GR) of Gyrodinium dominans on Proro-
centrum donghaiense as a function of mean prey concentration (x). 
Symbols represent treatment means ± standard error. The curve is fit-
ted according to a modified Michaelis-Menten equation [Eq. (2)] us-
ing all treatments in the experiment. GR (d-1) = 1.62 {[x + 92.5] / [2,510 
+ (x + 92.5)]}, r2 = 0.866. 

Fig. 3. Ingestion rate (IR) of Gyrodinium dominans on Prorocentrum 
donghaiense as a function of the mean prey concentration (x). Sym-
bols represent treatment means ± standard error. The curve is fitted 
according to a modified Michaelis-Menten equation [Eq. (3)] using all 
treatments in the experiment. IR (ng C predator-1 d-1) = 1.48 {[x] / [80.1 
+ (x)]}, r2 = 0.573.
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Growth and ingestion rates of Polykrikos kofoidii 
on Prorocentrum hoffmannianum as a function 
of prey concentration

The specific growth rates of P. kofoidii on P. hoffman-

nianum ranged from -0.325 to 0.165 d-1 (Fig. 6). The spe-

cific growth rates of P. kofoidii on P. hoffmannianum at 

mean prey concentrations of 4-577 ng C mL-1 (2-254 cells 

mL-1) were not significantly different from zero (p > 0.1, 

two-tailed t-test). However, the specific growth rate of 

P. kofoidii on P. hoffmannianum at 1,518 ng C mL-1 (669 

thymum and P. lima were 4.0 and 3.3 ng C predator-1 d-1, 

respectively, and those on P. donghaiense and P. corda-

tum were both 1.1 ng C predator-1 d-1; however, those on 

P. triestinum, P. micans, and P. hoffmannianum were 0.9, 

0.7, and 0.5 ng C predator-1 d-1, respectively (Fig. 4B). The 

ingestion rates of G. dominans feeding on the seven Pro-

rocentrum spp. were also significantly different (Welch’s 

ANOVA, F6, 6.08 = 43.24, p < 0.001) (Fig. 4B), and the Games-

Howell post-hoc test revealed that they were divided into 

two groups. 

The specific growth rates of G. dominans on the sev-

en Prorocentrum spp. were significantly correlated with 

prey sizes (linear regression, F-test, F = 69.46, r2 = 0.785, 

p < 0.001), but the ingestion rates were not significantly 

correlated with prey sizes (linear regression, F-test, F = 

0.59, r2 = 0.030, p = 0.451) (Fig. 5A & B). Furthermore, the 

growth rates of G. dominans on the seven Prorocentrum 

spp. were not significantly correlated with the ingestion 

rates (linear regression, F-test, F = 1.35, r2 = 0.066, p = 

0.261) (Fig. 5C).

A

B

Fig. 4. Growth (A) and ingestion (B) rates of Gyrodinium dominans 
(Gd) on the seven Prorocentrum spp. at single high mean prey con-
centrations. Symbols represent treatment means ± standard error. 
The different lowercase alphabetical letters above each bar indicate 
significantly different groups after post-hoc tests. Pt, Prorocentrum 
triestinum; Pc, Prorocentrum cordatum; Pd, Prorocentrum donghaiense; 
Prh, Prorocentrum rhathymum; Pmc, Prorocentrum micans; Pl, Proro-
centrum lima; Phf, Prorocentrum hoffmannianum.

A

C

B

Fig. 5. Growth (GR) (A) and ingestion (B) rates of Gyrodinium domi-
nans on seven Prorocentrum spp. as functions of prey size (ESD, µm; 
equivalent spherical diameter). Growth rates of G. dominans on seven 
Prorocentrum prey species as functions of the ingestion rates (C). The 
data were obtained from Fig. 4. Symbols represent treatment means 
± standard error. The equation of the linear regression in (A) is as 
follows: GR (d-1) = -0.029 (ESD) + 1.147, r2 = 0.785. Pc, Prorocentrum 
cordatum; Pd, Prorocentrum donghaiense; Phf, Prorocentrum hoffman-
nianum; Pl, Prorocentrum lima; Pmc, Prorocentrum micans; Prh, Proro-
centrum rhathymum; Pt, Prorocentrum triestinum.
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At single high mean prey concentrations of 1,442-1,965 

ng C mL-1, the ingestion rate of P. kofoidii on P. hoffman-

nianum was 7.3 ng C predator-1 d-1, those on P. lima and 

P. rhathymum were 4.2-4.7 ng C predator-1 d-1, and those 

on P. donghaiense and P. triestinum were 0.8-1.0 ng C 

predator-1 d-1 (Fig. 8B). The ingestion rates of P. kofoidii 

on P. cordatum and P. micans at 1,467-2,303 ng C mL-1 

were 0.4 and 4.1 ng C predator-1 d-1, respectively (Kim and 

Jeong 2004). The ingestion rates of P. kofoidii on the seven 

Prorocentrum spp. at single high mean prey concentra-

tions were significantly different (Kruskal-Wallis test, H6 

= 12.98, p = 0.043) (Fig. 8B); however, they were not di-

vided into different groups as per the Mann-Whitney U 

test with Bonferroni correction.

The specific growth rates of P. kofoidii on the seven 

Prorocentrum spp. were significantly correlated with 

prey sizes (linear regression, F-test, F = 9.04, r2 = 0.322, 

p = 0.007), and the ingestion rates were also significantly 

correlated with prey sizes (linear regression, F-test, F = 

18.74, r2 = 0.497, p < 0.001) (Fig. 9A & B). Furthermore, 

the growth rates of P. kofoidii on the seven Prorocentrum 

spp. were significantly correlated with the ingestion rates 

(linear regression, F-test, F = 8.31, r2 = 0.304, p = 0.010) 

(Fig. 9C).

The specific growth rates of G. dominans and P. kofoidii 

were significantly differently affected by the seven Pro-

rocentrum spp. at single high mean prey concentrations 

(MANOVA, Pillai’s trace = 1.69, F12, 28 = 12.65, p < 0.001). 

Moreover, the ingestion rates of G. dominans and P. ko-

foidii were significantly differently affected by the seven 

cells mL-1) was significantly lower than zero (p < 0.05, 

one-tailed t-test), whereas those at 1,965-3,259 ng C mL-1 

(866-1,436 cells mL-1) were significantly greater than zero 

(p < 0.05 or p < 0.005, one-tailed t-test) (Fig. 6). 

The ingestion rates of P. kofoidii on P. hoffmannianum 

ranged from 1.1 to 7.3 ng C predator-1 d-1 (Fig. 7). The in-

gestion rates of P. kofoidii on P. hoffmannianum at mean 

prey concentrations of 4-126 ng C mL-1 (2-55 cells mL-1) 

and 1,965-3,259 ng C mL-1 (866-1,436 cells mL-1) were sig-

nificantly greater than zero (p < 0.05 or 0.01, one-tailed 

t-test); however, the rest were not significantly different 

from zero at the other mean prey concentrations (p > 0.1, 

two-tailed t-test).

Growth and ingestion rates of Polykrikos kofoidii 
on all Prorocentrum spp. at single prey concen-
trations

At single high mean prey concentrations of 1,442-1,965 

ng C mL-1, the specific growth rate of P. kofoidii on P. hoff-

mannianum was 0.160 d-1, but those on P. donghaiense, P. 

lima, P. rhathymum, and P. triestinum ranged from -0.272 

to -0.071 d-1 (Fig. 8A). The specific growth rates of P. kofoi-

dii on P. cordatum and P. micans at 1,467-2,303 ng C mL-1 

were -0.363 and -0.042 d-1, respectively (Kim and Jeong 

2004). The specific growth rates of P. kofoidii on the seven 

Prorocentrum spp. at single high mean prey concentra-

tions were significantly different (ANOVA, F6, 14 = 6.32, p = 

0.002) (Fig. 8A), and Tukey’s HSD test revealed that they 

were divided into two groups. 

Fig. 6. Specific growth rate of Polykrikos kofoidii on Prorocentrum 
hoffmannianum as a function of the mean prey concentration (x). 
Symbols represent treatment means ± standard error.

Fig. 7. Ingestion rate of Polykrikos kofoidii on Prorocentrum hoff-
mannianum as a function of the mean prey concentration (x). Sym-
bols represent treatment means ± standard error.
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DISCUSSION 

Feeding by heterotrophic protists on each Pro-
rocentrum species

The seven Prorocentrum spp. used in this study are 

known to cause red tides or algal blooms on the surface 

or bottom of water bodies (Labib 1996, Ismael and Aida 

1997, Faust 2009, Ingarao et al. 2009, Li et al. 2011, Kang 

et al. 2013). Of these, Prorocentrum cordatum, P. micans, 

Prorocentrum spp. at single high mean prey concentra-

tions (MANOVA, Pillai’s trace = 1.20, F12, 28 = 3.48, p = 0.003). 

Swimming speed

The average (± standard error [SE], n = 20) and maxi-

mum swimming speeds of P. rhathymum, P. lima, and P. 

hoffmannianum were 254 (± 18.43) and 420, 78 (± 6.47) 

and 160, and 82 (± 3.42) and 120 μm s-1, respectively.

The maximum swimming speeds of the seven Proro-

centrum spp. were not significantly positively correlated 

with cell sizes (linear regression, F-test, F = 0.261, r2= 

0.050, p = 0.631) when the data on the maximum swim-

ming speeds of P. cordatum (194 μm s-1), P. triestinum (175 

μm s-1), P. donghaiense (280 μm s-1), and P. micans (380 μm 

s-1) obtained from Jeong et al. (1999a, 2015) and Berdalet 

et al. (2007) were used. 

A

B

Fig. 8. Growth (A) and ingestion (B) rates of Polykrikos kofoidii (Pk) 
on the seven Prorocentrum spp. at single high mean prey concen-
trations. Symbols represent treatment means ± standard error. The 
different lowercase alphabetical letters above each bar indicate 
significantly different groups after post-hoc tests. Pt, Prorocentrum 
triestinum; Pc, Prorocentrum cordatum; Pd, Prorocentrum donghaiense; 
Prh, Prorocentrum rhathymum; Pmc, Prorocentrum micans; Pl, Proro-
centrum lima; Phf, Prorocentrum hoffmannianum.

A

C

B

Fig. 9. Growth (GR) (A) and ingestion (B) rates of Polykrikos kofoi-
dii on seven Prorocentrum spp. as functions of prey size (ESD, µm; 
equivalent spherical diameter). Growth rates of P. kofoidii on seven 
Prorocentrum spp. as a function of the ingestion rates (IRs) (C). The 
data were obtained from Fig. 8. Symbols represent treatment means 
± standard error. The equations of the linear regressions are follow-
ings: (A) GR (d-1) = 0.009 (ESD) - 0.345, r2 = 0.322; (B) IR (ng C predator-1 
d-1) = 0.191 (ESD) - 1.389, r2 = 0.496; (C) GR (d-1) = 0.032 (IR) - 0.232, r2 

= 0.307. Pc, Prorocentrum cordatum; Pd, Prorocentrum donghaiense; 
Phf, Prorocentrum hoffmannianum; Pl, Prorocentrum lima; Pmc, Pro-
rocentrum micans; Prh, Prorocentrum rhathymum; Pt, Prorocentrum 
triestinum.
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hoffmannianum, but not moving cells (Table 4). 

Prior to this study, P. micans was reported to fed upon 

by G. dominans, O. rotunda, and P. kofoidii (Strom and 

Buskey 1993, Nakamura et al. 1995, Jeong et al. 2001b). 

Thus, this study extends the list of protist predators of 

P. micans to include O. marina and Strombidinopsis sp. 

Meanwhile, P. donghaiense was reported to be eaten by 

O. marina (An et al. 2016). Therefore, this study extends 

the list of protist predators of P. donghaiense to include 

G. dominans, O. rotunda, P. kofoidii, and Strombidinop-

sis sp. Lim et al. (2017) reported a high abundance of 

G. dominans following a red tide dominated by P. dong-

haiense in the South Sea of Korea in 2014. Thus, there is a 

high possibility that G. dominans fed actively on P. dong-

haiense in those waters. In addition, P. lima was reported 

to be eaten by P. kofoidii (Matsuoka et al. 2000). Thus, this 

study extends the list of protist predators of P. lima to in-

clude G. dominans and Strombidinopsis sp. 

Based on their feeding on seven Prorocentrum spp., 

these six protist predator species can be categorized into 

three groups: the first group comprises G. dominans, P. 

kofoidii, and Strombidinopsis sp. that are able to feed on 

all seven Prorocentrum spp. (group I); the second group 

comprises O. marina and O. rotunda that are able to feed 

on some Prorocentrum spp., but not others (group II); 

and the third group comprises Pfiesteria piscicida that 

and P. triestinum have been reported to cause red tides in 

many countries, while P. donghaiense, P. rhathymum, P. 

hoffmannianum, and P. lima have been reported to cause 

red tides in only some countries (Labib 1996, Ismael and 

Aida 1997, Hajdu et al. 2000, Hernández-Becerril et al. 

2000, Tango et al. 2005, Vila and Masó 2005, Faust 2009, 

Ingarao et al. 2009, Li et al. 2011, Kang et al. 2013, Jeong 

et al. 2017, Roselli et al. 2019). However, to understand 

the population dynamics of each of these species, their 

growth and mortality rates as a result of predation should 

be determined. To determine the mortality rate of each 

Prorocentrum sp. as a result of predation, the kind of 

predators should be first identified. We tested six het-

erotrophic protist predators that are commonly found in 

many marine environments; thus, there is a high possi-

bility that any of these predators could encounter any of 

the seven Prorocentrum spp. Prior to this study, the type 

of heterotrophic protist predators that are able to feed on 

P. triestinum, P. rhathymum, and P. hoffmannianum had 

not been reported. This study showed that Gyrodinium 

dominans, Oxyrrhis marina, Oblea rotunda, Polykrikos 

kofoidii, and Strombidinopsis sp. are predators of P. trie-

stinum and P. rhathymum, while G. dominans, P. kofoidii, 

and Strombidinopsis sp. are predators of P. hoffmannia-

num. Furthermore, Pfiesteria piscicida was able to feed 

on motionless cells of P. triestinum, P. rhathymum, and P. 

Table 4. Feeding occurrence by six heterotrophic predators on each Prorocentrum sp.

Prey species Habitat ESD IPC Om Gd Pk Pp Or Stm Reference

Prorocentrum  
  triestinum

PLK 11.8 10-20 O O O Ob O O This study

P. cordatum PLK 12.1 10-20   Oa   Oa   Oa Ob   Oa   Oa Strom and Buskey (1993),  
Lee (1998), Jeong et al. 
(1999b, 2001b, 2006), Kim 
and Jeong (2004), This study 

P. donghaiense PLK 13.3 10-20   Oa O O Ob O O An et al. (2016), This study

P. rhathymum PLK 25.3 5 O O O Ob O O This study

P. micans PLK 26.6 5 O   Oa   Oa Ob   Oa O Strom and Buskey (1993),  
Nakamura et al. (1995),  
Jeong et al. (2001b, 2006), 
This study

P. lima BEN 37.1 0.8 X O   Oa Ob X O Matsuoka et al. (2000),  
This study

P. hoffmannianum BEN 43.4 0.8 X O O Ob X O This study

Initial predator concentrations (cells mL-1) were 1,000 for O. marina, 450-1,000 for G. dominans, 100 for P. kofoidii, 2,000 for P. piscicida, 300 for O. 
rotunda, and 5 for Strombidinopsis sp.
ESD, equivalent spherical diameter (µm); IPC, target initial prey concentration (×103 cells mL-1); Om, Oxyrrhis marina; Gd, Gyrodinium dominans; Pk, 
Polykrikos kofoidii; Pp, Pfiesteria piscicida; Or, Oblea rotunda; Stm, Strombidinopsis sp.; O or Oa, the predator was observed to feed on the target prey 
cell; X, the predator was not observed to feed on the target prey cell; O or X, tested in this study; Oa, cited from other studies; Ob, the predator fed 
on motionless cells of the target Prorocentrum sp., but did not feed on moving cells. PLK, planktonic Prorocentrum spp.; BEN, benthic Prorocentrum 
spp.
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Growth and ingestion rates of Gyrodinium domi-
nans on Prorocentrum spp.

At single high mean prey concentrations, all the Proro-

centrum spp. tested in this study, except for P. lima, sup-

ported a positive growth rate of G. dominans. At single 

high mean prey concentrations, the growth rate of G. 

dominans on P. donghaiense was the highest (0.871 d-1), 

followed by P. triestinum and P. cordatum. The growth 

rates of G. dominans on the seven Prorocentrum spp. 

were significantly correlated with prey size. However, 

the growth rate of G. dominans on P. lima was negative, 

whereas that on the larger P. hoffmannianum was posi-

tive, although the size of P. lima (37.1 μm) is smaller than 

that of P. hoffmannianum (43.4 μm). Meanwhile, the in-

gestion rate of G. dominans on P. lima was considerably 

higher than that on P. hoffmannianum at similar mean 

prey concentrations. Both P. lima and P. hoffmannianum 

are known to produce diarrhetic shellfish poisoning tox-

ins such as okadaic acid (OA) and OA analogs (dinophy-

sis toxins) (e.g., Hu et al. 2010). In addition, they produce 

some polyketides without OA carbon framework; P. lima 

produces prorocentrolide and prorocentin, while P. hoff-

mannianum produces hoffmanniolide and prorocentrol 

(Torigoe et al. 1988, Hu et al. 1999, Lu et al. 2005, Sugaha-

ra et al. 2011). Thus, the prorocentrolide and prorocentin 

produced by P. lima may be partially responsible for this 

negative growth, whereas the hoffmanniolide and proro-

centrol produced by P. hoffmannianum may not cause 

negative growth. 

The calculated maximum growth rate (µmax) of G. dom-

inans on P. donghaiense, when the data were fitted to Eq. 

(2), was 1.62 d-1, whereas the highest growth rate at the 

given prey concentration was 1.13 d-1 because the growth 

rates increased slowly but continuously. In the study of 

Kim and Jeong (2004), the calculated µmax of G. dominans 

on P. cordatum and the highest growth rate at the given 

prey concentration were both 1.13 d-1. Furthermore, at 

the single high prey concentration, the growth rate of G. 

dominans on P. donghaiense was slightly higher than that 

on P. cordatum. Thus, P. donghaiense may be the optimal 

Prorocentrum prey species for G. dominans, or at least 

be equally optimal to P. cordatum. Moreover, the calcu-

lated µmax of G. dominans on P. donghaiense is greater 

than that on any other algal prey species (Nakamura et 

al. 1995, Kim and Jeong 2004, Yoo et al. 2010, Jeong et al. 

2011, 2014, Lee et al. 2014, Anderson and Menden-Deuer 

2017, Kim et al. 2019). The abundance of G. dominans is 

expected to be high during or after red tides dominated 

by P. donghaiense.

is able to feed on motionless cells of all seven Prorocen-

trum spp., but not moving cells (group III). G. dominans, 

Polykrikos kofoidii, and Strombidinopsis sp. succeeded 

in engulfing whole cells of the two largest Prorocentrum 

spp., P. lima and P. hoffmannianum, while O. marina 

tried (and failed) to engulf whole cells of these two Pro-

rocentrum spp. In addition, O. rotunda failed to deploy a 

pallium although it did succeed in anchoring a prey cell 

using a tow filament. Thus, P. lima and P. hoffmannianum 

are likely too large for O. marina and O. rotunda to feed 

on. Moreover, Jeong et al. (2006) reported that Pfiesteria 

piscicida fed on naked dinoflagellates, but not on living 

cells of large mixotrophic thecate dinoflagellates of ESD 

>12 μm. However, P. piscicida was able to feed on the 

dead cells of these large mixotrophic thecate dinoflagel-

lates. Similarly, Kim et al. (2019) reported that P. piscicida 

did not feed on actively swimming cells of Scrippsiella 

acuminata (Ehrenberg) Kretschmann, Elbrächter, Zinss-

meister, S. Soehner, Kirsch, Kusber & Gottschling; S. lach-

rymosa J. Lewis ex Head; S. donghaiensis H. Gu; and S. 

masanensis S. Y. Lee, H. J. Jeong, S. J. Kim, K. H. Lee & S. 

H. Jang, but did feed on motionless cells of these species. 

This study confirms this pattern of only feeding on the 

motionless cells of large thecate dinoflagellates. Mean-

while, P. piscicida did not feed on Yihiella yeosuensis S. H. 

Jang, H. J. Jeong, Ø. Moestrup & N. S. Kang, although it is 

a naked dinoflagellate (Jeong et al. 2018). The fast jump-

ing behavior of Y. yeosuensis was suggested to be respon-

sible for P. piscicida not feeding, because heat-killed cells 

of Y. yeosuensis were consumed. P. piscicida only feeding 

on heat-killed prey cells was also found for the actively 

swimming heterotrophic nanoflagellate Katablepharis 

japonica N. Okamoto & I. Inouye (Kim et al. 2017). Thus, 

with regard to feeding by P. piscicida, the presence and 

absence of thecate and fast and actively swimming be-

haviors in prey species are critical. 

The maximum swimming speeds of G. dominans 

(2,533 μm s-1), O. marina (700 μm s-1), Pfiesteria piscicida 

(670 μm s-1), Polykrikos kofoidii (911 μm s-1), and Strom-

bidinopsis sp. (1,740 μm s-1) are much greater than those 

of the seven Prorocentrum spp. (120-420 μm s-1), although 

the maximum swimming speed of O. rotunda (420 μm s-1) 

is comparable to that of P. rhathymum, the fastest species 

among the seven Prorocentrum spp. (Cosson et al. 1988, 

Buskey et al. 1993, Burkholder and Glasgow 1997, Jeong 

et al. 1999a, 1999b, 2001b, 2002, Kim and Jeong 2004). 

Therefore, these predators may not have difficulty in 

catching any of these seven Prorocentrum prey species.



Algae 2020, 35(1): 61-78

https://doi.org/10.4490/algae.2020.35.2.28 74

on these three prey species. Thus, during red tides domi-

nated by P. triestinum, P. cordatum, and P. donghaiense, G. 

dominans is likely to be abundant, while P. kofoidii may 

be rare or absent. In contrast, P. kofoidii had a positive 

growth rate only when fed on P. hoffmannianum. Thus, 

when P. hoffmannianum is abundant, P. kofoidii may co-

occur and G. dominans may be absent. This differential 

feeding on Prorocentrum spp. between G. dominans and 

P. kofoidii may provide different ecological niches and 

reduce competition between these two common hetero-

trophic protist predators. 
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