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Exploring mixotrophy of dinoflagellate species is critical to understanding red-tide dynamics and dinoflagellate evolu-
tion. Some species in the dinoflagellate genus Karenia have caused harmful algal blooms. Among 10 Karenia species, the 
mixotrophic ability of only two species, Karenia mikimotoi and Karenia brevis, has been investigated. These species have 
been revealed to be mixotrophic; however, the mixotrophy of the other species should be explored. Moreover, although 
K. mikimotoi was previously known to be mixotrophic, only a few potential prey species have been tested. We explored 
the mixotrophic ability of Karenia bicuneiformis, Karenia papilionacea, and Karenia selliformis and the prey spectrum of 
K. mikimotoi by incubating them with 16 potential prey species, including a cyanobacterium, diatom, prymnesiophyte, 
prasinophyte, raphidophyte, cryptophytes, and dinoflagellates. Cells of K. bicuneiformis, K. papilionacea, and K. sellifor-
mis did not feed on any tested potential prey species, indicating a lack of mixotrophy. The present study newly discovered 
that K. mikimotoi was able to feed on the common cryptophyte Teleaulax amphioxeia. The phylogenetic tree based on 
the large subunit ribosomal DNA showed that the mixotrophic species K. mikimotoi and K. brevis belonged to the same 
clade, but K. bicuneiformis, K. papilionacea, and K. selliformis were divided into different clades. Therefore, the presence 
or lack of a mixotrophic ability in this genus may be partially related to genetic characterizations. The results of this study 
suggest that Karenia species are not all mixotrophic, varying from the results of previous studies.
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INTRODUCTION

Mixotrophic organisms conduct photosynthesis and 
uptake of external organic matters by phagotrophy or os-
motrophy (Burkholder et al. 2008, Jeong et al. 2010b, Sel-
osse et al. 2017, Stoecker et al. 2017). Exclusively photo-
autotrophic species are both primary producers and prey 
but mixotrophic species are primary producers, prey, 

and predators in food webs (Boraas et al. 1988, Jeong et 
al. 2010b, 2016, Ok et al. 2017). Mixotrophy elevates the 
growth rate of marine organisms and allows them to 
survive under inorganic nutrient depletion conditions 
(Park et al. 2006, Jeong et al. 2012, 2015, 2021, Kim et al. 
2015). Therefore, determining the mixotrophic ability of 
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Karenia species (Guiry and Guiry 2023), the mixotrophic 
ability of only two species, K. mikimotoi and K. brevis, 
has been tested; these two species have been revealed 
to be mixotrophic (Jeong et al. 2005a, Glibert et al. 2009, 
Zhang et al. 2011). However, it is also necessary to analyze 
the mixotrophic ability of the remaining eight species in 
the genus Karenia. Furthermore, although K. mikimotoi 
and K. brevis have been revealed to be mixotrophic, their 
feeding occurrence has only been tested on a few poten-
tial prey species (Jeong et al. 2005a, Zhang et al. 2011). To 
understand interactions between K. mikimotoi or K. bre-
vis and common microalgal species, feeding occurrence 
by Karenia species on a diversity of common microalgal 
species should be investigated.

In the present study, we explored the mixotrophic abil-
ity of Karenia bicuneiformis (= Karenia bidigitata), Kar-
enia papilionacea, and Karenia selliformis. Moreover, we 
investigated the feeding occurrence of K. mikimotoi on a 
cyanobacterium and diverse microalgal prey species that 
have not previously been tested. The results of this study 
may contribute to a better understanding of mixotrophy 
in Karenia, interactions between Karenia species and 
common microalgal species, dynamics of red tides and 
HABs caused by Karenia species, and the ecological roles 
of Karenia species in marine ecosystems.

MATERIALS AND METHODS

Experimental organisms

Clonal cultures of K. bicuneiformis CAWD81 (= K. bi-
digitata), K. papilionacea CAWD91, K. selliformis NIES-
4541, and K. mikimotoi NIES-2411 were obtained from 
the Cawthron Institute Culture Collection of Microalgae 
(New Zealand) and the National Institute for Environ-
mental Studies (Japan). The cultures were transferred to 
50 and 270-mL flasks containing L1 medium (Guillard 
and Hargraves 1993). These cultures were incubated at 
20°C and 20 µmol photons m-2 s-1 using cool white fluo-
rescent lights on a 14 : 10 h light / dark cycle.

Diverse phytoplankton species, including a cyanobac-
terium, diatom, prymnesiophyte, prasinophyte, raphido-
phyte, cryptophytes, and dinoflagellates, were provided 
as potential prey (Table 1). All potential prey species, ex-
cept Synechococcus sp., Margalefidinium polykrikoides, 
and Lingulodinium polyedra, were grown at 20°C and 
20–50 µmol photons m-2 s-1 on a 14 : 10 h light / dark cycle 
in enriched f/2 seawater medium (Guillard and Ryther 
1962). Synechococcus sp. was incubated at 20°C under the 

a photosynthetic organism is fundamental for predicting 
its population dynamics and bloom formation in marine 
ecosystems (Jeong et al. 2015). Furthermore, determina-
tion of the presence or lack of mixotrophic ability and 
prey items has greatly improved our understanding of 
evolution in photosynthetic organisms (Jones 2000, Man-
sour and Anestis 2021). Therefore, exploring the mixotro-
phic ability of an organism is a crucial step regarding its 
ecology and evolution.

Dinoflagellates are a major group of eukaryotes in ma-
rine ecosystems, and many dinoflagellate species have 
been revealed to be mixotrophic (Bockstahler and Coats 
1993, Stoecker et al. 1997, Li et al. 1999, Jeong et al. 2005b, 
2016, 2021, Lee et al. 2016, Lim and Jeong 2021, Park et al. 
2021). Thus, mixotrophy is a major trophic mode of dino-
flagellates (Stoecker 1999, Jeong et al. 2010b). Many mix-
otrophic dinoflagellates have caused red tides or harmful 
algal blooms (HABs) in the global ocean (López-Cortés et 
al. 2019, Eom et al. 2021, Ok et al. 2021c, 2023, Sakamoto 
et al. 2021, Yñiguez et al. 2021), and feeding on diverse 
prey species by some mixotrophic dinoflagellates has 
possibly resulted in their global dominance (Jeong et al. 
2021). Therefore, to better understand the ecological roles 
of dinoflagellates and predict their red tides or HABs, it 
is necessary to determine whether they are mixotrophic.

The dinoflagellate family Kareniaceae has been of 
major interest to scientists, aquaculture farmers, and 
government officers because many species in the family 
have caused HABs (Kempton et al. 2002, Adolf et al. 2008, 
Sengco 2009, Steidinger 2009, Van Dolah et al. 2009, Cal-
bet et al. 2011, Siswanto et al. 2013, Lin et al. 2018, Ok et 
al. 2019, 2022, Zhang et al. 2022). This family includes six 
genera: Karenia, Karlodinium, Takayama, Asterodinium, 
Gertia, and Shimiella (Daugbjerg et al. 2000, de Salas et al. 
2003, Bergholtz et al. 2006, Benico et al. 2019, Takahashi 
et al. 2019, Ok et al. 2021b). The species in the genus Kar-
enia are distributed globally and have often caused red 
tides and HABs (Brand et al. 2012, Li et al. 2019, Liu et al. 
2022). Several Karenia species have toxins, such as breve-
toxin, gymnocin, and gymnodimine, and thus, are harm-
ful to fish, invertebrates, birds, mammals, and humans 
(Baden 1989, Miles et al. 2003, Pierce et al. 2003, Brand et 
al. 2012, Fowler et al. 2015). Thus, predicting red-tide or 
HAB outbreaks caused by these Karenia species is critical 
to minimize economic losses due to red tides or HABs. 
The growth rate of a Karenia species is one of the most 
important parameters for establishing prediction mod-
els, and is primarily affected by its trophic mode, which 
could be exclusively autotrophic or mixotrophic (Jeong 
et al. 2015). However, among the 10 formally described 
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each culture to experimental 42-mL polycarbonate (PC) 
bottles (Table 1). A 42-mL PC bottle with a mixture of 
one Karenia species and one potential prey species, con-
trol of a potential prey species, and control of a Karenia 
species was set up for each target potential prey species. 
The bottles were filled to capacity with filtered seawater, 
capped, and placed on a vertically rotating wheel (0.9 r 
min-1). Each bottle, except that containing Synechococcus 
sp., M. polykrikoides, and L. polyedra, was incubated at 
20°C and 20 µmol photons m-2 s-1 illumination under a 14 : 
10 h light / dark cycle. Each bottle containing Synechococ-
cus sp. was incubated at 20°C and 10 µmol photons m-2 

s-1 illumination under a 14 : 10 h light / dark cycle. Each 
bottle containing M. polykrikoides and L. polyedra was 
incubated at 20°C and 50 µmol photons m-2 s-1 under con-
tinuous illumination.

After 2, 24, and 48 h, a total of ≥30 cells of each Karenia 
species was tracked to determine physical contact, attack 
(attempt to capture), and feeding (successful capture) 
with a dissecting microscope (SZX2-ILLB; Olympus) 
at 20–63× magnification. In this process, the lysis of the 
target potential prey species was also observed. Photo-
graphs of the tested Karenia species and each target po-
tential prey species were taken on confocal dishes using 

dim light condition (≤10 µmol photons m-2 s-1) on a 14 : 10 
h light / dark cycle in enriched f/2 seawater medium. M. 
polykrikoides and L. polyedra were incubated in enriched 
f/2 and L1 seawater medium, respectively (Guillard and 
Ryther 1962, Guillard and Hargraves 1993), at 20°C and 50 
µmol photons m-2 s-1 under continuous illumination be-
cause they did not survive under a light / dark cycle (Lee 
et al. 2014).

Mixotrophic ability of Karenia species

Experiments were designed to explore whether K. bi-
cuneiformis CAWD81, K. papilionacea CAWD91, K. selli-
formis NIES-4541, and K. mikimotoi NIES-2411 were able 
to feed on target potential prey species when a diversity 
of prey items was provided. Five milliliters were removed 
from dense cultures of K. bicuneiformis, K. papilionacea, 
K. selliformis, and K. mikimotoi (ca. 3,000, 3,000, 3,000, 
and 20,000 cells mL-1, respectively) and then the cell den-
sity of the four Karenia species was determined using a 
compound microscope (BX53; Olympus, Tokyo, Japan). 
The initial cell density of the tested Karenia species and 
each target potential prey species were established us-
ing an autopipette to deliver a predetermined volume of 

Table 1. Initial target density of each potential predator Karenia species and prey species

        Potential prey species ESD 
(µm)

Initial target prey density (cells mL-1)

K. bicuneiformis
CAWD81

(1,000)

K. papilionacea
CAWD91

(150–1,000)

K. selliformis
NIES-4541

(1,000)

K. mikimotoi
NIES-2411

(2,000–3,000)
Cyanobacterium
   Synechococcus sp. 1.0 2,000,000 2,000,000 2,000,000 2,000,000 
Prymnesiophyte
   Isochrysis galbana 4.8 150,000 150,000 1,000,000 150,000 
Prasinophyte
   Pyramimonas sp. 5.6 100,000 100,000 300,000 150,000 
Diatom
   Skeletonema costatum 5.9 150,000 150,000 150,000 150,000 
Cryptophyte

Teleaulax amphioxeia 5.6 100,000 100,000 300,000 100,000 
Storeatula major 6.0 15,000 15,000 30,000 15,000 
Rhodomonas salina 8.8 50,000 50,000 50,000 50,000 

Raphidophyte
   Heterosigma akashiwo 11.5 30,000 10,000 30,000 30,000 
Dinoflagellate

Heterocapsa rotundata 5.8 10,000 10,000 20,000 50,000 
Amphidinium carterae 9.7 30,000 30,000 50,000 30,000 
Prorocentrum cordatum 12.1 15,000 15,000 30,000 15,000 
Prorocentrum donghaiense 13.3 15,000 15,000 8,000 15,000 
Margalefidinium polykrikoides 25.9 1,000 1,000 3,000 1,000 
Prorocentrum micans 26.6 2,000 2,000 1,000 2,000 
Akashiwo sanguinea 30.8 1,000 1,000 1,000 1,000 
Lingulodinium polyedra 38.2 2,000 2,000 3,000 2,000 

Values in parentheses below the name of each Karenia species indicate the initial target density.
ESD, equivalent spherical diameter.
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Kang et al. (2010). The assumed empirical nucleotide 
frequencies of LSU rDNA comprised a substitution rate 
matrix with A–C substitutions = 0.0669, A–G = 0.1998, A–T 
= 0.0946, C–G = 0.0748, C–T = 0.4760, and G–T = 0.0879. 
Rates were assumed to follow a gamma distribution with 
a shape parameter of 0.5972 for variable sites. The pro-
portion of sites assumed to be invariable was 0.4984.

RESULTS 

Mixotrophic ability of three Karenia species 

K. bicuneiformis CAWD81 did not feed on the cyano-
bacterium Synechococcus sp., prymnesiophyte Isochrysis 
galbana, prasinophyte Pyramimonas sp., diatom Skel-
etonema costatum, cryptophytes Rhodomonas salina, 
Storeatula major, and Teleaulax amphioxeia, raphido-
phyte Heterosigma akashiwo, and dinoflagellates Akashi-
wo sanguinea, Amphidinium carterae, Heterocapsa ro-
tundata, L. polyedra, M. polykrikoides, Prorocentrum 
cordatum, Prorocentrum donghaiense, and Prorocentrum 
micans (Table 2, Fig. 1). Cells of K. bicuneiformis were ob-
served to attack I. galbana and R. salina but did not feed 

a digital camera (Zeiss Axiocam 506; Carl Zeiss Ltd., Göt-
tingen, Germany) on an inverted microscope (Zeiss Axio-
vert 200M; Carl Zeiss Ltd.) at 400–1,000× magnification.

To examine whether each Karenia species was able to 
feed on the cyanobacterium Synechococcus sp., the proto-
plasms of ≥100 Karenia cells were carefully observed after 
2, 24, and 48-h incubation under the inverted epifluores-
cence microscope at a magnification of 1,000× (Zeiss Ax-
iovert 200M; Carl Zeiss Ltd.). To observe whether K. mi-
kimotoi NIES-2411 fed on the prymnesiophyte Isochrysis 
galbana, I. galbana cells were labeled with the fluores-
cent dye 5-([4,6-dichlorotriazin-2-yl]amino)fluorescein 
hydrochloride following the method of Rublee and Gal-
legos (1989). 

Phylogenetic tree

Sequences of the large subunit ribosomal DNA (LSU 
rDNA) of Karenia species were obtained from GenBank. 
Sequences of the LSU rDNA of Karlodinium species as 
an outgroup were also obtained from GenBank. The se-
quences were aligned using MEGA v4 software (Tamura 
et al. 2007). The Bayesian and maximum likelihood anal-
yses of the LSU rDNA region were conducted following 

Table 2. Results of feeding occurrence test for four Karenia species in this study

         Potential prey species ESD 
(µm)

Predator

K. bicuneiformis
CAWD81

K. papilionacea
CAWD91

K. selliformis
NIES-4541

K. mikimotoi
NIES-2411

Attack Feeding Attack Feeding Attack Feeding Attack Feeding
Cyanobacterium
   Synechococcus sp. 1.0 NA × NA × NA × NA ×
Prymnesiophyte
   Isochrysis galbana 4.8 × × × ×
Prasinophyte
   Pyramimonas sp. 5.6 × × × ×  ×a ×  ×a ×
Diatom
   Skeletonema costatum 5.9 × × × × × × × ×
Cryptophyte

Teleaulax amphioxeia 5.6 × × × ×  ×a ×
Storeatula major 6.0 × × × ×  a × × ×
Rhodomonas salina 8.8 × × × × × ×

Raphidophyte
Heterosigma akashiwo 11.5 × × × × × ×

Dinoflagellate
Heterocapsa rotundata 5.8 × × × × × × ×
Amphidinium carterae 9.7 × × × × × × ×
Prorocentrum cordatum 12.1 × × × × × × × ×
Prorocentrum donghaiense 13.3 × × × × × × × ×
Margalefidinium polykrikoides 25.9 × × × × × × × ×
Prorocentrum micans 26.6 × × × × × × ×
Akashiwo sanguinea 30.8 × × × × × ×  ×a ×
Lingulodinium polyedra 38.2 × × × × × × × ×

ESD, equivalent spherical diameter; , attacked or fed by Karenia species; ×, not attacked or not fed by Karenia species; NA, not analyzed. 
aPotential prey cells were lysed by Karenia species.
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Fig. 1. Micrographs of Karenia bicuneiformis CAWD81 (Kb, black or white arrows) and potential prey species. Kb incubated with Synechococcus 
sp. (Syn, yellow arrows) taken under a light microscope (A) and epifluorescence microscope (B). (C) Intact Teleaulax amphioxeia (Ta, blue arrows). 
(D) Kb incubated with Ta (blue arrows). (E) Intact Pyramimonas sp. (Pyr, red arrows). (F) Kb incubated with Pyr (red arrows). (G) Intact Lingulodinium 
polyedra (Lp, green arrows). (H) Kb incubated with Lp (green arrows). No feeding of Kb on each potential prey species was observed. Scale bars 
represent: A–F, 10 µm; G & H, 20 µm.
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Fig. 2. Micrographs of Karenia papilionacea CAWD91 (Kp, black or white arrows) and potential prey species. Kp incubated with Synechococcus 
sp. (Syn, yellow arrows) taken under a light microscope (A) and epifluorescence microscope (B). A dashed arrow in (A) indicates the accumulation 
body (ab) of Kp (Haywood et al. 2004). (C) Intact Storeatula major (Sm, blue arrows). (D) Kp incubated with Sm (blue arrows). (E) Intact Heterosigma 
akashiwo (Ha, red arrows). (F) Kp incubated with Ha (red arrows). (G) Intact Amphidinium carterae (Ac, green arrows). (H) Kp incubated with Ac (green 
arrows). No feeding of Kp on each potential prey species was observed. Scale bars represent: A–H, 10 µm.
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Fig. 3. Micrographs of Karenia selliformis NIES-4541 (Ks, black or white arrows) and potential prey species. Ks incubated with Synechococcus sp. 
(Syn, yellow arrows) taken under a light microscope (A) and epifluorescence microscope (B). (C) Intact Skeletonema costatum (Sc, blue arrows). (D) 
Ks incubated with Sc (blue arrows). (E) Intact Heterosigma akashiwo (Ha, red arrows). (F) Ks incubated with Ha (red arrow). (G) Intact Prorocentrum 
micans (Pm, green arrows). (H) Ks incubated with Pm (green arrow). No feeding of Ks on each potential prey species was observed. Scale bars rep-
resent: A–F, 10 µm; G & H, 20 µm.
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Fig. 4. Micrographs of lysed microalgal species when being incubated with Karenia selliformis NIES-4541 (Ks, black arrows). (A) Intact Pyramimo-
nas sp. (Pyr, blue arrowheads). (B) Ks and lysed Pyr (blue arrows). (C) Intact Teleaulax amphioxeia (Ta, red arrowheads). (D) Ks and lysed Ta (red ar-
rows). (E) Intact Storeatula major (Sm, purple arrowheads). (F) Ks and lysed Sm (purple arrows). Scale bars represent: A–D, 5 µm; E & F, 10 µm.
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C D

B

E F
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selliformis were observed to attack I. galbana, S. major, 
Heterosigma akashiwo, and Heterocapsa rotundata but 
did not feed on them. Moreover, K. selliformis lysed cells 
of Pyramimonas sp., T. amphioxeia, and S. major (Fig. 4).

Feeding occurrence of Karenia mikimotoi

K. mikimotoi NIES-2411 was able to feed on the fluores-
cent-labeled I. galbana and live T. amphioxeia (Table 2,  

on them. No lysis of K. bicuneiformis to the potential prey 
species was observed.

Among 16 potential prey species, K. papilionacea 
CAWD91 did not feed on any of the target potential prey 
species (Table 2, Fig. 2). Moreover, K. papilionacea did 
not attack any of them. No lysis of K. papilionacea to the 
potential prey species was observed.

K. selliformis NIES-4541 did not feed on any of the 
target potential prey species (Table 2, Fig. 3). Cells of K. 

Fig. 5. Micrographs of Karenia mikimotoi NIES-2411 (Km, black or white arrows) and potential prey species. (A) Intact Isochrysis galbana (Ig, blue 
arrowheads). Km that fed on fluorescently-labeled Ig (FL-Ig, blue arrows) taken under a light (B) and epifluorescence microscope (C). (D) Intact 
Teleaulax amphioxeia (Ta, red arrowheads). Km that fed on a live Ta cell (red arrows) taken under a light (E) and epifluorescence microscope (F). (G) 
Km that did not feed on Rhodomonas salina (Rs, purple arrowheads). (H) Km that did not feed on Heterocapsa rotundata (Hr, orange arrowheads). (I) 
Km that did not feed on Margalefidinium polykrikoides (Mp, green arrowhead). Scale bars represent: A–F, 5 µm; G & H, 10 µm; I, 20 µm.
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kimotoi belonged to the same clade (Fig. 7). However, K. 
bicuneiformis, K. papilionacea, and K. selliformis, show-
ing no mixotrophic ability, belonged to other clades in the 
phylogenetic tree.

DISCUSSION

Prior to the present study, all tested Karenia species 
were known to be mixotrophic; however, this included 
only two of the ten officially described species (Jeong et 
al. 2005a, Zhang et al. 2011, Guiry and Guiry 2023). The 

Fig. 5A–F). However, K. mikimotoi did not feed on the 
other potential prey species tested in this study (Table 2, 
Fig. 5G–I). Cells of K. mikimotoi were observed to attack 
R. salina, Heterosigma akashiwo, Amphidinium carterae, 
and P. micans, but did not feed on them. Moreover, K. 
mikimotoi lysed cells of Pyramimonas sp. and Akashiwo 
sanguinea (Fig. 6).

Phylogenetic analysis

In the phylogenetic tree based on the LSU rDNA of Kar-
enia species, the mixotrophic species K. brevis and K. mi-

Fig. 6. Micrographs of lysed microalgal species by Karenia mikimotoi NIES-2411 (Km, black arrows). (A) Intact Pyramimonas sp. (Pyr, blue arrow-
heads). (B) Km and lysed Pyr (blue arrows). (C) Intact Akashiwo sanguinea (As, red arrowheads). (D) Km and lysed As (red arrows). Scale bars repre-
sent: A & B, 5 µm; C & D, 20 µm.

A

C D

B
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rescent microspheres (0.5–2.0 µm), the heterotrophic 
bacterium Marinobacter sp., and I. galbana (Zhang et 
al. 2011). The results of the present study clearly showed 
that K. mikimotoi can feed on T. amphioxeia (5.6 µm in 
equivalent spherical diameter) but not larger microalgal 
prey species. Thus, we suggested that K. mikimotoi can 
feed on the prey species <6 µm but not on larger-sized 
prey species. T. amphioxeia is commonly found in many 
marine environments (Jeong et al. 2013, Johnson et al. 
2013, Cloern 2018, Gran‐Stadniczeñko et al. 2019, Jang 
and Jeong 2020), and K. mikimotoi has a global distribu-

results of the present study clearly showed that three 
Karenia species tested in this study lack the mixotrophic 
ability. Thus, among the five Karenia species tested so far, 
more than half the species lack the mixotrophic ability 
(Fig. 8). The presence or lack of mixotrophy among the 
species in the genus Karenia implies evolutionary and 
ecological divergence. The mixotrophic ability of the five 
remaining Karenia species (i.e., K. asterichroma, K. brevi-
sulcata, K. concordia, K. cristata, and K. longicanalis) 
should be explored.

Previously, K. mikimotoi was reported to feed on fluo-

Fig. 7. Bayesian tree based on the large subunit ribosomal DNA region (847 bp), using a GTR + G + I model with the dinoflagellates Karlodinium 
armiger and Karlodinium australe as outgroup taxa. Numbers above or below the branches indicate the Bayesian posterior probability (left) and 
maximum likelihood bootstrap values (right). Posterior probabilities ≤0.5 are not shown. , presence of the mixotrophic ability; ×, lack of the 
mixotrophic ability.
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K. selliformis, and K. mikimotoi were reported to form 
blooms (e.g., Botes et al. 2003, Davidson et al. 2009, Li 
et al. 2019, Baohong et al. 2021, Orlova et al. 2022, Bou-
driga et al. 2023). Thus, K. selliformis and K. mikimotoi 
are likely to eliminate several microalgal species by lysis 
but not by feeding when they form blooms. The results of 
the present study showed that both K. selliformis and K. 
mikimotoi lysed Pyramimonas sp. However, K. selliformis 
lysed T. amphioxeia and Storeatula major that K. miki-
motoi did not lyse. On the contrary, K. mikimotoi lysed 
Akashiwo sanguinea that K. selliformis did not lyse. Thus, 
this differential lysis may cause different selections of co-
occurring microalgal species. Many studies reported al-
lelopathic effects of K. mikimotoi on microalgal species; 
previously, cells or filtrates of K. mikimotoi were reported 
to inhibit the growth of the dinoflagellates Prorocentrum 
donghaiense, and Heterocapsa circularisquama, the chlo-
rophyte Dunaliella salina, and the diatom Thalassiosira 
pseudonana (Uchida et al. 1999, Shen et al. 2015, He et al. 
2016, Zheng et al. 2021). The results of the present study 

tion (Jeong et al. 2021). Thus, they have a high chance of 
encountering each other, and K. mikimotoi feeds on T. 
amphioxeia. This cryptophyte is a prey for many dinofla-
gellates, such as the mixotrophic dinoflagellates Biechele-
ria cincta, Gonyaulax polygramma, Gymnodinium aureo-
lum, Heterocapsa steinii, Paragymnodinium shiwhaense, 
Prorocentrum cordatum, Prorocentrum donghaiense, 
Prorocentrum micans, M. polykrikoides, and Yihiella yeo-
suensis, the kleptoplasitidic dinoflagellates Pfiesteria pi-
scicida and Shimiella gracilenta, and the heterotrophic 
dinoflagellates Gyrodiniellum shiwhaense and Luciella 
masanensis (Skovgaard 1998, Jeong et al. 2004, 2005b, 
2005c, 2006, 2007, 2010a, 2011, Yoo et al. 2010, Kang et 
al. 2011, Johnson 2015, Jang et al. 2017, Ok et al. 2021a). 
Thus, K. mikimotoi may compete with diverse predators 
feeding on T. amphioxeia in marine environments. 

Among the four Karenia species tested in the present 
study, K. selliformis and K. mikimotoi lysed some micro-
algal species, whereas K. bicuneiformis and K. papiliona-
cea did not lyse any microalgal species. K. bicuneiformis, 

Fig. 8. Feeding by each Karenia species on diverse prey species.  in the blue box, fed by Karenia species; × in the red box, not fed by Karenia 
species. ESD, equivalent spherical diameter. 1, this study; 2, Zhang et al. (2011); 3, Jeong et al. (2005a); 4, Glibert et al. (2009).
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Quéméneur, M., Hamza, A., Bel Haj Hmida, N., Zouari, 

A. B. & Hassen, M. B. 2023. Karenia selliformis bloom dy-

namics and growth rate estimation in the Sfax harbour 

(Tunisia), by using automated flow cytometry equipped 

with image in flow, during autumn 2019. Harmful Algae 

121:102366.

Brand, L. E., Campbell, L. & Bresnan, E. 2012. Karenia: the 

biology and ecology of a toxic genus. Harmful Algae 

14:156–178.

Burkholder, J. M., Glibert, P. M. & Skelton, H. M. 2008. Mixot-

rophy, a major mode of nutrition for harmful algal spe-

cies in eutrophic waters. Harmful Algae 8:77–93.

Calbet, A., Bertos, M., Fuentes-Grünewald, C., Alacid, E., 

Figueroa, R., Renom, B. & Garcés, E. 2011. Intraspecific 

variability in Karlodinium veneficum: growth rates, mix-

otrophy, and lipid composition. Harmful Algae 10:654–

667.

Cloern, J. E. 2018. Why large cells dominate estuarine phyto-

plankton. Limnol. Oceanogr. 63:S392–S409.

Daugbjerg, N., Hansen, G., Larsen, J. & Moestrup, Ø. 2000. 

Phylogeny of some of the major genera of dinoflagel-

lates based on ultrastructure and partial LSU rDNA se-

quence data, including the erection of three new genera 

added Pyramimonas sp. and Akashiwo sanguinea to the 
lysed species of K. mikimotoi.

In the phylogenetic tree, mixotrophic K. mikimotoi 
and K. brevis belong to the same clade, whereas K. bicu-
neiformis, K. papilionacea, and K. selliformis, belong to 
different clades. Thus, the presence or lack of mixotrophy 
of Karenia species may be related to their genetic char-
acterizations such as LSU rDNA. In the dinoflagellate ge-
nus Alexandrium, the presence and lack of mixotrophy 
was found in the species belonging to the same clade in 
the phylogenetic tree based on the LSU rDNA of Alexan-
drium (Lim et al. 2019). However, the mixotrophic abil-
ity of only five species of ten formally described Karenia 
species has been tested and included in this phylogenetic 
tree, whereas that of 16 species of 32 formally described 
Alexandrium species has been tested (Lim et al. 2019, 
Guiry and Guiry 2023). Thus, further analyses of Karenia 
species that have not been explored yet are needed to 
confirm if mixotrophy is affected by genetic characteriza-
tions.

In conclusion, the present study showed that some 
species in the genus Karenia are mixotrophic, but others 
are not. They may have different ecological niches and 
strategies for bloom formation in marine ecosystems. To 
better understand the structure and function of marine 
ecosystems, the presence or lack of mixotrophy of species 
in other genera should be explored.
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