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Abstract 
Spatiotemporal distribution and a 

survival strategy of harmful 
dinoflagellates Alexanderium spp. 

in Korean coastal waters, and 
application to controlling 

scuticociliates 
Kim, Ji Hye 

The Graduate School of  

Earth and Environmental Sciences 

Seoul National University 

 

 Dinoflagellates play various roles in the marine ecosystem. 

They act as primary producers, prey, and predators. Moreover, they 

compete other microalgal groups using physical and/or chemical 

means to survive in coastal waters. As a result of the competition, 

they often dominate in coastal waters and form red tides or harmful 

algal blooms (HABs). Species of the genus Alexandrium is one of the 

most major phototrophic dinoflagellates to form HABs over the world. 

Some of them are lethal to human bodies as producing paralytic 

shellfish poisoning (PSP) toxins. However, in spite of their ecological 

and pathological importance, the distribution and ecophysiological 

characteristics of Alexandrium species have not been fully 

understood yet. 

 Here, I explored both eco-physiological characteristics of 
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Alexandrium species and an application utilizing Alexandrium species. 

First, the species-specific distributions of Alexanderium species in 

Korean coastal waters were analyzed using quantitative real-time 

PCR. Also, a survival strategy of Alexandrium species to resist their 

potential predators was studied. Finally, the possibility to control 

parasitic scuticociliates using the characteristics of Alexandrium 

species was explored.  

 Each of the West, South, and East Sea of Korea has unique 

properties depending on oceanographic features, such as topography, 

currents, or influence of seasonal winds, etc. Also, seasonal 

characteristics of Korea are very clear, so the gap of its sea surface 

temperature between winter and summer is around 10-20 ℃. 

Therefore, depending on season and region, distribution patterns of 

Alexandrium species may be various in Korean coastal waters. This 

study shows the distribution patterns of 12 Alexandrium species in 

Korean coastal waters are different from each other. The difference 

may result from their physiological features responding to 

environment.  

 Biologically, dynamics of the microalgae depend on their 

growth and mortality. The mortality of Alexandrium species have not 

well understood yet, while growths of them depending on 

environmental factors, such as light, nutrients, or temperature, have 

been relatively well known. This study shows that toxic effects of 

Alexandrium species to heterotrophic protists may be one of reasons 

Alexandrium species are distributed all over the world and frequently 

form HABs. In this study, some heterotrophic protists were lysed 

when incubated with Alexandrium species, and any of them did not 

feed on Alexandrium pohangense.  
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 Scuticociliatosis, caused by parasitic protistan pathogens 

known as scuticociliates, is one of the most serious fish diseases in 

worldwide marine aquaculture. In this study, to develop a safe method 

of controlling scuticociliate populations in aqua-tanks or small-scale 

natural environments, cultures of 16 phototrophic dinoflagellates 

including 11 species of the genus Alexandrium were tested to 

determine whether they were able to control populations of the 

common scuticociliates Miamiensis avidus and Miamiensis sp. 

isolated from Korean waters. Among the tested dinoflagellates, both 

cells and culture filtrates of Alexandrium andersonii effectively killed 

M. avidus and Miamiensis sp.  

 Through above field data analysis and co-incubation 

experiments with heterotrophic protists and scuticociliates, this 

study is expected to deepen comprehension of Alexandrium species 

and marine ecology. Also, it provides a hint to solve a problem of 

fisheries about scuticociliatosis.       
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Chapter 1. Introduction 
 

 Dinoflagellates are one of the most major groups to form red 

tides or harmful algal blooms (HABs) (Hallegraeff, 1993). They 

play various roles in the marine ecosystem. First of all, they 

produce primary products using chloroplasts. Also, they role both 

as prey for protists or zooplankton and as predators on microalgae, 

bacteria, eggs, or even blood of multicellular organisms in the food 

web (Jeong et al., 2008, Jeong et al., 2010). Moreover, they 

compete other microalgae groups using physical and/or chemical 

means to dominate in coastal waters (Jeong et al., 2015). As a 

result of the competition, they often dominate in coastal waters and 

form red tides or harmful algal blooms (HABs). 

 Among causative species of harmful algal blooms (HABs), 

the genus Alexandrium is one of the most notorious dinoflagellate 

groups (Anderson et al, 2012). After Halim had published the paper 

of Alexandrium minutum, the type species of Alexandrium, in 1960 

(Halim, 1960), 36 species have been revealed to belong to the 

genus Alexandrium up to date. Of them, 15 species are known to 

produce toxins such as saxitoxin, its analogs, goniodomins, and 

spirolides (Anderson et al., 2012, Molgó et al., 2014, Vale, 2014). 

Saxitoxin and its analogs, inter alia, are known as the paralytic 

shellfish poisoning toxins (PSTs) (Vale, 2014). PSTs are 

accumulated into shellfish, which may result in tingling sensation, 

numbness, dizziness, or even fatal respiratory paralysis of human 

(Vale, 2014). Thus, ecology, physiology, and application of 

Alexandrium species have attracted scientific and social attention.  

 Alexandrium species have appeared continuously in Korean 
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coastal waters. To minimize the damage due to HABs of toxic 

Alexandrium, the national institute of Korea has monitored PST and 

red tides (Park et al., 2013b). However, there are a few of studies 

on species-specific distribution and population dynamics of 

Alexandrium species in Korea. Also, their competition mechanism 

or defense mechanism have been not enough studied to predict their 

occurrence. 

  This thesis consists of 5 chapters including this introduction 

(Fig. 1). Overall, I explored both ecological and physiological 

characteristics of Alexandrium species and an application using the 

characteristics of them.  

 In chapter 2, the distributions of 12 dinoflagellates of the 

genus Alexanderium in Korean coastal waters were analyzed using 

quantitative real-time PCR. The targeted species includes all 

species recorded or isolated in Korean coastal waters except 

Alexandrium leei and Alexandrium satoanum because of the 

difficulty to acquire their mono-cultures. To measure the 

distribution of specific species, TaqMan prove and primers of each 

targeted Alexandrium species were originally developed, and they 

were tested to find out whether they are suitable for specific-

species detection. Also, 312 samples from 33 stations in Korean 

coastal waters in July 2014 to March 2016 were analyzed. The 

results of this chapter provides a basis on understanding 

spatiotemporal population dynamics of each Alexandrium species.  

 In chapter 3, an ecophysiological characteristic of several 

Alexandrium species with a special emphasis on the feature of 

Alexandrium pohangense against potential protistan predators was 

investigated. Biologically, dynamics of the microalgae depend on 
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their growth and mortality. the mortality of Alexandrium species 

have not well understood yet, while growths of them depending on 

environmental factors, such as light, nutrients, or temperature have 

been relatively well known. In this chapter, feeding occurrences by 

9 heterotrophic protists on four Alexandrium species were tested. 

Also, each of four heterotrophic protists was co-incubated with 

each Alexandrium species or filtrate from each of Alexandrium 

species, and according to elapsed time and concentration of 

Alexandrium species, the survivals of heterotrophic protists were 

enumerated. Moreover, the effectiveness of Alexandrium 

pohangense on heterotrophic protists in the natural samples was 

measured. This characteristic, studied in this chapter, may have an 

important reason for Alexandrium to be distributed globally and 

occasionally make huge red tides. 

 In chapter 4, the possibility to apply to controlling parasitic 

scuticociliates utilizing Alexandrium species was explored. 

Scuticociliatosis, which is caused by parasitic protistan pathogens 

known as scuticociliates, is one of the most serious fish diseases in 

marine aquaculture worldwide. In this chapter, to develop a safe 

method to control scuticociliate populations in aqua-tanks or 

small-scale natural environments, cultures of 16 phototrophic 

dinoflagellates including 12 species of the genus Alexandrium were 

tested to determine whether they were able to control populations 

of the common scuticociliates Miamiensis avidus and Miamiensis sp. 

isolated from Korean waters. The effectiveness by the most 

powerful species, Alexandrium andersonii, was analyzed in detail in 

terms of the elapsed time, concentration, and gap of effectiveness 

between cells and filtrates. This chapter give a possibility to utilize 
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the feature of Alexandrium species in the field of aquaculture. 

 Finally I concluded this thesis based on the results of field 

data analysis of Alexandrium species, and co-incubation 

experiments between Alexandrium species and heterotrophic 

protists or scuticociliates.  

 This thesis is aimed to deepen comprehension of 

Alexandrium species and marine ecology and seek a solution for a 

major problem of aquaculture about scuticociliatosis using 

Alexandrium species.  

 

 

Figure 1. Thesis Outline 
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Chapter 2. Spatiotemporal distribution of 

Alexandrium spp. in Korean coastal waters during 

2014-2016 using quantitative real-time PCR 
 

2.1. Introduction 

 Species of the genus Alexandrium is one of the most 

notorious dinoflagellates because of the frequency, magnitude, and 

damage of their HABs (MacKenzie et al., 2004, Su et al., 2007, 

Anderson et al., 2012). After Halim had recorded the type species 

of Alexandrium, Alexandrium minutum, in 1960 for the first time, 36 

species including the latest, Alexandrium fragae, in 2016, has been 

classified as Alexandrium. Of them, about one third are revealed to 

produce paralytic shellfish poisoning (PSP) toxins (Anderson et al., 

2012, Vale, 2014). When PSP toxins accumulated into shellfish 

were ingested, human may not only suffer from tingling, numbness, 

dizziness, or nausea, but also lose her/his life. Therefore, 

monitoring distribution of Alexandrium has been regarded as an 

important subject in marine ecology.  

 Although the genus is reported to occur globally from 

tropical regions to subarctic (Taylor et al., 1995, Lilly et al., 2007, 

Anderson et al., 2012), each species of the genus Alexandrium 

show different distribution patterns. Alexandrium catenella, for 

instance, has appeared in Arctic, Atlantic, Pacific, and 

Mediterranean (John et al., 2014a), while Korean coastal waters 

have been only reported as the habitat of Alexandrium pohangense 

(Lim et al., 2015a).  

 In Korean coastal waters, these HABs have occurred every 
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year, which have caused economic losses over US$ 121 million 

during 3 decades (Park et al., 2013). PSP has been also noted 

almost every year in Korea, having had 46 casualties including 5 

fatalities (Park et al., 2013b). Also, Alexandrium species have 

appeared continuously. Of the genus Alexandrtium, 11 species 

including Alexandrium affine, Alexandrium andersonii, Alexandrium 

catenella, Alexandrium fraterculus, Alexandrium hiranoi, 

Alexandrium insuetum, Alexandrium leei, Alexandrium pacificum, 

Alexandrium pohangense, Alexandrium satoanum, and Alexandrium 

tamarense were reported to be isolated from Korean coastal waters 

(Kim et al., 2004, Kim et al., 2005, Lim et al., 2015a, Park et al., 

2009, Park et al., 2013a, Han et al., 1992, Han et al., 2016, Lee et 

al., 2016, Gu et al., 2013, Hwang, 2012, Shin et al., 2014). The 

biggest HABs of the genus Alexandrium in Korea occurred in 

September 1986 by Alexandriuim fraterculus with the maximum 

density of 20,000 cells ml-1 (Park et al., 2013, NFRDI data).  

 Korean peninsula, located in the middle latitude, is 

surrounded by the East, West, and South Sea. Each of the seas and 

coastal waters of Jeju Island, located in the southernmost part of 

Korea, has unique properties depending on oceanographic features, 

such as topography, currents, and seasonal winds (Cho et al., 2000). 

Also, seasonal characteristics of Korea are very clear, thus the 

seasonal variation of sea surface temperature between winter and 

summer is around 10-20 ℃ (Cho et al., 2000, Chu et al., 1997, 

Kim et al., 2014). Therefore, in Korea, the regional and seasonal 

variation of distribution of each Alexandrium species may be greatly 

various. However, there are a few of studies on species-specific 

distribution and population dynamics of Alexandrium species 



７ 

 

depending on time and space in Korea. In addition, target species of 

a precedent studies have usually focused on only one or two 

species in one paper, for example, Alexandrium tamarense or 

Alexandrium minutum, and the study areas are almost limited to the 

South Sea (Lee et al., 1998, Park and Kang, 2009). One of the most 

critical reasons researchers have not focused on distributions of 

specific species of Alexandrium is due to technical difficulties. 

Some Alexandrium species are morphologically too similar to be 

distinguished using optical microscopy (Lily et al., 2002, Dyhrman 

et al., 2006). However, it is important to identify them exactly, 

because the morphological similarity does not guarantee ecological 

or physiological similarity (John et al., 2014a), and the damage from 

each Alexandrium bloom may be significantly different.  

 As technology, especially genetic technology, has developed, 

research on microalgae including Alexandrium species has been 

also improved both taxonomically and ecologically. Recently, 

solutions for taxonomical problems of Alexandrium species have 

been suggested using genetic analysis. For example, Alexandrium 

tamarense complex are renamed as 5 different species following the 

molecular characteristics (John et al., 2014a). Moreover, in the field 

of marine microecology, molecular technique including quantitative 

real-time PCR (qrt-PCR) assay, fluorescent hybridization assay, 

or sandwich hybridization assay has been developed and utilized 

(Antonella and Luca, 2013). These methods make it possible not 

only to detect species-specific target in natural samples, but also 

to analyze a lot of samples faster than the microscopic observation 

does (Galluzzi et al., 2004). To detect target Alexandrium species 

and their saxitoxin gene, the qrt-PCR assay has been tried in 
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precedent studies (Galluzzi et al., 2004, Galluzzi et al., 2010, Park 

and Kang, 2009, Dyhrman et al., 2006). 

 In this study, the spatiotemporal distributions of each 12 

Alexandrium species (Alexandrium affine, Alexandrium andersonii, 

Alexandrium catenella, Alexandrium fragae, Alexandrium 

fraterculus, Alexandrium hiranoi, Alexandrium insuetum, 

Alexandrium mediterraneum, Alexandrium pacificum, Alexandrium 

pohangense, Alexandrium tamarense, and Alexandrium tamutum) in 

Korean coastal waters are analyzed using qrt-PCR assay utilizing 

TaqMan probes. These Alexandrium species include all species of 

the genus Alexandrium having been isolated from Korean coastal 

waters except Alexandrium satoanum and Alexandrium leei and 4 

different species (Alexandrium catenella, Alexandrium 

mediterraneum, Alexandrium tamarense, and Alexandrium 

pacificum) among 5 Alexandrium tamarense complex groups. Three 

hundred twelve samples were collected from 33 stations in Korean 

coastal waters 12 times from July 2014 to March 2016. To detect 

specifically one species, primers and probes were originally 

developed to fit the target Alexandrium species using sequences of 

their ITS-1, 5.8S, and ITS-2 ribosomal RNA gene regions. All 

these primers and probes passed the species-specificity test.  

 This study provides the comprehensive data on distribution 

of each Alexandrium species in the Korean coastal waters, which 

have been absent so far. It is expected to deepen understanding the 

ecology of the genus Alexandrium, and help in improving the 

practical precaution system to minimize damage by HABs of 

Alexandrium. Also, it gives an evidence of interspecific 

competitions of the same genus, Alexandrium, and the relation 
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between distribution and eco-physiologial characteristics of 

Alexandrium species. In addition, it shows ecological differentiation 

of Alexandrium tamarense complex. In Korean coastal waters, A. 

tamarense has been recorded, but it is uncertain which species in 

the A. tamarense complex inhabit the area.   

 In this study, the names of species of Alexandrium 

tamarense complex follow the study of Jonh et al. (2014a) except 

Group I. Alexandrium tamarense complex has been separated into 

five species based on molecular characteristics (John et al., 2014a). 

Of Alexandrium tamarense complex, Group I to V were suggested 

to be renamed to A. fundyense, A. mediterraneum, A. tamarense, A. 

pacificum, and A. australiense, respectively (John et al., 2014a). 

However, the name of group I are controversial (John et al., 2014b, 

Fraga et al., 2015), because Alexandrium catenella is the oldest 

available name for group I. Therefore, A. tamarense group I is 

called as A. catenella following the rule of ICN (Fraga et al., 2015) 

in this study. 

 

2.2. Materials and Methods 

Sample collection. To analyze data, natural samples from total 33 

stations (Fig. 2.1.) around Korean coast including Jeju Island were 

collected 12 times during July 2014 to March 2016. Temperature 

and salinity were measured at the field by a multiparameter 

instrument (YSI Inc., Ohio, USA). A total of 312 (Table 2.1.), 

100ml to 600ml of every water sample was collected from about a 

depth of 1 m. The waters was filtered through GF/C filter in the 

field, and the filters were preserved at -20℃. Then DNA samples 

in the filters were extracted. Also, the water samples were filtered 
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through GF/F filter to analyze nutrient concentrations, and the 

filters were preserved at -20℃. Nitrate and nitrite (NO3 + NO2) 

and phosphate (PO4) of the samples were measured using a 

nutrient autoanalyzer system (Quattro; Seal Analytical Gmbh, 

Norderstedt, Germany). 

 
Figure 2. 1. Sampling area and stations 
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Table 2. 1. Information on sampling station and sampling times 

  Station Area Latitude Longitude 
Sampling 
times 

The 
East 
Sea 

E1 Sokcho 38°12'N  128°35'E  9 

E2 Jumunjin 37°53'N  128°49'E  11 

E3 Donghae 37°29'N  129°07'E  10 

E4 UlJin 37°03'N  129°25'E  11 

E5 Pohang 36°06'N  129°25'E  12 

E6 Ulsan 35°31'N  129°22'E  12 

The 
South 
Sea 

S1 Gijang 35°13'N  129°13'E  12 

S2 Pusan 35°02'N 128°57'E  12 

S3 Jinhea 35°07'N 128°41'E  12 

S3-1 Geoje 34°50'N 128°43'E  5 

S4 Masan 35°11'N 128°34'E  12 

S5 Tongyeong 34°51'N 128°27'E  12 

S6 Yeosu 34°44'N 127°39'E  8 

S7 Kwangyang 34°55'N 127°41'E  12 

S7-1 Goheung 34°47'N 127°23'E  6 

S8 Jangheung 34°30'N 126°57'E  9 

The 
West 
Sea 

W1 Ansan 37°17'N 126°34'E  10 

W2 Dangjin 36°58'N 126°46'E  9 

W3 Magumpo 36°36'N 126°17'E  10 

W3-1 Dangam 36°37'N 126°21'E  8 

W4 Seocheon 36°05'N 126°36'E  9 

W5 Gunsan 35°56'N 126°31'E  11 

W6 Buan 35°37'N 126°28'E  10 

W7 Mokpo 34°46'N 126°23'E  11 

W8 Haenam  34°18'N 126°31'E  2 

Coastal 
waters 
of Jeju 
Island 

J1 Aewol 33°28'N 126°20'E  9 

J2 Hanlim 33°24'N 126°15'E  9 

J3 Seoguipo 33°14'N 126°33'E  9 

J3-1 Deapyeong 33°14'N 126°21'E  6 

J4 Pyoseon 33°19'N 126°50'E  7 

J4-1 Wuimi 33°16'N 126°39'E  9 

J5 Sungsan 33°28'N 126°55'E  9 

J6 Hamdeok 33°32'N  126°40'E  9 
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Total 33  312 

 

Culture. Clonal cultures of the phototrophic dinoflagellates, including 

Alexandrium affine, Alexandrium andersonii, Alexandrium catenella 

(Alexandrium fundyense, A. tamarense complex group I), 

Alexandrium fragae, Alexandrium fraterculus, Alexandrium hiranoi, 

Alexandrium insuetum, Alexandrium mediterraneum (A. tamarense 

complex group II), Alexandrium pacificum (A. tamarense group IV), 

Alexandrium pohangense, Alexandrium tamarense (A. tamarense 

complex group III), and Alexandrium tamutum were either 

established to two serial single-cell isolation by our team or 

obtained from culture centers (Table 2.1.). All Alexandrium species 

which have been reported in the Korean coastal waters except two 

species, Alexandrium leei and Alexandrium satoanum, were target 

species for the experiment. However, the cultures of Alexandrium 

leei, Alexandrium satoanum were not available to be acquired. In 

addition, when morphological and molecular features were 

considered, strain CCMP2955, known to A. leei, was in discord with 

characteristics of the genus Alexandrium. Therefore, 11 species 

including 4 species of A. tamarense complex were used in the 

experiment. These Alexandrium monocultures were maintained 

photosynthetically in enriched f/2 seawater media (Guillard and 

Ryther, 1962) at 20℃ under 20 µE m-2s-1 in a 14:10 h light-dark 

cycle. 

Table 2. 2. Strain name and information on isolation of the 
Alexandrium species used in this study. Sampling location and time 
[location (Date)], water temperature (T) for isolation. 

Organism Strain location (Date) 
T 

(℃) 
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Alexandrium affine AATA1308 
Teaan, Korea 
(Aug.2013) 

22 

Alexandrium andersonii AAJH1505 
Jin Hae, Korea 
(May.2015) 

15 

Alexandrium pacificum, 
(A. tamarense Group IV) 
 

CCMP1493 
Hong Kong 
(Jul. 1992) 

- 

CCMP3434 
Port Phillip 
Bay, Australia 
(Mar.1988) 

- 

Alexandrium fraterculus AFYS1309 
Taean, Korea 
(Sep.2013) 

23 

Alexandrium fragae ASMS1308 
Masan, Korea 
(Aug.2013) 

25 

Alexandrium catenella 
(Alexandrium fundyense, 
A. tamarense Group I) 

CCMP1911 
Sequim Bay, 
USA 
(Sep.1998) 

- 

Alexandrium hiranoi /  
A. pseudogonyaulax 

NIES-612 
Japan 
(Aug.1984) 

- 

Alexandrium insuetum CCMP2082 
Uchiumi, Japan 
(Jun. 1985) 

- 

Alexandrium mediterraneum 
(A. tamarense group II) 

CCMP3433 
Gulf of Naples, 
Italy  
(Jun.1999) 

- 

Alexandrium pohangense PHAlex1409 
Pohang, Korea 
(Sep. 2014) 

23 

Alexandrium tamarense 
(A. tamarense Group III) 

CCMP3431 
Skagerrak, 
Sweden 
(Nov.2014) 

- 

Alexandrium tamutum ATJG1609 
Jeongok, 
Korea 
(Sep.2016) 

26 

 

DNA extraction. Target cells in each Alexandrium monoculture were 

enumerated under a light microscope on 1-ml Sedgwick-Rafter 

chambers. Then, 105 Alexandrium cells were filtered passing 

through a Whatman GF/C filter. The genomic DNA of the cells 

attaching to the filter was extracted using the AccuPrep Genomic 

DNA Extraction Kit (Bioneer, Daejeon, Korea). The DNA 
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extractions diluted with 100 µl of elution buffer were stored at -

20 ℃. 

PCR. Five cells of each Alexandrium species used in the experiment 

were transferred to a 0.2-ml tube containing 38.75 µl of distilled 

water, and the tube stored at -20 ℃ for 2 hours. After freezing, 

the PCR amplification reation mixtures containing 10× PCR buffer 

5 µl with 10 mM dNTPs 1 µl, 10 µM of each primer 2 µl, 5 U µl-1 of 

Taq DNA polymerase 0.25 µl (Bioneer, Deajeon, Korea) were 

added in the tube. The primers used to amplify regions of ITS and 

partial LSU rDNA are ITSF2 (5- TAC GTC CCT GCC CTT TGT 

AC -3; Litaker et al. 2003) and LSU500R (5- CCC TCA TGG TAC 

TTG TTT GC-3; Litaker et al. 2003). The DNA was amplified in a 

Mastercycler ep gradient (Eppendorf, Hamgurg, Germany) using 

the following cycling conditions: 2 min at 95 ℃, followed by 38 

cycles of 20 s at 95 ℃, 40 s at the selected annealing temperature, 

and 1 min at 72 ℃, 5 min at 72 ℃ after the cycles.  

Primer & Probe development. Primers and probes were designed 

utilizing the Primer 3 (0.3.0 Version; SourceForge) and an 

alignment of all of ITS-1, 5.8S, and ITS-2 ribosomal DNA 

sequences of targeted species in GenBank. Some of mismatched 

sequence registered as target species were not included. Also, 

Alexandrium pseudogonyaulax sequences in GenBank were used in 

development of primers and probe for Alexandrium hiranoi   

sequences of NIES-612, the type strain of Alexandrium hiranoi, 

were closely matched to Alexandrium pseudogonyaulax [strain: 

OF2AUG09, CAWD54, IEO-VGO656 (Identity of ITS rDNA 

regions : 99%)], which hardly say distinguishable species 

genetically. Therefore, in this study, Alexandrium hiranoi and 
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Alexandrium pseudogonyaulax were used as Alexandrium hiranoi/A. 

pseudogonyaulax complex. Specific primers and probe of 

Alexandrium hiranoi/A. pseudogonyaulax complex were developed 

using all seqeucnes of Alexandrium hiranoi/A. pseudogonyaulax 

from GenBank and unpublished data. Also, five different pair of 

primers and probe for Alexandrium tamarense group were based on 

a paper of John et al. (2014). Sequences of spesific primers and 

probe were confirmed that does not fit to other eukaryotes except 

for target species on NCBI blast. 

Quantitative Real-time PCR assay. The qrt-PCR analysis were 

performed on the Rotor-Gene Q series (Qiagen, Hilden, Germany) 

using TaqMan probe. For 10-µl species-specific reaction, a pair of 

primers (forward and reverse) of target species at a final 

concentration of 0.2 µM, probe labeled with FAM 

(carboxyfluorescein) and BHQ1 at a final concentration of 0.15 µM, 

5 µl of 2x qPCRBIO Probe Mix Hi-ROX(PCR Biosystems Ltd, 

London, UK), DDW, and 1 µl of target DNA template were added. 

The thermal cycling condition: 2 min at 95 ℃, followed by 45 

cycles of 10 s at 95 ℃, 40 s at 60 ℃, and 20 s at 72 ℃. To confirm 

the data, duplicate reagents of each sample were utilized on the 

assay, then for the positive samples in the former process, 

quadruplicate reagents were tested again. As the negative control, 

reagents without DNA template were used.  

Specificity test Quadruplicate reagents of target species and other 

11 Alexandrium species, and other dinoflagellates (Cochlodinium 

polykrikoides, Ceratium furca, Gymnodinium aureolum, Pfiesteria 

piscicida, and Dinophysis caudata) were tested to comfirm whether 

the probe set is species-specific by qrt-PCR assay. Two reagents 
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without DNA templates were used as the negative control. 

Standard curve. Extracts of 105 cells of Alexandrium species were 

diluted to 1, 10, 100, 1000, 10000 cells were used as DNA 

templates. Two reagents without DNA templates were used as the 

negative control.    

Quantitative analysis. Quantitative analysis was performed utilizing 

Rotor-Gene Q series program (Qiagen, Hilden, Germany). 

Compared to standard curve, in target samples 

 

2.3. Results 

Assay development 

 Primers and probe for each Alexandrium species were established 

(Table 2.3.). Specific primers and probe of 12 Alexandrium species 

passed specificity test. Only reagents containing target species 

were detected. Also, standard curves of each species were 

developed and r2 value of each curve is higher than 0.98. 

 

 Table 2. 3. Species-specific primers and probe using sequences of 
the ITS-1, 5.8S, and ITS-2 rDNA regions 

Target 
species Forward primer Reverse primer Probe 

Alexandrium 
affine 

GGGTCAATGTG
TGTTGCATT 

AGGTCAGCCCC
AATTAATCAT 

[5FAM]GACCTT
TGTGCTTGCAG
ATGTGTTGC[3

BHQ1] 

Alexandrium 
andersonii 

TGCTTGAAGGT
ATGCTTGATTC 

GATRACACGTT
TCGGCAAG 

[5FAM]GGCAAC
AGGTTTGTGAG
ACAGGTGTGT[

3BHQ1] 
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Alexandrium 
catenella 
(A. 
fundyense 
A. tamarense 
Group I) 

TGCATTGAACC
TGGATGTGT 

ACCAGCACATG
ACGAAACAA 

[5FAM]GCTGCT
TTGCAACCTAA
ACATGGTTGA[

3BHQ1] 

Alexandrium 
fraterculus 

GCCTGTGTGAT
GAAATGGTG 

GTACGACATGC
CCACAACC 

[5FAM]TGTGAG
CTGTAAGGGCC
AGTGCTTATG[

3BHQ1] 

Alexandrium 
fragae 

CTGCAGCATCG
TTGTGAGAT 

ATTTTCAGCAC
CACAGCACA  

[5FAM]CAATGC
TGTCGCGTTGG
ACACCTG[3BHQ

1] 

Alexandrium 
hiranoi /  
A. 
pseudogonya
ulax 

TGTAATTGCTT
GTTTGCTTATG

G 

CAAAAGTGTTT
GATTGACAGCA

G 

[5FAM]GAAAGG
TTTGCCATTGT
GTGTGTTCTC[

3BHQ1] 

Alexandrium 
insuetum 

GTGTGGTTCCC
ATTCCTTG 

CATTTCGCATT
CAATTTTCA 

[5FAM]CTGTGG
CAAGCGCTTTC
ATGCTG[3BHQ1

] 

Alexandrium 
mediterraneu
m 
(A. 
tamarense 
group II) 

CCATTGCAAAC
TGCTGCTTA 

TTCAGCTTGTC
TCATGTACGC 

[5FAM]ATGGCT
TCTTGGGGGCA
ACCTTG[3BHQ1

] 

Alexandrium 
pacificum (A. 
tamarense 
Group IV) 

TGCTGATTAGC
ATTGTTGTGAA 

CCATCAAATGA
CGAAACAGGT 

[5FAM]GTTTT
GCATTGAACCT
GGATGTCATAC

AG[3BHQ1] 

Alexandrium 
pohangense TGCAGAAATCC

GTGAATCAA 
TAACATGCGCA

TTTCCAAAA 

[5FAM]AGGTGT
GTTTGGTTCAA
TGTCAATGCA[

3BHQ1] 
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Alexandrium 
tamarense 
(A. 
tamarense 
Group III) 

GATTCAATGCA
AACTGTCTTCC 

TCAACCAGCAA
ATGACGAAA 

[5FAM]ATGTG
TGTGCATTGAA
CCTGGGTGTT[

3BHQ1] 

Alexandrium 
tamutum 

CTGTGGGTGGY
TYCCATT 

ACGAGCATGAA
GCCAAGAAG 

[5FAM]CGAGGG
TGGCATGGCTT
GCAATA[3BHQ1

] 

Species specific distribution  

 In this study, all Alexandrium species except A. 

mediterraneum and A. tamarense were detected at least in one 

samples by qrt-PCR assay. However, A. mediterraneum and A. 

tamarense were not detected in all samples. Of 312 samples, 83 

samples (26.6%) had positive results, thus there were Alexandrium 

species in the samples. Among the positive results, the proportion 

of cases detecting only one species in one sample is 54.2%, while 

the proportion of two, three, and four species in one sample is 

37.3%, 4.8%, and 3.6%, respectively. There was no case detecting 

more than 5 species in one sample (Table 2. 4).     

Alexandrium affine. Cells of A. affine were detected in 38 samples, 

which were the most frequently detected species among targeted 

Alexandrium species. In July 2014, the cells were detected at only 

samples from the West Sea (W3, W3-1, W4, W5, and W6), while in 

September 2014, qrt-PCR assay results show that A. affine cells 

were found in the East Sea (E4, and E5) and the South Sea (S2, S3, 

and S4), not in the West Sea. In July-2014 samples at W4, W5, and 

W6, A. affine were detected at the concentration of > 10 cells ml-1. 

In November 2014, they were detected at E5, S3, S5, W3-1, W4, 

and W7. There was no detection in January and May 2015. In April 

and July 2015, small amounts of A. affine (<1 cells ml-1) were 
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detected in the east sea (E1 and E5 in April) and the west and 

coastal waters of Jeju Island (W3, W5 and J3-1 in July), 

respectively. In September 2015, the cells were detected all around 

Korean peninsula (E5, E6, S1, S2, S3-1, S7, W1, W3, W5, and W6). 

In the S3 sample in October 2015 were the highest density of A. 

affine detected (56.4 cells ml-1). Also, they were found in the south 

sea (S6 and S7) and the west sea (W1 and W6) at the same period. 

No A. affine was detected in January 2016, only in the S1 was the 

cells in March 2016. 

Alexandrium andersonii. Cells of A. andersonii were detected in 23 

samples, which means the second most frequently detected. In W3, 

W6, W7, E2, E5, E6 samples in July 2014, the cells were detected < 

1 cells ml-1. The greatest amount of A. andersonii was detected in 

the sample S3 in November 2014 (48.45 cells ml-1), while <1 cells 

ml-1 were detected at W1, W2 and W7 at the same period. There 

was no detection in September 2014, January, September, and 

October 2015, and January and March 2016. In April 2015, A. 

andersonii were detected in the samples S3, S4, S7, W7, J1, and J2, 

while the cells were in the samples S1, S2, S3, S4, S8, and W5 in 

May 2015. In July 2015, the dinoflagellates were found only in the 

sample S4.  

Alexandrium catenella (Alexandrium fundyense, Alexandrium 

tamarense Group I). Cells of A. catenella were detected in the 15 

samples. A. catenella were continuously found over the analysis 

periods except for July 2015 and March 2016. In July 2014, small 

amounts of cells (< 0.5 cells ml-1) were detected in the South Sea 

(S1 and S5), while they were in the E4 and E5 sample in September 

2014 and November 2014, respectively. In January and April 2015,
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the only one sample also had a positive result, respectively (S2 in 

January and W2 in April). The cells were detected in the five 

samples at the same period, May 2015 (S1, S4, S7-1, S8, and W7), 

and the maximum density of A. catenella appeared in this period 

(2.4 cells ml-1 in the S6 sample). Also, cells less than 1 cells ml-1 

were detected in one sample in September 2015 (E4), two samples 

in October 2015 (S3 and S6), and one sample in January 2016 (E2). 

Alexandrium fraterculus (Alexandrium tamarense Group I). Cells of 

A. fraterculus were only detected in the 5 samples, and the 

maximum density was 2.85 cells ml-1. The cells were detected only 

in two of 11 times sampling periods (September and November 

2014). In the samples W1, W4, W5, W6 and S7, A. fraterculus were 

found in September 2014, while only in the S5 the cells were 

detected in November 2014. Maximum density was in the sample 

W6 in September 2014. 

Alexandrium fragae. Cells of A. fragae were detected only in 3 

samples in July 2014. The three stations were W7, E4, and E6. All 

densities were less than 1 cells ml-1. After the first sampling period 

(July 2014), no A. fragae was found.  

Alexandrium hiranoi/Alexandrium pseudogonyaulax. A. hiranoi/A. 

pseudogonyaulax were detected in the 14 samples. Half of them 

were collected in July 2014 (W1, W3, W4, W5, E3, E6, and S4). 

The maximum density of A. hiranoi/A. pseudogonyaulax was 2.75 

cells ml-1, detected in the W3 sample in July 2014. In early 

September 2015, cells with low density were detected in the S4 

sample, while in middle September 2015, they were in the S2 

sample. They did not appear during November 2014 to April 2015, 

and reappeared in May 2015 (S1, S2, and S3-1) and July 2015 
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(W5 and W6). After these period, they were not detected again.  

Alexandrium insuetum. Cells of A. insuetum were detected in 5 

samples, and the maximum density was 3.7 cells ml-1, which were 

detected in the sample from W5 in 2015. In July 2014, cells less 

than 1 cells ml-1 were detected in the West and South Sea (W3, S5). 

While only in the South Sea were cells detected in April 2015 (S3), 

cells of A. insuetum in July 2015 were detected only in the West 

Sea (W5 and W6). 

Alexandrium pacificum (Alexandrium tamarense Group IV). Cells of 

A. pacificum were detected in 17 samples, and the maximum 

density was 5.9 cells ml-1. In July 2014, all detection stations 

were located in the east sea (E2, E3, E4, E5, and E6) except the 

station W1. After July 2014, any cells of A. pacificum was not 

detected until April 2015. In April 2015, small amounts of cells (0.1 

cells ml-1) were detected in the sample S4 and W2. In May 2015, 

A. pacificum were detected in the South and West Sea (S1, S2, S8, 

and W7). In the sample E5 in September 2015, J1 in January 2016, 

and E4, E5 and S3 in March 2016, were the cells found. The 

maximum density of A. pacificum was detected in the sample E4 in 

March 2016. 

Alexandrium pohangense. A. pohangense were detected in the 10 

samples. The detected periods were limited in September both 

2014 and 2015. In the former period, the cells were detected only 

in the west sea (E5 and E6), while in the later period, the cells 

were found in the sample from all three seas (E4, E5, E6, S1, S2, 

S5, W5 and W6). Maximum density of A. pohangense was 2.15 cells 

ml-1 in the sample S1 in September 2015. 

Alexandrium tamutum. Only in one sample were cells of A. tamutum 
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detected (S5 in July 2014), and the cell density was less than 0.1 

cells ml-1. 

Spatial distribution patterns of Alexandrium species 

   Detected species and maximum density were different in 

each stations (Table 4.). In the samples from station E5, 

Alexandrium species were the most frequently detected during the 

sampling period [Frequency (detected times/sampling times): 0.6]. 

The number of stations in which occurrence frequency of 

Alexandrium species was over 0.5 are 4 (E5, S4, W1, and W6). 

Also, the number of stations in which maximum density of total 

Alexandrium species at one sampling time was over 10 cells ml-1 

were 5 (S3, W2, W4, W5, and W6). The number of stations in which 

the number of occurring species was 5 or more was 9 (E5, E6, S1, 

S2, S4, W1, W5, W6, and W7). On the other hand, the number of 

stations in which the number of occurring species were 2 or less 

were 10 (E1, E3, S3-1, S7-1, W3-1, W4, J1, J2, J3-1, and J4-1). 

In the station W8, J3, J4, J5 and J6, none of species was detected 

by the assay on all samples.  

 In the samples from the East Sea, 7 species were detected, 

and A. pacificum were the most widely detected (5 stations of 6 

stations). In the case of the South Sea, 9 species were detected, 

and A. affine were the most (8 stations of 10 stations). In the West 

Sea, 9 species were detected, and A. affine were the most widely 

detected like in the South Sea (7 stations of 9 stations). In the 

samples from coastal waters around Jeju Island, species and their 

incidences were limited. Only three species, A. affine, A. andersonii, 

and A. pacificum, were detected, and only one or none of species 

was detected in each station. 
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Table 2. 4. Emergent species, maximum density, time and frequency by the sampling stations 

  Station Species (Number of occurrence) 
Maximum 
density 

Time Frequency 

The 
East 
Sea 

E1 A. affine (1) 0.10 April 2015 0.1 

E2 
A. andersonii (1), A. catenella (1), A. 
pacificum (1) 0.67 July 2014, Jan. 2016 0.2 

E3 A. pacificum (1), A. hiranoi (1) 1.15 July 2014,  0.1 

E4 
A. pacificum (2), A. catenella (2), A. 
fragae (1), A. pohangense (1)  5.90 

July 2014, Early Sep. 2014, 
Sep. 2015, Mar. 2016 

0.4 

E5 
A. affine (5), A. andersonii (1), A. 
catenella (1), A. pacificum (3), A. 
pohangense (2) 

3.61 

July 2014, Early Sep. 2014, 
Middle Sep. 2014, Nov. 2014, 
April 2015, Sep. 2015, Mar. 
2016 

0.6 

E6 
A. affine (2), A. andersonii (1), A. 
hiranoi (1), A. pacificum (1), A. 
pohangense (2), A. fragae (1)  

2.85 
July 2014, Early Sep. 2014, 
Sep. 2015 

0.3 

  
Species (Number of stations the species 
appear) 

   

  
A. affine (3), A. andersonii (3), A. catenella 
(3), A. pacificum (5), A. hiranoi (2), A. 
pohangense (3) A. fragae (2)  

   

The 
South 
Sea 

S1 
A. affine (2), A. andersonii (1), A. 
catenella (2), A. hiranoi (1), A. 
pacificum (1), A. pohangense (1) 

4.40 
July 2014, May 2015, Sep. 
2015, Mar. 2016 

0.3 
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S2 
A. affine (2), A. andersonii (1), A. 
hiranoi (1), A. pacificum (1), A. 
pohangense (1) 

9.85 
Early Sep. 2014, Middle Sep. 
2014, Jan. 2015, May 2015, 
Sep. 2015  

0.4 

S3 
A. affine (3), A. andersonii (3), A. 
catenella (1), A. insuetum (1) 57.20 

Early Sep. 2014, Nov. 2014, 
April 2015, May 2015, Oct. 
2015 

0.4 

S3-1 A. affine (1), A. hiranoi (1) 1.7 Sep. 2015 0.4 

S4 
A. affine (1), A. andersonii (3), A. 
catenella (1), A. hiranoi (2), A. 
pacificum (2) 

1.25 
July 2014, Early Sep. 2015, 
April 2015, May 2015, July 
2015, Mar. 2016 

0.5 

S5 
A. affine (1), A. fraterculus (1), A. 
catenella (1), A. insuetum (1), A. 
pohangense (1), A. tamutum (1) 

2.1 
July 2014, Nov. 2014, Sep. 
2015 

0.3 

S6 
A. affine (1), A. andersonii (1), A. 
catenella (1) 3.35 May 2015, Oct. 2015 0.3 

S7 
A. affine (2), A. andersonii (2), A. 
fraterculus (1) 1.90 

Early Sep. 2014, April 2015, 
May 2015, Sep. 2015, Oct. 
2015 

0.4 

S7-1 A. catenella (1) 0.10 May 2015 0.2 

S8 A. pacificum (1), A. catenella (1) 0.20 May 2015 0.1 

  Species (Number of stations the species appear)    

  

A. affine (8), A. andersonii (6), A. catenella (7), 
A. fraterculus (2), A. hiranoi (4), A. insuetum 
(3), A. pacificum (4), A. pohangense (3), A. 
tamutum (1) 
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The 
West 
Sea 

W1 
A. affine (2), A. andersonii (1), A. 
pacificum (1), A. fraterculus (1), A. 
hiranoi (1) 

2.30 
July 2014, Early Sep. 2014, 
Nov. 2014, Sep. 2015, Oct. 
2015 

0.5 

W2 
A. andersonii (1), A. catenella (1), A. 
pacificum (1) 48.45 Nov. 2014, April 2015 0.2 

W3 
A. affine (3), A. andersonii (1), A. 
hiranoi (1), A. insuetum (1) 8.48 

July 2014, July 2015, Sep. 
2015 

0.3 

W3-1 A. affine (2) 0.85 July 2014, Nov. 2014 0.3 

W4 A. affine (2), A. hiranoi (1) 28.80 July 2014, Nov. 2014 0.2 

W5 
A. affine (3), A. fraterculus (1), A. 
hiranoi (2), A. insuetum (1), A. 
pohangense (1) 

48.84 
July 2014, Early Sep. 2014, 
July 2015, Sep. 2015 

0.4 

W6 
A. affine (3), A. andersonii (1), A. 
fraterculus (1), A. hiranoi (1), A. 
insuetum (1), A. pohangense (1) 

43.30 
July 2014, Early Sep. 2014, 
July 2015, Sep. 2015, Oct. 
2015 

0.5 

W7 

A. affine (1), A. andersonii (3), A. 
catenella (1), A. hiranoi (1), A. 
pacificum (1), A. pohangense (1), A. 
fragae (1)   

5.60 
July 2014, Nov. 2014, April 
2015, May 2015 

0.4 

W8 None of species was detected - - - 

  Species (Number of stations the species appear)    

  

A. affine (7), A. andersonii (5), A. pacificum (3), 
A. fraterculus (2), A. catenella (2), A. hiranoi 
(5), A. insuetum (2), A. pohangense (3), A. 
fragae (1)  
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Coast
al 

water
s of 
Jeju 

Island 

J1 A. andersonii (1) 0.17 April 2015 0.1 

J2 A. andersonii (1) 0.45 April 2015 0.1 

J3 None of species was detected - - - 

J3-1 A. affine (1) 0.83 July 2015 0.2 

J4 None of species was detected - - - 

J4-1 A. pacificum (1) 0.02 Jan. 2016 0.1 

J5 None of species was detected - - - 

J6 None of species was detected - - - 

  Species (Number of stations the species appear)  

  A. affine (1), A. andersonii (2), A. pacificum (1)  
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Temporal distribution patterns of Alexandrium species 

 Alexandrium pohangense was only detected in September 

both 2014 and 2015 (Fig. 2.2.). Each species except A. pohangense 

did not seem close correlation with season.  

             

Figure 2. 2. Seasonal variation of concentrations of Alexandrium 
pohangense 

 However, the correlation between temperature and 

incidence of Alexandrium existed (Fig. 2.3.). The shape of 

histogram that Alexandrium appeared follows bimodal distribution. 

Absolute frequency shows there was no detection in the case of 3-

7℃, the highest is 24℃, and the second is 14℃. When the water 

temperature ranged from 23 to 25℃, absolute occurrence frequency 

is 23, which is relatively 27.7 percent in total occurrences. The 

ratio that Alexandrium species appeared in the waters whose sea 

surface temperature was in the range was slightly different. More 

than 50% was the chance that Alexandrium species occurred when 

the water temperature ranged from 25 to 27℃. When the 

temperature ranged from 23 to 25℃ and from 27 to 29, the chance 

was 43%. 
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Figure 2. 3. Histogram of temparature. (A) Absolute number of 
occurrence of Alexandrium species; (B) Relative number. 
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Figure 2. 4. Correlation among density of each Alexandrium species, temperature, and nitrogen 
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Figure 2. 5. Correlation among density of total Alexandrium species, temperature, and nitrogen
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2.4. Discussion 

Detection of Alexandrium using quantitative real-time PCR assay 

 In this study, species-specific primers and probes for the 

qrt-PCR assay on 12 Alexandrium species were developed. 

Sequences of ITS1-5.8S-ITS2 rDNA regions were used in this 

study to easily find unique sequences which only one species have. 

Other regions of rDNA, especially SSU rDNA, are too conserved to 

make species-specific primers and probe. Also, the TaqMan 

method was chosen in this study to minimize the chance to detect 

false-positive signals. TaqMan probe method is more stable than 

SyBR Green method, because additional specific probe is needed in 

TaqMan method (Antonella and Luca, 2013). Although TaqMan 

probes of A. catenella, and A. tamarense have been developed in 

other studies (Hosoi-Tanabe and Sako, 2005, Kamikawa et al., 

2005, Kamikawa et al., 2007, Garneau et al., 2011), but probes of 

other species targeted in this study were firstly developed.   

 

Distribution of specific Alexandrium species  

 Although the genus Alexandrium is distributed globally 

(Anderson et al., 2012), each species of the genus has 

distinguishable spatiotemporal distribution pattern. In Korean 

coastal waters, distribution patterns of them are, also, various as 

following their own ecological niche.     

 Alexandrium affine and Alexandrium andersonii are 

distributed relatively widely. On the other hand, A. pohangense are 

only distributed in September. The latter is clearly matched to 

massive HABs of their prey, Cochlodinium polykrikoides. C. 

polykrikoides usually form massive HABs in late summer and early 
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autumn in Korea. A. pohangense grow more than 5 times faster 

when feeding on C. polykrikoides than they grow without prey, C. 

polykrikodes (Lim et al., 2015b). Among Alexandrium species, 

there are no species whose gap between autotrophic growth rate 

and mixotrophic growth rate is bigger than A. pohangense. The 

most key reason that A. pohangense are only detected in 

September seems clearly relative to this physiological 

characteristics. 

 A. fragae and A. tamutum had no record in Korea, but they 

were isolated firstly and it is confirmed that they are distributed in 

Korea by qrt-PCR in this study. Although A. fragae was recorded 

in Japan as A. minutum (d-164 and d-163) (Kaga et al., 2006), the 

morphological and molecular characteristics of A. fragae are 

different from A. minutum (Branco et al., 2016, October). 

 Also, in this study, distributions of 4 species among 5 A. 

tamarense complex species were analyzed except for A. 

australiense which has been only recorded in the southern 

hemisphere. Separate distributions among A. tamarense complex 

may be an important evidence of differentiation. A. catenella 

(complex I) and A. pacificum (complex IV) have been known to 

have saxitoxin, while A. mediterraneum (complex II) and A. 

tamarense (complex III) have not (John et al., 2014). Therefore, 

the damage from each species may be significantly different. As 

results of this study, A. catenella and A. pacificum were detected in 

samples from Korean coastal waters, while A. mediterraneum and A. 

tamarense were not. These results follow precedent studies which 

study on biogeography of the A. tamarense complex (Lily et al., 

2007, John et al., 2014). Although there is the possibility that A. 
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mediterraneum and A. tamarense occur in Korean coastal waters in 

the future, ecological isolation among A. tamarense complex in 

Korea seem quite obvious. Also, ecosystem in Korean coastal 

waters seems vulnerable to PSP toxins, because both A. catenella 

and A. pacificum which inhabit this area have the toxins. 

 

Relations between distribution of Alexandrium and toxins 

 Harmful algal blooms (HABs) and distribution of 

Alexandrium species have been known to increase and expand 

world-widely (Vila et al., 2001, Anderson et al., 2012, Farrell et al., 

2013). Their upward occurrences increase the risk of toxins 

produced by Alexandrium species. Among targeted Alexandrium, 

species known as having toxin are Alexandrium affine, Alexandrium 

andersonii, Aleandrium catenella, Alexandrium hiranoi, and 

Alexandrium pacificum (Anderson et al., 2012, John et al., 2014a). 

However, toxins of Alexandrium affine and Alexandrium andersonii 

are known to be strains-specific (Lee et al., 2016). Also, both A. 

affine and A. andersonii do not have sxtA4 gene, which is known as 

a key gene to produce saxitoxin, or paralytic shellfish poisoning 

toxin (PST) (Murray et al., 2015). On the other hand, toxins of 

Alexandrium fragae, Alexandrium fraterculus, Alexandrium 

insuetum, Alexandrium pohangense, and Alexandrium tamarense 

have not been reported. 

 During the sampling period, toxic events were detected in 

November 2014, April 2015, May 2015, July 2015, March 2016 in 

the South Sea through mouse assay on PSP toxins according to 

Korean national monitoring on PSP program (NIFS data). In this 

study, A. affine, A. andersonii, and A. fraterculus in November 2014, 
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A. andersonii, and A. pacificum in April 2015, A. andersonii, A. 

catenella, A. hiranoi, and A. pacificum in May 2015, A. andersonii in 

July 2015, and A. affine and A. pacificum in March 2016 were 

detected in the South Sea. Therefore, detection between PST and 

these species may have relations. In particular, A. andersonii was 

not detected at non-PST detected times in the South Sea, and only 

A. andersonii was detected in July 2015 when PST was detected in 

the South Sea. Therefore, at least some strains of A. andersonii in 

Korea may have PST or PST analogs. Further study on toxins of 

Korean strains of A. andersonii is needed. 

Relation between occurrence of Alexandrium species and 

temperature  

 Relation between Alexandrium species and temperature 

depends on their own characteristics. In this study, A. affine are the 

most widely distributed in the terms of both space and time (Fig. 

2.5), but the relatively high concentrations of A. affine are detected 

from 20℃ to 29℃, which is similar to optimal temperature of A. 

affine (Band-Schmidt et al., 2005). The second widely species, A. 

andersonii is detected at relatively low temperature. In the 

histogram of temperature (Fig. 2.4.), abnormal value at 14 is due to 

occurrences of A. andersonii. According to Sampedro et al. (2013), 

the growth rate at 14℃ and 20℃ is not significantly different, but 

some stains grew faster at 14℃ than at 20℃. Optimal temperature 

of A. andersonii may be around at 14℃ compared to other 

Alexandrium. Also, A. pacificum and A. catenella have broad range. 

Optimal temperature of growth of A. catenella is known between 

15℃ and 27℃ (Laabir et al., 2011), and it can row lower than 15℃ 

(Navarro et al., 2006). A. catenella is known to be able to grow 
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from 5℃, but grow negatively over 25℃ (Etheridge and Roesler, 

2005). The result of Etheridge and Roesler is closely matched to 

this study. There was no detection on A. catenella over 25℃. On 

the other hand, A. fraterculus, A. hiranoi, and A. pohangense were 

detected in a narrow range of temperature. However, it is hardly to 

say there was actual cause and effect relation between distributions 

and temperature. For example, the distribution of A. pohangense is 

likely to depend on abundance of their prey that usually forms 

blooms in particular season as mentioned above.  

 

Relation between occurrence of Alexandrium species and nutrients 

 The most and second frequently occurring species are A. 

affine (38 times) and A. andersonii (23 times). They tended to be 

anti-symmetrically distributed in terms of nutrients. In the result, 

the median of the ratio of nitrogen to phosphorous of all samples 

was 15.935. Twenty-four percents of occurrences of A. affine 

happened when the N:P ratio was less than 15.935, while seventy-

six percents happened in reverse. On the other hand, seventy-eight 

percents of occurrences of A. andersonii happened when the N:P 

ratio was less than the median, while twenty-two percent happened 

in reverse. This antisymmetric patterns between the most and 

second frequently occurring species (A. affine and A. andersonii) 

seem the result of interspecific competitions and niche 

differentiation to follow the competitive exclusion principle. This 

result shows that dinoflagellate species in the same genus may 

compete each other to dominate, adopting different strategies. Due 

to the difficulty of identification in the species-level, these 

interspecies competition of dinoflagellates in the same genus have 
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not been analyzed well before. However, it is well-known that 

species in the same genus may harshly compete each others, 

because they may have common habits and constitution (Diamond, 

1978). Alexandrium, the ubiquitous marine plankton, has enough 

chances to follow the rule.  
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Chapter 3. Survival strategy of Alexandrium 
spp. using lysing effect on heterotrophic 

protists with special attention to Alexandrium 
pohangense 

 

3.1. Introduction 

 Red tides or harmful algal blooms (HABs) are important and 

of concern to scientists in this field, officials, and people in the 

aquaculture industry because they often cause large-scale 

mortality of finfish and shellfish (ECOHAB, 1995; Park et al., 2013). 

To minimize loss due to HABs, the bloom-generation mechanisms 

should be sufficiently well understood and the outbreaks of HABs 

should be predicted early (Jeong et al., 2015). The growth (k) and 

mortality (g) of HAB species in relation to predation should be 

assessed.   

 Diverse planktonic predators are known to feed on 

phototrophic dinoflagellates (Stoecker, 1999; Jeong et al., 2013, 

2015). Usually, the grazing impact by protist predators on 

dinoflagellate populations is greater than that by metazoan 

predators because the abundance of the former is much greater 

than of the latter, even though the ingestion rates of the metazoan 

predators are higher than those of the protist predators (Yoo et al., 

2013a; Kim et al., 2013). Moreover, the grazing impact by protists 

on dinoflagellate populations is often high enough to control the 

prey populations (Watras et al., 1985; Jeong et al., 2008, 2015). 

Therefore, to understand dinoflagellate population dynamics, it is 

essential to determine the grazing impact on bloom forming 

dinoflagellates by protist predators.  
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 Several species in the dinoflagellate genus Alexandrium are 

known to cause paralytic shellfish poisoning (PSP) and as a result, 

great loss in the aquaculture industry (Prakash et al., 1971; 

Hallegraeff, 1993; Cembella et al., 2002; Anderson et al., 2012). 

Many Alexandrium species are also known to cause harm to, or 

even lyse the cells of, heterotrophic protists (e.g., Oxyrrhis marina) 

using extracelluar compounds (Tillmann and John, 2002). The cell 

concentrations of Alexandrium species at which lysis of 

heterotrophic protist cells occurs are affected by the target species 

(Tillmann et al., 2008). However, some heterotrophic 

dinoflagellates are able to feed on toxic, or potentially toxic, 

Alexandrium species (Yoo et al., 2013b). For example, the 

heterotrophic dinoflagellate Gyrodinium moestrupii is able to feed 

on the toxic dinoflagellate Alexandrium minutum, and on a toxic 

strain of Alexandrium tamarense. Furthermore, the maximum 

growth rate of G. moestrupii feeding on A. minutum (1.6 d-1) is 

greater than that when feeding on the non-toxic dinoflagellates 

Scrippsiella trochoidea and Prorocentrum minimum (1.1–1.5 d-1). In 

addition, the maximum growth rates of G. moestrupii on toxic and 

non-toxic strains of A. tamarense are similar (Yoo et al., 2013b). 

Moreover, the heterotrophic dinoflagellate Polykrikos kofoidii is 

able to feed on a toxic strain of A. tamarense, but it is lysed when 

the abundance of A. tamarense reaches 2000 cells ml-1 (Cho and 

Matsuoka, 2000). These two heterotrophic dinoflagellates are also 

known to feed on other toxic dinoflagellates such as Karenia brevis 

and Gymnodinium catenatum (Jeong et al., 2001, 2003; Yoo et al., 

2013b). If an Alexandrium species is able to kill these heterotrophic 

protists, it may gain an advantage over other HAB species that are 
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consumed by these heterotrophic dinoflagellates. 

 Recently, a new Alexandrium species, Alexandrium 

pohangense, was described (Lim et al., 2015a). It grows 

photosynthetically and much slower than other Alexandrium species. 

The autotrophic growth rate of A. pohangense (0.1 d-1) is lower 

than that of Alexandrium catenella, Alexandrium minutum, and 

Alexandrium tamarense (0.50–0.55 d-1) (Chang and McClean, 1997; 

Yamamoto and Tarutani, 1999; Collos et al., 2004; Lim et al., 

2015b). However, A. pohangense can increase its growth rate (i.e., 

mixotrophic growth) up to 0.5 d-1 when feeding on the fast-

swimming ichthyotoxic dinoflagellate Cochlodinium polykrikoides, 

which may be the only prey of A. pohangense (Lim et al., 2015b). 

Therefore, A. pohangense may form its own HAB patches during or 

just after C. polykrikoides red tides. Otherwise, for A. pohangense 

to form HAB patches by outcompeting co-occurring species, it 

should have a mortality rate due to predation, lower than that of the 

competing species. Thus, to understand the bloom dynamics of A. 

pohangense, it is worthwhile to explore the effects of its potential 

predators. 

 The present study aimed: (1) to investigate the protist 

predators of Alexandrium pohangense to determine whether the 

common heterotrophic dinoflagellates Gyrodinium dominans, 

Gyrodinium moestrupii, Luciella masanensis, Noctiluca scintillans, 

Oxyrrhis marina, Oblea rotunda, Pfiesteria piscicida, and Polykrikos 

kofoidii, as well as the ciliate Tiarina fusus were able to feed on A. 

pohangense, as well as whether these heterotrophic protists were 

immobilized and/or lysed. 2) To determine how predator/prey 

interactions (specifically the survival of G. moestrupii, O. marina, P. 
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kofoidii, and T. fusus) were related to the cell concentration of A. 

catenella, A. hiranoi, A. pohangense, A. minutum (in cultures with 

cells), or to equivalent culture filtrates (cultures without cells). The 

elapsed incubation time during these activities were measured. 3) 

To evaluate the survival of naturally occurring ciliates and 

heterotrophic dinoflagellates in the water (collected from the coasts 

of Tongyoung, southern South Korea) when incubated with cultures 

of 1000 A. pohangense cells ml-1 and equivalent culture filtrates. 

This study provides a basis for understanding the relationships 

between A. pohangense and its potential protist predators, and an 

insight into a potential bloom-forming strategy that might be used 

by slow-growing algal species. 

 

3.2. Materials and Methods 

Preparation of the experimental organisms. Alexandrium pohangense 

(GenBank Accession No. LN811348) was isolated from plankton 

samples collected off the coast of Pohang, a city in southeastern 

South Korea, in September 2014. At the time, the water 

temperature and salinity were 23.3 ℃ and 31.1, respectively (Lim 

et al., 2015a). Cultures of A. pohangense, A. catenella, A. hiranoi, 

and A. tamarense were maintained photosynthetically in enriched 

f/2 seawater media (Guillard and Ryther, 1962) at 20 ℃ and under 

a 14:10 h light-dark (LD) cycle at 100 µE m-2s-1 provided by 

cool-white fluorescent lights. For all feeding experiments, A. 

pohangense, A. catenella, A. hiranoi, and A. tamarense cultures of 

ca 2000 cells ml-1 were used. These were maintained for 3–4 

weeks after being newly transferred.  

 For the isolation and culture of the heterotrophic 
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dinoflagellates (HTD) predators (Gyrodinium dominans, Gyrodinium 

moestrupii, Luciella masanensis, Noctiluca scintillans, Oxyrrhis 

marina, Oblea rotunda, and Polykrikos kofoidii), plankton samples 

were collected using water samplers, from the coastal waters off 

Masan, Saemankeum, Keum River Estuary, Incheon or Shiwha, 

South Korea from 2009–2014 (Table 3.1). Pfiesteria piscicida was 

obtained from the National Center for Marine Algae and Micobiota 

(NCMA), USA. 

 For the isolation and culture of the ciliate Tiarina fusus, 

plankton samples were collected using a water sampler, from the 

waters of Jeongok, near Shiwha Bay, South Korea. The samples 

were collected during May 2015, when the water temperature and 

salinity were 13.1 ℃ and 31.1, respectively (Table 3.1). A clonal 

culture of T. fusus was established by using two serial single-cell 

isolations. Cultures of T. fusus were maintained in 6-well plate 

chambers with the phototrophic dinoflagellate Heterocapsa triquetra 

being provided as prey.  

Feeding occurrence by potential predators. Experiments 1-9 were 

designed to examine the feeding capabilities of Gyrodinium 

dominans, Gyrodinium moestrupii, Luciella masanensis, Noctiluca 

scintillans, Oxyrrhis marina, Oblea rotunda, Polykrikos kofoidii, 

Pfiesteria piscicida, and the ciliate Tiarina fusus on Alexandrium 

pohangense (Table 3.1). 

 Approximately 8 × 104 Alexandrium pohangense cells 

growing photosynthetically were added to each of two 80-ml PC 

bottles containing Polykrikos kofoidii (100–150 cells ml−1), the 

other HTDs (1000–3000 cells ml−1) except Noctiluca scintillans, 

respectively (Table 3.2). Approximately 5 × 103 Alexandrium 
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pohangense cells were added to each well of 6-well plate chambers 

containing Noctiluca scintillans (30 cells ml−1), and the ciliate (20 

cells ml−1). In each bottle, the final A. pohangense prey-

concentration was ca. 1000 cells ml−1. One control bottle (without 

prey) was set up for each experiment. The bottles were placed on a 

plankton wheel rotating at 3×104 g and were incubated at 20 ℃ 

under an illumination intensity of 20 µE m−2 s−1 with cool-white 

fluorescent light and a 14:10 h LD cycle. 

 After 1, 2, 6, 24, and 48 h of incubation, 5-ml aliquots were 

removed from each bottle and transferred into wells of 6-well plate 

chambers or 100-µl aliquots onto 24x60 mm glass slides without 

cover slip. Approximately 100 cells were observed under a 

dissecting microscope or an inverted microscope at a magnification 

of 20–100× to determine the feeding capability of each predator on 

A. pohangense.  

 To explore the process of lysis of each heterotrophic protist 

by Alexandrium pohangense, wells containing a target heterotrophic 

protist and A. pohangense were placed on a light microscope 

(ZeissAxiovert 200M, Carl Zeiss Ltd., Göttingen, Germany) 

equipped with a video analyzing system (Sony DXC-C33; Sony Co., 

Tokyo, Japan). The lysis process of the target species was 

recorded at a magnification of 100–630× and then analyzed by 

playing the video back frame by frame.  

Effects of Alexandrium pohangense concentration on the survival of 

heterotrophic protists. All tested heterotrophic protists were killed 

by Alexandrium pohangense in Experiment 1-9. Therefore, 

Experiments 10, 12, 14, and 16 were designed to measure the 

survival of Gyrodinium moestrupii, Oxyrrhis marina, Polykrikos 
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kofoidii, and Tiarina fusus as a function of the A. pohangense cell 

concentration (actually the culture containing the target A. 

pohangense concentration), and elapsed incubation time (Table 3.2). 

These experiments were conducted to explore physical and 

chemical (inside cells or in excreted substances) effects of A. 

pohangense on each target potential predator. 

 Twenty actively swimming cells from a dense culture of 

each heterotrophic protist except Tiarina fusus were gently 

transferred to a well of a 24-well plate chamber using a 

micropipette. Ten actively swimming cells of T. fusus were also 

gently transferred to a well of a 24-well plate chamber. A target-

concentration of Alexandrium pohangense was established in the 

wells using an autopipette to deliver a predetermined volume of a 

known A. pohangense concentration and freshly filtered seawater to 

the wells (Table 3.2). Each A. pohangense concentration was 

established in triplicate. In addition, triplicate control wells 

containing only target heterotrophic protist were set in each 

experiment. The plate chambers were placed on a shelf in a culture 

room and then incubated at 20 ℃ under a 14:10 h LD cycle at 100 

µE m-2s-1. After 2, 4, 6, 8, 12, 24, and 48 h of incubation after 

adding A. pohangense, all swimming cells (and immobilized cells if 

present) of the target heterotrophic protist in each well were 

enumerated under a dissecting microscope because dead cells were 

soon dissolved. After 2 h, cells of Gyrodinium moestrupii, Oxyrrhis 

marina, and Tiarina fusus were swimming or lysed, that is, no 

immobilized cells were observed among these heterotrophic 

dinoflagellates or the ciliate. However, immobilized cells of 

Polykrikos kofoidii were observed among the swimming cells. Most 
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immobilized cells became lysed, but a few cells recovered enough to 

swim. Survival was calculated as described below (see the data 

analysis sub-section). 

Effects of Alexandrium pohangense culture-filtrate on the survival 

of heterotrophic protists Experiments 11, 13, 15, and 17 were 

designed to measure the survival of Gyrodinium moestrupii, 

Oxyrrhis marina, Polykrikos kofoidii and Tiarina fusus as a function 

of the volume of the Alexandrium pohangense culture filtrate and 

elapsed incubation time (Table 3.2). These experiments were 

conducted to explore the effect of excreted chemical substances. 

Cultures containing ca. 2000 ml-1 of Alexandrium pohangense cells 

were filtered through 5-µm TSTP Isopore membrane filters 

(Millipore Ltd., Cork, Republic of Ireland). A target volume of 

culture-filtrate equivalent to a particular A. pohangense cell-

concentration was established by diluting the original culture filtrate 

with freshly filtered seawater. Twenty actively swimming cells of 

each target heterotrophic dinoflagellate and ten of the cilitate were 

then added to each well. Triplicate control wells containing only 

target heterotrophic protist and freshly filtered seawater were set 

in each experiment. After 2, 4, 6, 8, 12, 24, and 48 h of incubation, 

all swimming cells, immobilized cells, and lysed cells of the target 

heterotrophic protist in each well, were enumerated as described 

above. 



Table 3. 1. Isolation and maitenance information. Sampling location and date; water temperature (T, °C); salinity (S) 
for isolation; HTD, heterotrophic dinoflagellate; CIL, ciliate; NA, Not available; Conc., Prey concentration 

Organism Strain number Location  Date T S Prey  Conc. 

Gyrodinium dominans 
(HTD) 

GDMS0907 Shiwha, 
Korea 

2011 11 
 

19.7 31.0 Ac 3000 

Gyrodinium moestrupii 
(HTD) 

GMSMK0910 
 

Saemangeum, 
Korea 

2009 10 21.2 31.0 Am 1000 

Luciella masanensis (HTD) LMJJ1501 Jeju, Korea 2015 01 NA NA Ac 3000 
Oxyrrhis marina (HTD) OMKRR1005 Karorim, 

Korea 
2010 05 19.6 33 Ac 3000 

Polykrikos kofoidii (HTD) PKSH201003 Shiwha, 
Korea 

2010 03 9.2 23.4 St 1000 

Pfiesteria piscicida (HTD) CCMP2091 North 
Carolina, USA 

1998 05 NA NA Ac 3000 

Noctiluca scintillans (HTD) NSJH201504 Jinhae, Korea 
 

2015 04 
 

12.6 
 

31.2 Pt 1000 

Oblea rotunda (HTD) ORSS1008 Shiwha, 
Korea 

2010 08 26.8 23.7 Pm 1000 

Tiarina fusus (CIL) TFJG0418 Jeongok, 
Korea 

2015 04 13.1 
 

31.1 
 

Ht 3000 

Ac: Amphidinium carterae. Am: Alexandrium minutum. St: Scrippsiella trochoidea. Pm: Prorocentrum minimum. Pt: 

Prorocentrum triestinum. Ht: Heterocapsa triquetra. 
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Table 3. 2. Experimental design for experiments on feeding occurrence and effects of Alexandrium pohangense cells 
(actually culture containing cells) and cell-free culture filtrates (B). The numbers in the potential predator and prey 
columns are the initial densities. 

  A. Feeding occurrence 

  
Potential protist predators 

 
 

  
Potential prey 

 
 

 
Expt.  

 
Species 

 
Density 

(cells ml-
1 ) 

  
Species or filtrate 

 
Density 

(cells ml-1 ) 

      1 Gyrodinium dominans 1000  Alexandrium pohangense 1000  

2 Gyrodinium moestrupii 
 

1000  A. pohangense 1000 

3 Luciella masanensis  
 

3000  A. pohangense 1000 

4 Oxyrrhis marina  
 

3000  A. pohangense 1000 

5 Polykrikos kofoidii  
 

100-150  A. pohangense 1000 

6 Pfiesteria piscicida 
 

3000  A. pohangense 1000 
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B . Effects of cells and culture filtrate 

7 Noctiluca scintillans  
 

30   A. pohangense 1000 

8 Oblea rotunda  
 

1000   A. pohangense 1000 

9 Tiarina fusus 
 

20  A. pohangense 1000 

  
Potential protist predators 

 
 

  
Potential prey 

 
 

 
Expt.  

 
Species 

 
Density* 

  
Species or filtrate 

 
Density 

(cells ml-1) 
      10 Oxyrrhis marina  

 
20  Alexandrium pohangense 0, 10, 50, 100, 300, 500, 

1000 
11 Oxyrrhis marina  

 
20  Filtrate of  A. pohangense Filtrates from a culture 

with a cell concentration 
of 0, 10, 50, 100, 300, 

500, 1000 
12 Polykrikos kofoidii  

 
20  Alexandrium pohangense 0, 10, 50, 100, 300, 500, 

1000 
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*: The number of cells per 1 ml in a well of 24-well plate chamber. Ten cells of Tiarina fusus were added because it 
swims too fast to detect cells. 
 

13 Polykrikos kofoidii  
 

20  Filtrate of  A. pohangense Filtrates from a culture 
with a cell concentration 
of 0, 10, 50, 100, 300, 

500, 1000 
14 Gyrodinium moestrupii 

 
20  Alexandrium pohangense 0, 10, 50, 100, 300, 500, 

1000 
15 Gyrodinium moestrupii 

 
20  Filtrate of  A. pohangense Filtrates from a culture 

with a cell concentration 
of 0, 10, 50, 100, 300, 

500, 1000 
16 Tiarina fusus 

 
10  Alexandrium pohangense 0, 10, 50, 100, 300, 500, 

1000 
17 Tiarina fusus 

 
10  Filtrate of  A. pohangense Filtrates from a culture 

with a cell concentration 
of 0, 10, 50, 100, 300, 

500, 1000 
18 Natural populations of ciliates 

and heterotrophic 
dinoflagellates 

30-40  Alexandrium pohangense 1000 

19 Natural populations of ciliates 
and heterotrophic 

dinoflagellates 

30-40  Filtrate of  A. pohangense Filtrates from a culture 
with a cell concentration 

of 1000 
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Table 3. 3. Feeding occurrence of heterotrophic dinoflagellate (HTD) and ciliate predators (CIL) on toxic or 
potentially toxic dinoflagellates. 

Potential predator species Ap Am  At Ah Alc Gc Amc Kv Kb Pb 

Gyrodinium dominans 
(HTD) 

N N N N Y  Y    

Gyrodinium moestrupii 
(HTD) 

N Y Y Y Y    Y  

Gyrodinium spirale (HTD)  N Y N Y  N  Y  
Oblea rotundatum (HTD) N   N       
Oxyrrhis marina (HTD) N N  N   Y Y   
Polykrikos kofoidii (HTD) N Y Y Y Y Y Y    
Pfiesteria piscicida (HTD) N   N  Y Y    
Luciella masanensis (HTD) N     Y N    
Protoperidinium bipes 
(HTD) 

 N     N    

Noctiluca scitillans N Y    Y    Y 
Strobilidium sp. (CIL)    N   N    
Favella sp. (CIL)   Y Y       
Tiarina fusus (CIL) N      Y    
Reference (1) (1), 

(2) 
(1), 
(2), 
(3)  

(1), 
(4) 

(1), 
(2) 

(5), 
(6) 

(2), 
(5), 
(7), 
(8), 
(9) 

(1
0)  

(2
) 

(1
1) 
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Ah: Alexandrium hiranoi. Amc: Amphidinium carterae. Alc: Alexandrium catella. Am: Alexandrium minutum. Ap: 
Alexandrium pohangense. At: Alexandrium tamarense. Kv: Karlodinium veneficum. Kb: Karenia brevis. Gc: 
Gymnodinium catenatum. Pb: Pyrodinium bahamense. HTD: Heterotrophic dinoflagellate. CIL: Ciliate. Feeding 
occurrence: Y- Fed. N- Not feed. Blank- Not available. 

(1) This study, (2) Yoo et al. (2013), (3) Hansen (1989), (4) Hwang (2012), (5) Jeong et al. (2007), (6) Alonso et 
al. (2004) (7) Jeong et al. (2002) , (8) Jeong et al. (2001), (9) Yoo et al. (2012), (10) Adolf et al. (2007), (11) 
Hansen et al. (2004)
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Effects of Alexandrium pohangense cells and culture filtrate on the 

survival of natural populations of heterotrophic protists. Experiments 

18 and 19 were designed to measure the survival of ciliates and 

heterotrophic dinoflagellates (>20 µm in cell length and <20 µm) 

collected in natural coastal waters at the Alexandrium pohangense 

concentration of 1000 cells ml-1 and equivalent A. pohangense 

culture filtrate (Table 3.2). 

 In August 2015, a plankton water sample was collected from 

the surface of the coastal water near Tongyoung, South Korea 

(water temperature 21.3 ℃, salinity 35.6) and poured into a 5 l 

bottle. Five-hundred µl aliquots were added to each well of a 24-

well plate chamber and then 500 µl Alexandrium pohangense culture 

of 2000 cells ml-1 were added to the well (final A. pohangense 

concentration = 1000 cells ml-1). Triplicate experimental wells 

(natural water containing heterotrophic protists + A. pohangense 

cells) and triplicate control wells (natural water containing 

heterotrophic protists + freshly filtered seawater) were established. 

Five-hundred µl aliquots were added to each well of a 24-well 

plate chamber and then 500 µl cell-free filtrations of Alexandrium 

pohangense culture (originally with 2000 cells ml-1) were added to 

the well. Triplicate experimental wells (natural water containing 

heterotrophic protists + A. pohangense culture-filtrate) and 

triplicate control wells (natural water containing heterotrophic 

protists + freshly filtered seawater) were established. 

 The wells were incubated for 24 h at 25 ℃ under an 

illumination intensity of 100 µE m−2 s−1 with cool-white fluorescent 

light and a 14:10 h LD cycle. After 2, 4, 6, 8, and 24 h of incubation 

(after adding Alexandrium pohangense cells or culture filtrate), all 
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swimming cells, immobilized cells, and dead cells of all ciliates and 

heterotrophic dinoflagellates (>20 µm in cell length and <20 µm) in 

each well were enumerated as described above.  

Data analysis. Survival was calculated as the percentage (%) of 

surviving cells (swimming cells) relative to total cells examined 

after exposure to Alexandrium pohangense cells or equivalent 

culture filtrate, for 2, 4, 6, 8, 12, 24, and 48 h.  

 Data for Survival of all organisms were fitted to the 

following equation:  

Survival (%) = SVmax [1 − (a x / (b + x))] (3.1) 

where x is the A. pohangense concentration (cells ml-1) or 

equivalent culture filtrate. The value of SVmax was 100 for all 

experiments except that at the elapsed time of 24 h (SVmax = 120) 

and at 48 h in Experiments 5 and 6 (SVmax = 163). This was 

because the abundance of Oxyrrhis marina in the control wells 

increased. Data were iteratively fitted to the model using 

DeltaGraph® (SPSS Inc., Chicago, USA). 

 

3.3. Result 

Occurrence of heterotrophic protist feeding on Alexandrium 

pohangense 

 All heterotrophic protists tested in this study (i.e., 

Gyrodinium dominans, Gyrodinium moestrupii, Luciella masanensis, 

Noctiluca scintillans, Oxyrrhis marina, Oblea rotunda, Polykrikos 

kofoidii, Pfiesteria piscicida, and Tiarina fusus) did not feed on 

Alexandrium pohangense (Table 3.3). No heterotrophic protist was 

observed to attack A. pohangense cells. To the contrary, most 

heterotrophic protist cells were dead 2 h after A. pohangense cells 
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at a concentration of ca. 1000 cells ml-1 were added (Fig. 3.1). 

Furthermore, the cells of the dead protists were soon dissolved 

(Fig. 3.1-3). 

 In video records, a cell of Gyrodinium moestrupii was 

completely decomposed ca. 40 min after being exposed to 

Alexandrium pohangense cells at a concentration of ~1000 cells ml-

1 (Fig. 3.2A-2D). A cell of Oxyrrhis marina was severely deformed 

ca. 8 min after exposure and burst ca. 77 min after being exposed 

to A. pohangense cells (Fig. 3.2E-2I). A cell of the ciliate Tiarina 

fusus was severely deformed ca. 22 min after exposure and burst 

35 min after being exposed to A. pohangense cells (Fig. 3.2J-2Q). 

Moreover, in the case of Polykrikos kofoidii, cytosols emerged from 

a P. kofoidii cell ca. 7 min after exposure, and the cells were 

completely lysed 54 min after being exposed to A. pohangense cells 

(Fig. 3.3). 

 

Fig. 3. 1. Heterotrophic dinoflagellates at the beginning and 2 h 
elapsed time after being incubated with Alexandrium pohangense 
(Ap) cells (final concentration = ca. 1000 cells mL-1). Noctiluca 
scintillans cells at t = 0 h (A) and at 2 h (B). Luciella masanensis 
cells at t = 0 h (C) and at 2 h (D). Pfiesteria piscicida cells at t = 0 
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h (E) and at 2 h (F). Oblea rotunda cells at t = 0 h (G) and at 2 h 
(H). Gyrodinium dominans cells at t = 0 h (I) and at 2 h (J). Scale 
bar = 100 µm for (A, B), 5 µm for (C–F), and 20 µm for (G–J). 

 

Fig. 3. 2. Process of cell lysis of heterotrophic protists incubated 
with A. pohangense cells (final concentration = ca. 1000 cells ml-1). 
Gyrodinium moestrupii cell, intact at the beginning of incubation (A), 
deformed (B, C), and completely lysed (D). Oxyrrhis marina cell, 
intact at the beginning of incubation (E), deformed (F–H), and 
completely lysed (I). Tiarina fusus cell, intact at the beginning of 
incubation (J), deformed (K–O), and completely lysed (P, Q). The 
numbers given indicate elapse time from normal cells (min: sec). 
Scale bar = 20 µm for (A–I) and 40 µm for (J–Q). 
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Fig. 3. 3. The process of lysis of a Polykrikos kofoidii cell incubated 
with Alexandrium pohangense cells (final concentration = ca. 1000 
cells ml-1). One P. kofoidii cell, intact at the beginning of incubation 
(A), deformed (B–J), and completely lysed (K). The cell partially 
burst and cytosols emerged from it (C–J). The given numbers 
indicate elapsed time from normal cells (min: sec): A. p: 
Alexandrium pohangense. f. v.: Food vacuole. All scale bars = 30 
µm. 

Effects of Alexandrium pohangense cell concentration and equivalent 

culture filtrate on survival of heterotrophic protists  
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Oxyrrhis marina. With increasing Alexandrium pohangense cell 

concentration, after 4, 12, 24, and 48 h incubation, the survival of O. 

marina rapidly decreased at A. pohangense concentrations <100 

cells ml-1, but slowly at higher concentrations (Fig. 3.4A and 4B). 

All O. marina cells at the elapsed times of 4 and 12 h were dead at 

the A. pohangense concentration of 1000 cells ml-1, while all O. 

marina cells at 24 and 48 h were dead at 300 cells ml-1 (Fig. 3.4A 

and 4B). The LC50s of O. marina at the elapsed times of 4 and 24 h 

were 25 and 13 cells ml-1 (Table 3.4). 

 

Fig. 3. 4. Survival (SV, %) of Oxyrrhis marina as a function of the 
Alexandrium pohangense cell concentration (cells ml-1) (A, B), and 
elapsed incubation times (C, D). SV at the elapsed time of 4 h 
(closed circles) and 12 h (open triangles) in (A); and 24 h (closed 
circles) and 48h (open triangles) in (B). SV at the A. pohangense 
concentrations of 0 (control, closed circles), 50 (open triangles), 
and 100 cells ml-1 (closed triangles) in (C); and at 0 (control, 
closed circles), 500 (open triangles), and 1000 cells ml-1 (closed 
triangles) in (D). Symbols represent treatment means ± SE. 

 With increasing elapsed time, the survival of Oxyrrhis 
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marina in the control wells continuously increased, while that at the 

A. pohangense concentrations of 50, 100, 500, and 1000 cells ml-1 

rapidly decreased at elapsed times <8 h (Fig. 3.4C and 4D). 

However, the survival of O. marina at the A. pohangense 

concentration of 50 cells ml-1 slightly increased later, while that at 

the A. pohangense concentrations of 100–1000 cells ml-1, O. marina 

survival continuously decreased or became zero (Fig. 3.4C and 4D).  

 

Fig. 3. 5. Survival (SV, %) of Oxyrrhis marina as a function of the 
culture filtrate from the A. pohangense concentration (cells ml-1) 
(A, B), and elapsed incubation times (C, D). SV at the elapsed time 
of 4 h (closed circles) and 12 h (open triangles) in (A), and at 24 h 
(closed circles) and 48 h (open triangles) in (B). SV at the 
‘culture filtrate from A. pohangense’ concentration of 0 (control, 
closed circles), 50 (open triangles), and 100 cells ml-1 (closed 
triangles) in (C), and at 0 (control, closed circles), 500 (open 
triangles), and 1000 cells ml-1 (closed triangles) in (D). Symbols 
represent treatment means ± SE. 

 With increasing A. pohangense culture-filtrate 

concentration after 4, 12, 24, and 48 h incubation, the survival of 
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Oxyrrhis marina rapidly decreased at the culture-filtrate 

concentrations of <100–300 cells ml-1, but slowly at higher culture 

filtrate concentrations (Fig. 3.5A and B). All O. marina cells at the 

elapsed times of > 12 h were dead at the culture filtrate 

concentration of 500 cells ml-1 (Fig. 3.5A and 5B). The LC50s of O. 

marina at 4, 12 and 24 h were culture filtrate concentrations of 73, 

17, and 31 cells ml-1, respectively. However, that at 48 h, a culture 

filtrate concentration of 240 cells ml-1, was greater than those at 4, 

12, and 24 h (Table 3.4). 

 With increasing elapsed time, the survival of Oxyrrhis 

marina in the control wells continuously increased, while that at the 

culture filtrate concentrations of 50, 100, 500, and 1000 cells ml-1 

rapidly decreased at elapsed times of < 8 h (Fig. 3.5C and 5D). 

However, the survival of O. marina at the culture filtrate 

concentrations of 50 and 100 cells ml-1 increased later, while that 

at the culture filtrate concentrations of 500–1000 cells ml-1 

continuously decreased or became zero (Fig. 3.5C and 5D).  

Polykrikos kofoidii. With increasing Alexandrium pohangense cell-

concentration after 4, 12, 24, and 48h incubation, the survival of P. 

kofoidii rapidly decreased at the A. pohangense concentration of 10 

cells ml-1, but slowly at higher concentrations (Fig. 3.6A and 6B). 

All P. kofoidii cells at the elapsed times of 4 and 12 h were dead at 

the concentration of 1000 cells ml-1, while all P. kofoidii cells at the 

elapsed times of > 24 h were dead at the concentrations of 1000 

and 300 cells ml-1, respectively (Fig. 3.6A and 6B). The LC50s of P. 

kofoidii at 4 and 24 h, were 8 and 2 cells ml-1, respectively (Table 

3.4).  
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Fig. 3. 6. Survival (SV, %) of Polykrikos kofoidii as a function of A. 
pohangense concentration (cells mL-1) (A, B), and elapsed 
incubation times (C, D). SV at the elapsed time of 4 h (closed 
circles) and 12 h (open triangles) in (A), and at 24 h (closed 
circles) and 48 h (open triangles) in (B). SV at the A. pohangense 
concentrations of 0 (control, closed circles), 50 (open triangles), 
and 100 cells ml-1 (closed triangles) in (C), and at 0 (control, 
closed circles), 500 (open triangles), and 1000 cells ml-1 (closed 
triangles) in (D). Symbols represent treatment means ± SE. 

 With increasing elapsed time, the survival of Polykrikos 

kofoidii in the control wells slightly decreased, while that at the 

Alexandrium pohangense concentrations of 50, 100, and 500 cells 

ml-1 rapidly decreased at elapsed times <8 h and then slowly later 

(Fig. 3.6C and 6D). The survival of P. kofoidii at the A. pohangense 

concentration of 1000 cells ml-1 became zero at 2 h. 
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Fig. 3. 7. Survival (SV, %) of Polykrikos kofoidii as a function of the 
culture filtrate from the A. pohangense concentration (cells mL-1) 
(A, B), and elapsed incubation times (C, D). SV at the elapsed time 
of 4 h (closed circles) and 12 h (open triangles) in (A), and at 24 h 
(closed circles) and 48 h (open triangles) in (B). SV at the culture 
filtrate from the A. pohangense concentrations of 0 (control, closed 
circles), 50 (open triangles), and 100 cells ml-1 (closed triangles) 
in (C); and at 0 (control, closed circles), 500 (open triangles), and 
1000 cells ml-1 (closed triangles) in (D). Symbols represent 
treatment means ± SE. 

 With increasing Alexandrium pohangense culture-filtrate 

concentration after 4, 12, 24, and 48 h incubation, the survival of 

Polykrikos kofoidii rapidly decreased at culture-filtrate 

concentrations <50–100 cells ml-1, but slowly at higher culture-

filtrate concentrations (Fig. 3.7A and 7B). All P. kofoidii cells at the 

elapsed times of 4, 12, 24, and 48 h were dead at the culture-

filtrate concentration of 1000 cells ml-1 (Fig. 3.7A and 7B). The 

LC50s of P. kofoidii at 4, 12, 24, 48 h were the culture filtrate 

concentrations of 14, 4, 6, and 4 cells ml-1, respectively (Table 
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3.4). 

 With increasing elapsed time, the survival of Polykrikos 

kofoidii in the control wells slightly decreased, while that at culture 

filtrate concentrations of 50, 100, and 500 cells ml-1 rapidly 

decreased at the elapsed times of <8 h, but only slightly, later (Fig. 

3.7C and 7D). The survival of P. kofoidii at the culture filtrate 

concentration of 1000 cells ml-1 became zero at 2 h. 

Gyrodinium moestrupii. With increasing A. pohangense cell-

concentration after 4, 12, 24, and 48 h incubation, the survival of 

Gyrodinium moestrupii rapidly decreased at the Alexandrium 

pohangense concentration of ≤100 cells ml-1, but slowly at the 

higher concentrations (Fig. 3.8A and 8B). However, the survival of 

G. moestrupii at the elapsed times of 4–48 h was not zero (Fig. 

3.8A and 8B). The LC50s of G. moestrupii at 4, 12, 24, and 48 h 

were 23, 11, 11, and 25 cells ml-1 (Table 3.4). 

 

Fig. 3. 8. Survival (SV, %) of Gyrodinium moestrupii as a function 
of A. pohangense concentration (cells ml-1) (A, B) and elapsed 
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incubation times (C, D). SV at the elapsed time of 4 h (closed 
circles) and 12 h (open triangles) in (A); and at 24 h (closed 
circles) and 48 h (open triangles) in (B). SV at the A. pohangense 
concentrations of 0 (control, closed circles), 50 (open triangles), 
and 100 cells ml-1 (closed triangles) in (C); and at 0 (control, 
closed circles), 500 (open triangles), and 1000 cells ml-1 (closed 
triangles) in (D). Symbols represent treatment means ± SE. 

 With increasing elapsed time, the survival of Gyrodinium 

moestrupii in the control wells continuously increased, while that at 

the Alexandrium pohangense concentrations of 50, 100, 500, and 

1000 cells ml-1 rapidly decreased at elapsed times ≤4 h (Fig. 3.8C 

and 8D). However, the survival of G. moestrupii at the A. 

pohangense concentrations of 50 and 100 cells ml-1 slightly 

increased later, while that at the A. pohangense concentrations of 

500–1000 cells ml-1 maintained or decreased (Fig. 3.8C and 8D).  

With increasing Alexandrium pohangense culture-filtrate 

concentration after 4, 12, 24, and 48 h incubation, the survival of 

Gyrodinium moestrupii rapidly decreased at the culture-filtrate 

concentration of 10 cells ml-1, but slowly at the higher culture-

filtrate concentrations (Fig. 3.9A and 9B). However, the survival of 

G. moestrupii at the elapsed times of 4–48 h were >20% (Fig. 3.9A 

and 9B). The LC50s of G. moestrupii at 12, 24, and 48 h were 

culture-filtrate concentrations of 28, 36, and 28 cells ml-1, 

respectively (Table 4). With increasing elapsed time, the survival of 

Gyrodinium moestrupii in the control wells continuously increased, 

while that at the culture-filtrate concentrations of 50, 100, 500, and 

1000 cells ml-1 rapidly decreased at elapsed times <8–12 h (Fig. 

3.9C and 9D).  
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Fig. 3. 9. Survival (SV, %) of Gyrodinium moestrupii as a function 
of the culture filtrate from the A. pohangense concentration (cells 
mL-1) (A, B), and elapsed incubation times (C, D). SV at the 
elapsed time of 4 h (closed circles) and 12 h (open triangles) in 
(A); and at 24 h (closed circles) and 48 h (open triangles) in (B). 
SV at the culture filtrate from the A. pohangense concentrations of 
0 (control, closed circles), 50 (open triangles), and 100 cells ml-1 
(closed triangles) in (C); and at 0 (control, closed circles), 500 
(open triangles), and 1000 cells ml-1 (closed triangles) in (D). 
Symbols represent treatment means ± SE. 

However, the survival of G. moestrupii at the culture-filtrate 

concentrations of 50–1000 cells ml-1 maintained or slightly 

decreased (Fig. 3.9C and 9D).   

Tiarina fusus. With increasing Alexandrium pohangense 

concentration after 4, 12, 24, and 48 h incubation, the survival of T. 

fusus rapidly decreased at the A. pohangense concentration of <100 

cells ml-1, but slowly at the higher concentrations (Fig. 3.3.10A and 

10B). All T. fusus cells at the elapsed times of 4–48 h were dead at 

the concentrations of 300–1000 cells ml-1 (Fig. 3.3.10A and 10B). 
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The LC50s of T. fusus at 4, 12, 24, and 48 h were 16, 4, 3, and 4 

cells ml-1 (Table 3.4).  

 With increasing elapsed time, the survival of Tiarina fusus in 

the control wells slightly decreased, while that at the A. pohangense 

concentrations of 50 and 100 cells ml-1 rapidly decreased at the 

elapsed times of <4–6 h and then slowly later (Fig. 3.3.10C). 

Moreover, the survival of T. fusus at the A. pohangense 

concentrations of 500 and 1000 cells ml-1 became zero at the 

elapsed time of > 2–4 h (Fig. 3.3.10D). 

 

Fig. 3. 10. Survival (SV, %) of Tiarina fusus as a function of A. 
pohangense concentration (cells mL-1) (A, B), and elapsed 
incubation times (C, D). SV at the elapsed time of 4 h (closed 
circles) and 12 h (open triangles) in (A); and at 24 h (closed 
circles) and 48 h (open triangles) in (B). SV at the A. pohangense 
concentrations of 0 (control, closed circles), 50 (open triangles), 
and 100 cells ml-1 (closed triangles) in (C); and at 0 (control, 
closed circles), 500 (open triangles), and 1000 cells ml-1 (closed 
triangles) in (D). Symbols represent treatment means ± SE. 

 With increasing A. pohangense culture filtrate concentration 
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after 4, 12, 24, and 48 h incubation, the survival of Tiarina fusus 

rapidly decreased at the culture filtrate concentration of <50–300 

cells ml-1, but slowly at the higher culture filtrate concentrations 

(Fig. 3.3. 11A and 11B). All T. fusus cells at the elapsed times of 4 

h were dead at the culture filtrate concentration of 1000 cells ml-1, 

while all T. fusus cells at the elapsed times of 12–48 h were dead at 

the culture filtrate concentration of 300 cells ml-1 (Fig. 3.3. 11A 

and 11B). The LC50s of T. fusus at 4, 12, 24, and 48 h were 

culture filtrate concentrations of 33, 5, 5, and 3 cells ml-1, 

respectively (Table 3. 4).  

 With increasing elapsed time, the survival of Tiarina fusus in 

the control wells slightly decreased, while that at the culture filtrate 

concentrations of 50 and 100 cells ml-1 rapidly decreased at 

elapsed times <8 h, but only slightly, later (Fig. 3.11C and 11D). 

Moreover, the survival of T. fusus at the culture filtrate 

concentrations of 500 and 1000 cells ml-1 rapidly decreased at 2 h, 

but only slightly, later (Fig. 3.11C and 11D). The survival of T. 

fusus at the culture filtrate concentration of 50 cells ml-1 at the 

elapsed time of >8 h was ca. 30%–40%, while that for the culture 

filtrate concentration of 100–1000 cells ml-1 was almost zero (Fig. 

3.11C and 11D). 
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Fig. 3. 11. Survival (SV, %) of Tiarina fusus as a function of the 
culture filtrate from the A. pohangense concentration (cells mL-1) 
(A, B), and elapsed incubation times (C, D). SV at the elapsed time 
of 4 h (closed circles) and 12 h (open triangles) in (A); and at 24 h 
(closed circles) and 48 h (open triangles) in (B). SV at the culture 
filtrate from the A. pohangense concentrations of 0 (control, closed 
circles), 50 (open triangles), and 100 cells ml-1 (closed triangles) 
in (C); and at 0 (control, closed circles), 500 (open triangles), and 
1000 cells ml-1 (closed triangles) in (D). Symbols represent 
treatment means ± SE.
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Table 3. 4. Parameters for Survival from Eq. (1). Parameters were derived from data present in Figs 4-11. ET: 
Elapsed incubation time. 

Potential predator  
 

Cell or 
filtrate 

ET (h) a b LC50 R2 

 Oxyrrhis marina             

  Cell  4 1.000 25.10 25.1 0.950 

  Cell  12 0.978 5.92 6.2 0.982 

  Cell* 24 1.010 9.72 13.3 0.982 

  Cell#  48 1.020 8.48 18.0 0.976 

  Filtrate  4 1.010 74.90 73.4 0.926 

  Filtrate  12 0.957 15.30 16.7 0.905 

  Filtrate*  24 0.970 20.30 30.6 0.897 

  Filtrate#  48 1.250 193.00 240.3 0.925 

 Polykrikos kofoidii   
     

  Cell  4 0.858 5.950 8.3 0.823 

  Cell  12 0.985 1.180 1.2 0.991 

  Cell  24 0.985 1.590 1.6 0.978 

  Cell  48 1.000 0.518 0.5 0.985 

  Filtrate  4 0.859 9.720 13.5 0.768 

  Filtrate  12 0.963 3.630 3.9 0.966 

  Filtrate  24 1.000 5.490 5.5 0.934 
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  Filtrate  48 1.020 4.530 4.4 0.923 

 Gyrodinium moestrupii        

  Cell  4 0.761 12.00 23.0 0.883 

  Cell  12 0.830 7.45 11.3 0.907 

 
 Cell  24 0.758 5.90 11.4 0.887 

  Cell  48 0.870 18.50 25.0 0.888 

  Filtrate  4 0.471 9.48 >1000 0.721 

  Filtrate  12 0.611 6.17 27.8 0.826 

  Filtrate  24 0.672 12.20 35.5 0.855 

  Filtrate  48 0.699 11.30 28.4 0.817 

 Tiarina fusus   
     

  Cell  4 1.020 16.90 16.3 0.970 

  Cell  12 0.985 3.93 4.1 0.910 

  Cell  24 0.986 3.19 3.3 0.946 

  Cell  48 1.010 3.74 3.7 0.926 

  Filtrate  4 1.030 35.40 33.4 0.925 

  Filtrate  12 0.964 4.63 5.0 0.800 

  Filtrate  24 0.964 4.63 5.0 0.800 

  Filtrate  48 0.953 2.29 2.5 0.710 
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Table 3. 5. Cytolytic activity of toxic phytoplankton on heterotrophic protists. CM: Cytolytic mechanisms. SPM: Self-
protecting mechanisms. TX: Toxins. THP: Target heterotrophic protist. LC50 or EC50 (incubation time when effects 
were detected). DN: Dinophyte. PR: Prymnesiophyta. unk: Unknown. Ref. Reference. 

Cytolytic 
species 

CM SPM TX THP LC50 or EC50 
Filtrate 
Effect 

Ref 

Alexandrium 
pohangense 
(DN) 

unk unk unk 

Gyrodinium dominans, 
Gyrodinum moestrupii, 
Polykrikos kofoidii, 
Oxyrrhis marina, 
Oblea rotunda, 
Luciella masanensis 
Noctiluca scintillans 
Pfiesteria piscicida 
Tiarina fusus 

See Table 2 Lysis (1) 

Alexandrium 
tamarense 
(DN) 

Maybe 
related to 
sterol. 
Increase in 
permeability of 
the cell 
membrane for 
Ca2+ ions 

unk unk 

Polykrikos kofoidii, 
Oxyrrhis marina, 
Oblea rotunda, 
Favella taraikaensis, 
Eutintinnus sp.,  
Amphidinium crassum, 
Rimostrombidium 
caudatum 

EC50 of O. 
marina: 
600 cells ml-1 
(immobilized in 
1h) 

Lysis 

(2), (3), 
(4), (5), 
(6), 
 

Alexandrium 
catenella 

unk unk unk 
Oxyrrhis marina, 
Oblea rotunda,  

LC50 of O. 
marina: 

Lysis (5), (7) 
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(DN) Amphidinium crassum, 
Rimostrombidium 
caudatum 

1540 cells ml-
1 (24h)a 

Alexandrium 
ostenfeldii 
(DN) 

unk unk unk 

Oxyrrhis marina, 
Amphidinium crassum, 
Rimostrombidium 
caudatum 

LC50 of O. 
marina: 
300 cells ml-1 
(3h), 70 cells 
ml-1 (24h) a 

Lysis (5), (7) 

Karlodinium 
veneficum 
(=Karlodiniu
m micrum) 
(DN) 

Sterol, a marked 
increase in 
permeability to 
Na+ and K+. a 
modest but 
significant 
increase in 
cytosolic Ca2+ 
due to influx 

Sterol 
Karlotox
in 
KmTX2 

Oxyrrhis marina unk unk 
(8), (9) 
(10), 
(11) 

Prymnesium 
parvum 
(PR) 

unk unk unk 
Oxyrrhis marina, 
Oblea rotunda 

LC50 of O. 
marina: 
16,000 cells 
ml–1 (6 h) a 

Lysis (12) 

(1) This study, (2) Tillmann and John (2002), (3) Cho and Matsuoka (2000), (4) Fulco (2007), (5) Tillmann et al. 

(2008), (6) Ma et al. (2011), (7) Tillmann et al. (2007), (8) Adolf et al. (2006), (9) Adolf et al. (2007), (10) Deeds 

et al. (2015), (11) Deeds and Place (2006), (12) Tillmann (2003) a EC50 was used for the concentration at which 

lysis (death) of heterotrophic protist cells occurred and thus it is similar to LC50.
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Effects of Alexandrium pohangense cells and filtrate on the survival 

of potential predators from natural populations. 

 The dominant ciliates in the natural waters collected from 

the coast of Tongyoung were naked ciliates (<40 µm in cell length), 

while the dominant heterotrophic dinoflagellates (HTDs) were the 

dinoflagellates having sizes similar to Pfiesteria piscicida (PLDs) 

for <20 µm HTDs and Gyrodinium spp. and Protoperidinium spp. for 

>20 µm HTDs.  

 In the samples from Tongyoung, with increasing elapsed 

time, the survival of naked ciliates in the control wells slightly 

decreased, while that at the A. pohangense cell concentration of 

1000 cells ml-1 rapidly decreased at elapsed times <2 h. All the 

ciliates were dead at 4 h (Fig. 3.12A). Similarly, with increasing 

elapsed time, the survival of the HTDs >20 µm in control wells 

slightly decreased, while that at the A. pohangense cell 

concentrations of 1000 cells ml-1 was zero at 2 h (Fig. 3.12B). In 

addition, with increasing elapsed time, the survival of the HTDs <20 

m in control wells slightly increased, while that at the A. 

pohangense cell concentration of 1000 cells ml-1 rapidly decreased 

at 2 h, and then slightly decreased (Fig. 3.12C). The survival of 

naked ciliates, the HTDs >20 µm, and the HTDs <20 µm in the 

control and experimental wells containing culture filtrates from the 

A. pohangense concentrations of 1000 cells ml-1 were similar to 

those in the wells containing A. pohangense cells described above 

(Fig. 3.13A-C).  
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Fig. 3. 12. Survival (SV, %) of natural populations of naked ciliates 
(A), heterotrophic dinoflagellates >20 µm (B), and <20 µm in cell 
length (C) collected from coastal water as a function of elapsed 
incubation time after a culture of A. pohangense concentration of 
1000 cells ml-1 was added. Symbols represent treatment means ± 
SE. (A) Closed circles: control (without added A. pohangense 
culture). Open triangles: SV with added A. pohangense culture. (B) 
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Closed circles: control. Open triangles: SV with A. pohangense 
culture. (C) Closed circles: control. Open triangles: SV with A. 
pohangense culture. 

 

Fig. 3. 13. Survival (SV, %) of natural populations of naked ciliates 
(A), heterotrophic dinoflagellates >20 µm (B), and <20 µm in cell 
length (C) collected from coastal water as a function of elapsed 
incubation time after culture filtrate from an A. pohangense 
concentration of 1000 cells ml-1 was added. Symbols represent 
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treatment means ± SE. (A) Closed circles: control (without added 
A. pohangense culture filtrate). Open triangles: SV with added 
filtrate of A. pohangense culture. (B) Closed circles: control. Open 
triangles: SV with filtrate of A. pohangense culture. (C) Closed 
circles: control. Open triangles: SV with filtrate of A. pohangense 
culture. 

3.4. Discussion 

Occurrence of heterotrophic protists feeding on Alexandrium 

pohangense 

 This study clearly showed that all heterotrophic protists 

tested did not feed on Alexandrium pohangense, and that A. 

pohangense cells and culture filtrates killed common heterotrophic 

protists, both cultured and collected from the natural environment. 

There are one or more protist predators for each of the well-

known toxic dinoflagellates (Alexandrium catenella, Alexandrium 

hiranoi, Alexandrium minutum, Alexandrium tamarense, 

Amphidinium carterae, Gymnodinium catenatum, Karenia brevis, 

Karlodinium veneficum, and Pyrodinium bahamense (Table 3.3)). 

Polykrikos kofoidii has been known to feed on A. catenella, A. 

minutum, A. tamarense, and G. catenatum (Jeong et al., 2003; Yoo 

et al., 2013b; our unpublished data). Gyrodinium moestrupii is able 

to feed on A. catenella, A. minutum, and A. tamarense (Yoo et al., 

2013b; our unpublished data). However, even P. kofoidii and G. 

moestrupii cannot feed on A. pohangense, but instead are killed and 

dissolved. Therefore, A. pohangense has an advantage over other 

toxic dinoflagellates because it is able to eliminate, or greatly 

reduce, its protist predators. 

Lytic effects of cells and culture filtrate  

 Gyrodinium moestrupii, Oxyrrhis marina, Polykrikos kofoidii, 
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and Tiarina fusus were killed even at the lowest tested Alexandrium 

pohangense concentration of 10 cells ml-1 and equivalent culture 

filtrates. In addition, with increasing A. pohangense cell-

concentration in the cultures and equivalent culture-filtrates, the 

survival of G. moestrupii, O. marina, P. kofoidii, and T. fusus 

decreased. Most heterotrophic protists were dead at the A. 

pohangense cell-concentration of >500 cells ml-1 and equivalent 

culture-filtrates. Therefore, both cultures containing A. 

pohangense cells and filtered are likely to affect populations of 

these heterotrophic protists. Furthermore, during blooms dominated 

by A. pohangense, these heterotrophic protists may not been found. 

It is worthwhile to test this hypothesis during A. pohangense 

blooms. 

 The LC50 of Oxyrrhis marina at the elapsed time of 24 h 

exposed to A. pohangense cells (i.e., 13 cells ml-1) was much lower 

than that with Alexandrium catenella (1540 cells ml-1) and 

Alexandrium ostenfeldii (70 cells ml-1) (Table 3.5). This evidence 

suggests that A. pohangense may kill O. marina cells at 

concentrations much lower than A. catenella and A. ostenfeldii. O. 

marina may not be found or may be rare when A. pohangense is 

abundant, while O. marina could be abundant even when A. catenella 

is abundant. Moreover, the LC50 of Polykrikos kofoidii cells at the 

elapsed times of 24 h was as low as 1.6 cells ml-1. Therefore, P. 

kofoidii may also not be found when A. pohangense is present even 

at low concentrations.  

The LC50 of G. moestrupii, O. marina, P. kofoidii, and T. fusus at 

the elapsed time of 24 h with A. pohangense cells (11.4, 13.3, 1.6, 

and 3.3 cells ml-1, respectively) were lower than those with A. 
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pohangense culture filtrates (35.5, 30.6, 5.5, and 5.0 cells ml-1, 

respectively). Therefore, when A. pohangense cells are present, A. 

pohangense can kill these heterotrophic protists cells effectively 

rather than being consumed. Similarly, Tillmann and John (2002) 

reported a considerable difference in lytic effects between the 

cultures with and without Alexandrium affine, Alexandrium catenella, 

Alexandrium lusitanicum, Alexandrium minutum, Alexandrium 

ostenfeldii, Alexandrium pseudogonyaulax, Alexandrium tamarense, 

and Alexandrium taylori cells. It is worthwhile to explore this topic 

with other Alexandrium species.  

Persistence of lytic effect  

 While the survival of Oxyrrhis marina at the Alexnadrium 

pohangense cell concentration of 50 and 100 cells ml-1 continuously 

decreased, that at the culture filtrate concentration of 50 and 100 

cells ml-1 rapidly decreased before 8 h, but gradually increased 

later. In addition, the survival of Gyrodinium moestrupii and Tiarina 

fusus at the culture filtrate concentration of 50 and 100 cells ml-1 

rapidly decreased before 8 h, but it maintained later. This evidence 

suggests that A. pohangense cells may keep excreting lytic 

compounds during the entire incubation period, while the lytic 

effects of cell-free culture filtrate may attenuate with increasing 

elapsed time. Similarly, Alexandrium affine, Alexandrium catenella, 

Alexandrium lusitanicum, Alexandrium minutum, Alexandrium 

tamarense, Alexandrium ostenfeldii, and toxic Prymnesium parvum 

have been revealed to cause lytic effects to heterotrophic protists, 

but these effects disappear as time passes (Tillmann and John, 

2002; Tillmann et al., 2003; Hakanen et al., 2014). The toxic or 

lytic substances may be water soluble, might be absorbed by the 
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bodies of the victims, or may be decomposed by natural degradation. 

Lytic substances  

 This study shows that cultures of 10–1000 A. pohangense 

cells ml-1 and equivalent culture filtrates kill all tested cultured and 

naturally collected ciliates and heterotrophic dinoflagellates. This 

evidence suggests that the substances inside A. pohangense cells or 

excreted from the cells may kill their potential protist predators.  

 Previously, several toxic algae (e.g., Alexandrium tamarense, 

Alexandrium catenella, Alexandrium ostenfeldii, Karlodinium 

veneficum (= Karlodinium micrum) and Prymnesium parvum) were 

known to cause lysis of heterotrophic protists (Cho and Matsuoka, 

2000; Tillmann and John, 2002; Adolf et al., 2006; Deeds and Place, 

2006; Fulco, 2007; Tillmann et al., 2008; Ma et al., 2011) (Table 5). 

However, their lytic mechanisms were poorly understood, except 

for a known Karlotoxin (KmTX2) produced by K. veneficum. The 

KmTX2 has been revealed to lyse heterotrophic protists by 

interacting with sterol, increasing membrane permeability to Na+ 

and K+, and increasing modestly but significantly, the cytosolic 

Ca2+ inside the cells of the victims (Deeds et al., 2015). 

Alexandrium pohangense was revealed not to have the saxitoxin 

gene, a well-known PSP toxin gene (Lim et al., 2015a). Therefore, 

the substances from A. pohangense related to killing or lysing the 

heterotrophic protists may not be related to known toxins that are 

also easily detectable. Tillmann and John (2002) also suggested 

that Alexandrium affine, Alexandrium catenella, Alexandrium 

lusitanicum, Alexandrium ostenfeldii, Alexandrium pseudogonyaulax, 

Alexandrium tamarense, and Alexandrium taylori lysed 

heterotrophic dinoflagellates by mechanisms independent of PSP 
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toxins. It is worthwhile to investigate the nature of the lytic 

compounds produced by A. pohangense and the other Alexandrium 

species after these dinoflagellates can be cultivated at the scale of 

tons. 

Ecological implication  

 The autotrophic growth rate of Alexandrium pohangense 

(i.e., 0.1 d-1) is lower than that of Alexandrium catenella, 

Alexandrium minutum, and Alexandrium tamarense (0.50–0.55 d-1) 

(Chang and McClean, 1997; Yamamoto and Tarutani, 1999; Collos 

et al., 2004). However, the mortality rate of A. pohangense due to 

predation by protist predators is negligible, while that of A. 

catenella, A. minutum, and A. tamarense is sometimes considerable 

(Calbet et al., 2003; Jeong et al., 2003; Yoo et al., 2013b; our 

unpublished data). Therefore, slow growing A. pohangense may 

out-compete other toxic Alexandrium species by lowering its 

mortality rate due to predation. For A. pohangense, killing potential 

heterotrophic protist predators by producing and excreting lytic or 

lytic-related substances may be compensation for its relatively 

slow growth rate in the competition among harmful algal bloom 

organisms. 
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Chapter 4. Application of lytic effect of Alexandrium 

spp. to controlling paralytic scuticociliates 
 

4.1. Introduction 

     Scuticociliates are known for parasite pathogens which cause 

massive mortality of fishes, crustaceans, and molluscs (Kim et al., 

2004; Iglesias et al., 2001; Harikrishnan et al., 2010). 

Scuticociliatosis via sucticociliates occurs all around the world 

including Australia, China, Denmark, Israel, Korea, Spain, and USA, 

and more than 20 species, such as Miamiensis avidus (syn. 

Philasterides dicentrarchi), Uronema marinum, and Anophryoides 

haemophila, belonging to the subclass Scuticociliatia, have been 

identified as facultative parasites causing destroying host tissues 

(Thompson and Moewus, 1964; Cheung et al., 1980, Cawthorn et al., 

1996; Harikrishnan et al., 2010). They are regarded as one of the 

most important and disastrous pathogens to mortality of fish in the 

aquaculture. For example, 35.92 percentages of mortalities in 

flounder farms in South Korea resulted from scuticociliatosis during 

May to November 2011, which was the largest proportion among 

causes of mortalities of fish (Jee et al., 2014). Although many 

studies have proposed strategies to minimize loss due to 

scuticociliatosis from antibiotics to chemotherapy to 

immunostimulants (e.g. Iglesias et al., 2002; Harikrishnan et al., 

2010; Kang and Kim, 2015), the mortalities related to 

scuticociliates have steadily occurred in Korea (Kang et al., 2015). 

Therefore, it is worthwhile to search for new and various 

approaches to control scuticociliates. 
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 As mentioned in the chapter 3, some of dinoflagellates 

including the genus Alexandrium were revealed to lyse protozoans 

including dinoflagellates, cryptophytes, and free-living ciliates, 

such as Alexandrium pohangense lysing Tiarina fusus, and 

Alexandrium tamarense lysing Favella taraikaensis, Eutintinnus sp., 

and Rimostrombidium caudatum (Fulco, 2007; Tillmann et al., 2008; 

Kim et al., 2016).   

 The present study was designed to explore the potential 

whether these lytic effects of dinoflagellates mentioned above could 

be applied to controlling scuticociliates. Two scuticociliates were 

isolated from aqua-tanks on land and coastal waters in Korea. They 

were revealed to infect fish and the larvae of shellfish in the aqua-

tanks. Based on the sequences of the small subunit (SSU) ribosomal 

DNA and on the phylogenetic tree constructed based on these, 

these two ciliates were identified as Miamiensis avidus and 

Miamiensis sp. To determine which dinoflagellates could kill these 

ciliates effectively, 16 phototrophic dinoflagellate species belonging 

to the genera Alexandrium, Coolia, Gymnodinium, Karenia, and 

Prorocentrum were tested. In this screening test, Alexandrium 

andersonii among 16 candidates was the most lethal species. Thus, 

the effect of Alexandrium andersonii on Miamiensis avidus and 

Miamiensis sp. were evaluated according to cell concentration and 

equivalent culture filtrates to examine the potential to control 

scuticociliates in detail. Also, to confirm whether other Alexandrium 

species remove scuticociliates, these two ciliates were co-

incubated with Alexandrium affine and Alexandrium mediterraneum 

cells and filtrates. This study shows a possibility to control 

scuticociliates using ecological interaction among protists in marine, 
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and provides an interdisciplinary insight as suggesting ecological 

approach to pathological problems.  

 

2. Materials and Methods 

Collection and culture of scuticociliates and dinoflagellates. 

Miamiensis avidus J1 was isolated from the brain of the olive 

flounder Paralichthys olivaceus (body weight = 530 g) in an aqua-

tank in February 2016. The water temperature was 17.3℃ in the 

aqua-tank. Miamiensis sp. B1 was isolated from waters off Bieung 

Island, western Korea in May 2016 when water temperature and 

salinity were 20.8℃ and 31.3, respectively (Table 4.1). Miamiensis 

sp. was observed to infect the larvae of the brackish-water snail 

Clithon retropictus. 

 

Table 4. 1 Isolation and maintenance conditions for the 
scuticociliates and phototrophic dinoflagellates used in the present 
study. Sampling location and date; water temperature (T, °C); 
salinity (S) for isolation; NA, not available. 

Organism 
Strain 
number 

Location  Date T S 

Miamiensis 
avidus 

J1 Jeju, Korea 
2016 
02 

17.4 NA 

Miamiensis 
sp. 

B1 
Bieung Isalnd, 
Korea 

2016 
05 

20.8 
31.
3 

Alexandrium 
affine 

AATA1308 
Tae-an, 
Korea 

2013 
08 

21.5 32.2 

Alexandrium 
andersoni 

AMJH2015
05 

Jinhae, Korea 
2015 
05 

22.2 32.2 

Alexandrium 
catenella 

WEB-
ALEX-03 

Busan, Korea 
2013 
08 

24.7 26.4 
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 Cultures of Miamiensis avidus were maintained in seawater 

with proteose-peptone (1 mg 100 ml-1 seawater) and yeast, 

whereas cultures of Miamiensis sp. were maintained in seawater 

with autotrophic bacteria at 20℃ under an illumination of 20 µE m-

2s-1 provided by cool-white fluorescent lights in a 14:10 h light-

Alexandrium 
fraterculus 

WEB-
ALEX-04 

Yeosu, Korea 
2013 
09 

23.4 32.8 

Alexandrium 
hiranoi 

NIES-612 Japan 
1984 
08 

NA NA 

Alexandrium 
insuetum 

CCMP2082 
Uchiumi Bay, 
Kagawa, 
Japan 

1985 
06 

NA NA 

Alexandrium 
leei 

CCMP2955 
Singapore 
Strait 

NA NA NA 

Alexandrium 
mediterraneu
m 

CCMP3433 
Gulf of 
Naples, Italy  

1999 
06 

NA NA 

Alexandrium 
minutum 

CCMP113 
Ria de vigo, 
spain 

1987 
09 

11
-
16 

NA 

Alexandrium 
pacificum 

CCMP3434 
Port Phillip 
Bay, 
Australia 

1988 
03 

NA NA 

Alexandrium 
pohangense 

PHAlex140
9 

Pohang, 
Korea 

2014 
09 

23 31 

Alexandrium 
tamarense 

CCMP1493 Hong Kong 
1992 
07 

NA NA 

Coolia 
malayensis 

CMJJ2091
0 

Jeju, Korea 
2009 
10 

21.1  28.6  

Gymnodinium 
catenatum 

GC111-3 NA NA NA NA 

Karenia 
mikimotoi 

KMKS1408 
Doopori, 
Korea 

2014 
08 

26.2  33.0  

Prorocentrum 
rhathymum 

PRJJ0907 Jeju, Korea 
2012 
06 

11.4  13.3 
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dark (LD) cycle.  

 Clonal cultures of the phototrophic dinoflagellates, including 

Alexandrium andersonii, Alexandrium catenella, Alexandrium 

fraterculus, Alexandrium hiranoi, Alexandrium insuetum, 

CCMP2955, known to A. leei, Alexandrium minutum, Alexandrium 

pacificum, Alexandrium pohangense, Alexandrium tamarense, Coolia 

malayensis, Gymnodinium catenatum, Karenia mikimotoi, and 

Prorocentrum rhathymum, were either established by two single-

cell isolations by our team or obtained from culture centers (Table 

4.1). These dinoflagellate cultures were maintained 

photosynthetically in enriched f/2 seawater media (Guillard and 

Ryther, 1962) at 20℃ under 20 µE m-2s-1 in a 14:10 h LD cycle. 

PCR amplification, sequencing, and phylogenetic analysis. Five cells 

of each Miamiensis avidus and Miamiensis sp. were transferred to a 

0.2-ml tube containing 38.75 µl of distilled water, and the tube 

stored at -20 ℃ for 2 hours. After freezing, the PCR amplification 

reation mixtures containing 10× PCR buffer 5 µl with 10 mM 

dNTPs 1 µl, 10 µM of each primer 2 µl, 5 U µl-1 of Taq DNA 

polymerase 0.25 µl (Bioneer, Deajeon, Korea) were added in the 

tube. The primers used to amplify regions of SSU rDNA are EUKA 

(5- AAC CTG GTT GAT CCT GCC AGT -3; Medlin et al. 1988) 

and G23R (5-TTC AGC CTT GCG ACC ATA C-3; Litaker et al. 

2003); G17F (5-ATA CCG TCC TAG TCT TAA CC-3; Litaker et 

al. 2003) and EUKB (5-TGA TCC TTC TGC AGG TTC ACC TAC-

3; Medlin et al. 1988). The DNA was amplified in a Mastercycler ep 

gradient (Eppendorf, Hamgurg, Germany) using the following 

cycling conditions: 2 min at 95 ℃, followed by 38 cycles of 20 s at 

95 ℃, 40 s at the selected annealing temperature, and 1 min at 
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72 ℃, 5 min at 72 ℃ after the cycles. The annealing temperatures 

for the pairs of EUKA/G23R and G17F/EUKB were 50 ℃ and 45 ℃.    

 Phylogenetic analysis of the SSU rDNA regions of two 

scuticociliates were conducted using the software MEGA 7, 

including sequences from closely related taxa obtained from 

GenBank. Baysian inference was performed using MrBayes, version 

3.1 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 

2003) with the default GTR+G+I model to determine the best 

available model for the data of SSU rDNA region. Posterior 

probabilities were estimated using four independent Markov Chain 

Monte Carlo (MCMC) chains, performed as described by Kang et al. 

(2010) 

Screening test for dinoflagellates against scuticociliates. 

 Experiment 1 was designed to test whether a dinoflagellate 

species was able to kill or inhibit growth of Miamiensis avidus 

(Table 4.2A). Cells of each dinoflagellate species growing 

photosynthetically were added to each of triplicate 50-ml BD 

Falcon cell culture flasks containing 20 ml filtered seawater with 

approximately 2 × 104 Miamiensis avidus cells (Table 4.2A). The 

final concentrations of target dinoflagellate and M. avidus in the 

flask were both ca. 1000 cells ml-1, except for Alexandrium 

fraterculus and Alexandrium hiranoi, which were ca. 300 and 600 

cells ml-1, respectively. Triplicate control flasks containing only M. 

avidus were also set up (target concentration = 1000 cells ml-1). 

Yeast, prey of M. avidus, was not eliminated in this experiment. The 

flasks were placed on a shelf and incubated at 20℃ under an 

illumination intensity of 20 µE m−2 s−1 with cool-white fluorescent 

light and a 14:10 h LD cycle for 24 h. Five-milliliter aliquots were 
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removed from each flask at the beginning of the experiment and 

after 48-h of incubation and fixed with 5% Lugol’s solution to 

determine the initial and final densities of the target dinoflagellate 

and M. avidus. All or >300 cells of the dinoflagellate and/or ciliates 

on 1-ml Sedgwick-Rafter chambers (SRCs) were enumerated 

under a light microscope.  

 

Table 4. 2. Target species and average initial concentrations of 

triplicate samples for screening test(Experiment 1) (A), 

experiments for effects of Alexandrium andersonii cells (actually 

culture containing cells) and cell-free culture filtrates (Experiment 

2-5) (B), and experiments for effects of Alexandrium affine and 

Alexandrium mediterranuem cells and culture filtrates (Experiment 

6-13) (C). The numbers in dinoflagellates and the scuticociliates 

columns are the initial densities  

A. Experiment 1 

Anti-scuticociliate candidates Scuticociliates 

No
. 

Dinoflagellates 

Average 
initial 

Density 
(cells ml-

1 ) 

 

Average 
initial 

Density 
(cells ml-

1 ) 

1 Alexandrium affine 1106 

Miamiensis 
avidus 

920 

2 
Alexandrium 
andersonii 

1072 1074 

3 
Alexandrium 
catenella 

1296 894 

4 
Alexandrium 
fraterculus+ 

308 938 

5 Alexandrium hiranoi+ 562 918 

6 
Alexandrium 
insuetum 

1294 1021 

7 Alexandrium leei 1091 930 

8 
Alexandrium 
mediterraneum 

818 877 
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B. Experiment 2-5  

 

C. Experiemnt 6-13 

9 
Alexandrium 
minutum 

1250 1002 

10 
Alexandrium 
pacificum 

1126 920 

11 
Alexandrium 
pohangense 

928 877 

12 
Alexandrium 
tamarense 

1194 998 

13 Coolia malayensis 842 954 

14 
Gymnodinium 
catenatum 

881 879 

15 Karenia mikimotoi 1000 967 

16 
Prorocentrum 
rhathymum 

607 994 

17 
Control without 
candidates 

  1215 

Anti-scuticociliate candidates Scuticociliates 

Exp
. 

 
Average initial Density 

(cells ml-1 ) 
 

Average initial 
Density 

(cells ml-1 ) 

2 

Alexandri
um 
andersonii 

0/48/91/466/855/2475
/4400 

Miamiensi
s avidus 

933/984/1049/ 
920/     
970/965/908 

3 
Filtrate as same 
volume on exp.2 

933/998/1022/1
053/ 
1002/1002/100
0 

4 
0/40/ 81/ 433/ 917/ 
2751/ 4589 

902/975/988/96
7/913 /944/889 

5 
Filtrate as same 
volume on exp.4 

902/1010/1000/
921/875/994/93
5 

Anti-scuticociliate candidates Scuticociliates 



 

８７ 

 

+ Initial density was lower than others because of the density of 

culture. ++ At the very first moment, the cells of Miamiensis avidus 

were lysed after being incubated with Alexandrim affine, so the 

initial density was low. 

 

Effects of Alexandrium andersonii cell concentration and equivalent 

culture filtrate on controlling scuticociliates Experiments 2 (and 3) 

were designed to measure survival of Miamiensis avidus as a 

function of the cell concentration (and equivalent culture filtrate) of 

Alexandrium andersonii after 6, 24, and 48 h incubation, whereas 

experiments 4 (and 5) were conducted using Miamiensis sp. (Table 

4.2).  

 In experiments 2 (and 4), approximately 4 × 104 

Exp
. 

Dinoflagellates 

Average 
initial 

Density 
(cells ml-

1 ) 

 

Average 
initial 

Density 
(cells ml-

1 ) 

6 Alexandrium affine 8239 

Miamiensis 
avidus 

508++ 

7 Alexandrium affine filtrate 848 

8 
Alexandrium 
mediterraneum 

8267 904 

9 
Alexandrium 
mediterraneum 

filtrate 890 

 
Control without 
candidates 

 763 

10 Alexandrium affine  

Miamiensis sp. 

1280 

11 Alexandrium affine filtrate 1133 

12 
Alexandrium 
mediterraneum 

 1324 

13 
Alexandrium 
mediterraneum 

filtrate 1338 

 
Control without 
candidates 

 1400 
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scuticociliates cells from a dense culture of M. avidus (and 

Miamiensis sp.) were gently transferred to each of triplicate 50-ml 

BD Falcon cell culture flasks containing a predetermined volume of 

target dinoflagellate using a micropipette. Then, freshly filtered 

seawater was added to each flask to achieve a total volume of 40 ml. 

Triplicate scuticociliates-only control and triplicate A. andersonii-

only control flasks were also set up. To determine scuticociliate and 

A. andersonii cell concentrations at the beginning of the 

experiments and after 6, 24, and 48 h incubation, a 4-ml aliquot 

was removed from each flask and fixed with 5% Lugol’s solution. 

All or >300 cells of the dinoflagellate and/or ciliates on 1-ml SRCs 

were enumerated under light microscopy at a magnification of 50–

200×. 

 In experiments 3 (and 5), to collect A. andersonii culture-

filtrates, A. andersonii cultures (concentration = ca. 20,000 cells 

ml-1) were filtered through 5-µm TSTP isopore membrane filters 

(Millipore Ltd., Cork, Republic of Ireland). Approximately 4 × 104 

cells of M. avidus (and Miamiensis sp.) and a predetermined volume 

of A. andersonii culture filtrate were transferred to a 50-ml culture 

flask and filled with freshly filtered seawater to the target volume 

(total volume = 40 ml). Triplicate experimental flasks and triplicate 

scuticociliate control flasks were set up. To determine the cell 

concentrations of M. avidus (and Miamiensis sp.) at the beginning of 

the experiments and after 6, 24, and 48 h of incubation, a 4-ml 

aliquot was removed, fixed, and the cells on 1-ml SRCs were 

numerated in the same manner as in experiments 2 and 4. During 

incubation, the flasks were maintained at 20℃ under a 14:10 h LD 

cycle with illumination of 20 µE m-2s-1. The minimal lethal 
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concentration (MLC) was defined as an Alexandrium andersonii 

concentration at which all scuticociliate cells were killed or lysed. 

Effects of high concentration culture and filtrate of Alexandrium 

affine, and Alexandrium mediterraneum on controlling scuticociliates 

Experiments 6-13 were designed to confirm the capabilities of 

Alexandrium affine and Alexandrium mediterraneum to control 

concentration of scuticociliates. These two Alexandrium species on 

the screening test (experiment 1) were the secondly and fourthly 

most effective species against Miamiensis avidus. Alexandrium 

affine and Alexandrium mediterraneum were tested at high 

concentration culture and filtrate to confirm lysing effect on two 

scuticociliates, Miamiensis avidus and Miamiensis sp. To collect 

culture-filtrates of Alexandrium spp., cultures of Alexandrium 

affine and Alexandrium mediterraneum and Alexandrium andersonii 

were filtered through 5-µm TSTP Isopore membrane filters 

(Millipore Ltd., Cork, Republic of Ireland). 

 Each experiment 6 and 8 was designed to measure the 

survival of Miamiensis avidus as a function of the Alexandrium 

affine and Alexandrium mediterraneum, while experiment 10 and 12 

was to measure the survival of Miamiensis sp. (Table 4.2C). 

Approximately 2×104 scuticociliates cells of each scuticociliate 

culture, freshly filtered seawater, and each of 2×104 Alexandrium 

sp. cells on the experiments 6, 8, 10 and 12 were gently 

transferred to a 20-ml PC bottle (total volume: 20 ml). Triplicate 

experimental flasks and scuticociliates control flasks were set up. 

Experiment 7, 9, 11 and 13 were devised to measure the survival of 

two scuticociliates as a function of the culture-filtrate of two 

Alexandrium spp. On experiment 7 and 11 was Alexandrium affine 
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tested, while Alexandrium mediterraneum was tested on experiment 

9 and 13. Also, Miamiensis avidus was used on experiment 7 and 9, 

while Miamiensis sp. was used on experiment 9 and 13.  

 To determine the scuticociliates cell concentration at the 

beginning of the experiments 6-13 and after 1, 2, 4, and 24h of 

incubation, a 3-ml aliquot was removed, fixed, and the cells in a 1-

ml SRCs were numerated in the same way of the experiments 3. 

During incubation, the flasks were maintained at 20℃ under a 14:10 

h LD cycle of 20 µE m-2s-1 of cool white fluorescent light. Minimal 

lethal concentration (MLC) was the Alexandrium andersonii 

concentration when scuticociliates were completely vacuolated or 

lysed.   

Record for Alexandrium andersonii and their filtrate to lyse 

scuticociliates. To explore the process of lysis of scuticociliates, 

Miamiensis sp. cells incubated with each Alexandrium andersonii 

and its culture-filtrate were recorded. The cells were placed on a 

light microscope (ZeissAxiovert 200M, Carl Zeiss Ltd., Göttingen, 

Germany) equipped with a video analyzing system (HSC-F340, 

Comart system Co., Ltd., Seoul, Korea). Recording was processed 

at a magnification of 50–400× and then analyzed by playing the 

video back frame by frame. 

Data analysis. The specific growth rate of scuticociliates, µ(d-1), 

was calculated as follows:  

µ=ln(At/A0)/t    (4.1) 

where A0 is the initial concentration of scuticociliates and At is the 

final concentration after time t.  

 Survival was calculated as the percentage (%) of surviving 

cells which is examined after exposure to Alexandrium andersonii 
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cells or equivalent culture filtrate for 4, 24, and 48 h, or to 

Alexandrium affine and Alexandrium mediterraneum cells or 

equivalent culture filtrate for 1, 2, 4, and 24 h.  

 Data for Survival of all organisms were fitted to the 

following equation:  

Survival (%) = 100[1 − (a t / (b + t))] (4.2) 

where t is time, and a, b is variables for Alexandrium spp. 

concentration (cells ml-1) or equivalent culture filtrate. Data were 

iteratively fitted to the model using DeltaGraph® (SPSS Inc., 

Chicago, USA). 

 

4.3. Results 

Molecular characterization of two scuticociliates. The small subunit 

ribosomal DNA of Miamiensis avidus and Miamiensis sp. were 

analyzed. The SSU rDNA partial sequences (1732 bp) of 

Miamiensis avidus in this experiment was identical with the rDNA 

sequence of Miamiensis avidus (JN689230, AY550080) and 

Philasterides dicentrarchi (JX914665). On the other hand, the SSU 

rDNA partial sequences (1692 bp) of Miamiensis sp. in this 

experiment were 3% different from those of Miamiensis avidus 

(JN885091) and 4% different from those of Anophyroides 

haemophila (U51554).  

 In the phylogenetic tree based on SSU rDNA sequences, 

Miamiensis sp. was positioned at the base of the clade of 

Miamiensis avidus (JN885091) (Fig. 4.1.). However, Miamiensis 

avidus (J1) formed a clade with Miamiensis avidus (JX914665, 

JN689230, and AY550080). 
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Fig. 4. 1. Consensus Bayesian tree based on 1,769 aligned positions 
of partial SSU-rDNA sequences of two scuticociliates and other 
species obtained from GenBank using the TrN + I + G model; 
Cardiostomatella vermiformis and Dexiotricha cf. granulosa were 
used as the outgroup. In the model, the following parameters were 
used: equal nucleotide frequencies were assumed; substitution rate 
matrix with A-C substitutions = 1.0000, A-G = 2.6975, A-T = 
1.0, C-G = 1.0, C-T = 6.9503, and G-T = 1.0; proportion of sites 
assumed to be invariable = 0.1275; and rates for variable sites 
were assumed to follow a gamma distribution with a shape 
parameter = 0.8266. The branch lengths are proportional to the 
number of base changes. The numbers above the branches indicate 
the Bayesian posterior probability. Pathogen list from Xu and Song 
(1999), Sweet and Bythell (2012), Gao et al. (2012a), Gao et al. 
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(2012b), Hu et al. (1995), Miao et al. (2009), Ofelio et al. (2014), 
Zhan et al. (2014), Whang et al. (2011), Gong and Li (2007), Wang 
et al. (2004), and Song (1994). 

Screening test for dinoflagellates against scuticociliates.  

 

Fig. 4. 2. Comparison of specific growth rates of the scuticociliate 
Miamiensis avidus between those incubated for 48 h with and 
without cells of the target phototrophic dinoflagellate. Con, control; 
Aaf, Alexandrium affine, Aan, Alexandrium andersoni; Ac, 
Alexandrium catenella; Af, Alexandrium fraterculus; Ah, 
Alexandrium hiranoi; Ai, Alexandrium insuetum; Al, Alexandrium 
leei; Ame, Alexandrium mediterraneum, Ami, Alexandrium minutum; 
Apa, Alexandrium pacificum; Apo, Alexandrium pohangense; At, 
Alexandrium tamarense; Cm, Coolia malayensis; Gc, Gymnodinium 
catenatum; Km, Karenia mikimotoi; and Pr, Prorocentrum 
rhathymum. * p < 0.05, ** p < 0.01, ***p < 0.005 (two-tailed 
student’s t-test). 

 The specific growth rate of Miamiensis avidus in the control 

group (incubated without dinoflagellates) was 1.37 d-1 (Fig. 4. 2). 

However, the growth rates of M. avidus co-incubated with 

Alexandrium andersonii and Alexandrium affine were negative, or -

1.18 d-1 and -0.15 d-1, respectively. The specific growth rates of 
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M. avidus co-incubated with Alexandrium hiranoi, Alexandrium 

mediterraneum, and Alexandrium pohangense were 0.51 d-1, 0.65 

d-1, and 0.99 d-1, while those of the scuticociliates co-incubated 

with 10 dinoflagellates species (Alexandrium catenella, 

Alexandrium fraterculus, Alexandrium insuetum, Alexandrium leei, 

Alexandrium minutum, Alexandrium pacificum, Alexandrium 

tamarense, Coolia malayensis, Gymnodinium catenatum, 

Prorocentrum rhathymum) were from 1.01 to 1.26 d-1 (Fig. 4. 2), 

which were slightly lower than the rate in the control group. On the 

other hand, the specific growth rate of M. avidus co-incubated with 

Karenia mikimotoi was 1.99 d-1, which is higher than the rate of the 

control group. 

 

Effects of Alexandrium andersonii cell concentration and equivalent 

culture filtrate on Miamiensis avidus and Miamiensis sp. 

Miamiensis avidus  

 The concentrations of Miamiensis avidus incubated with 

Alexandrium andersonii cells decreased rapidly. After 6 h co-

incubation with Alexandrium andersonii, all of Miamiensis avidus 

cells were lysed at A. andersonii initial concentration of ca. 4400 

cells ml-1, and 0.4 percentage of Miamiensis avidus cells were 

survived or at least remained without rounded, swollen, or lysed at 

A. andersonii initial concentration of ca. 2475 cells ml-1 (Fig. 4. 

3F-3G). After 24h incubation, all of M. avidus cells were lysed at A. 

andersonii concentration of ca. 2475 cells ml-1. At A. andersonii 

initial concentration of ca. 855 cells ml-1, the survival of M. avidus 

was 0.1 percentage after 48h incubation (Fig. 4. 3D-3F). On the 

other hand, the survival of M. avidus was not zero at the A. 
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andersonii concentration of 48< and <466 cells ml-1 until 48 h 

incubation. At the end of the experiment (48 h incubation), the 

survivals of M. avidus were 32.3, 28.6, and 2.9 percentage at A. 

andersonii initial concentrations of ca. 48, 91, and 466 cells ml-1 

respectively, while the control group was 54.9 percentage (Fig. 4. 

3A-3C).  

 The effects of Alexandrium andersonii culture filtrate were 

weaker than those of A. andersonii culture with cells during the 

experiment. Only with the A. andersonii culture filtrate 

corresponding to concentration of ca. 4400 cells ml-1, the survival 

of Miamiensis avidus was zero after 48 h incubation (Fig. 4. 4F). In 

other cases, the survivals of the ciliates were 56.5, 54.2, 47.3, 17.0, 

and 1 percentages with the A. andersonii culture filtrate 

corresponding to Alexandrium concentration of ca. 48, 91, 466, 855 

and 2475 cells ml-1, respectively, after 48 h incubation (Fig. 4. 4A-

4G). Minimal lethal concentration (MLC) of A. andersonii cells on M. 

avidus at 48 h was 2475 cells ml-1, and that of A. andersonii culture 

filtrate was 4400 cells ml-1.   

Miamiensis sp.  

 At the high concentrations of Alexandrium andersonii, ca. 

4589 and 2751 cells ml-1, the survivals of Miamiensis sp. were 0.1 

percentage after 6 h, and none of Miamiensis sp. was survived after 

24 h (Fig. 4. 5F-5G). Also, the survival of Miamiensis sp. at the A. 

anderosonii concentration of ca. 917 cells ml-1 was zero after 48 h 

incubation, while that at the A. andersonii concentration of ca. 433 

cells ml-1 was 6.8 percentage (Fig. 4. 5C-5D). However, at the low 

concentrations of A. andersonii, ca. 40 and 80 cells ml-1, the 

survivals of Miamiensis sp. increased rapidly, and its specific 



 

９６ 

 

growth rates were 0.68 and 0.61 d-1 (Fig. 4. 5A-5B). 

 The survival of Miamiensis sp. with Alexandrium andersonii 

culture filtrate corresponding to concentration of ca. 4589 cells ml-1 

was 1.3 percentage after 6 h incubation and zero after 24 h 

incubation, while those with A. andersonii culture filtrate 

corresponding to the concentration of ca. 2750 and 917 cells ml-1 

were 4.0 and 46.8 percentages, respectively, after 48 h incubation 

(Fig. 4. 6D-6G). However, the survivals of Miamiensis sp. with A. 

andersonii culture filtrate corresponding to concentration of ca. 40, 

80 and 433 cells ml-1 increased, and its specific growth rates were 

0.30, 0.44 and 0.51 d-1, respectively (Fig. 4. 6A-6C). Minimal 

lethal concentration (MLC) of A. andersonii cells on Miamiensis sp. 

at 48 h was 917 cells ml-1, and that of A. andersonii culture filtrate 

was 4589 cells ml-1.   

 

Effects of Alexandrium affine and Alexandrium mediterraneum on 

two scuticociliates 

Miamiensis avidus  

 With increasing elapsed time, the survival of Miamiensis 

avidus incubated with Alexandrium affine of concentration 8239 

cells ml-1 and the survival of M. avidus with Alexandrium 

mediterraneum of concentration 8267 cells ml-1 decreased to zero. 

The decreasing rates of the survival from initial time to 4 h 

incubation are similar between the case with A. affine and A. 

mediterraneum (slope from 0 h to 4 h incubation: -20.1 and -21.8). 

The effect of culture-filtrate of Alexandrium affine corresponding 

the concentration of 8249 cells ml-1 was faster than that of 

Alexandrium affine cells, and the survival of Miamiensis avidus was 
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0.1 and zero percentage after 4 and 24 h incubation, respectively. 

On the other hand, the effect of culture-filtrate of Alexandrium 

mediterraneum corresponding the concentration of 8267 cells ml-1 

was weaker than that of A. mediterraneum cells. Twelve percentage 

of Miamiensis avidus were survived at the end of the experiment 

(24 h incubation). The slopes of the survival from initial time to 4 h 

incubation with culture-filtrate of A. affine and A. mediterraneum 

were -24.9 and -2.3, respectively.   

Miamiensis sp.        

 With increasing elapsed time, the survival of Miamiensis sp. 

incubated with Alexandrium affine of concentration 9181 cells ml-1 

and that of Miamiensis sp. with Alexandrium mediterraneum of 

concentration 9322 cells ml-1 decreased. However, the survival 

with A. affine did not go zero (0.2 percentage after 24 h incubation), 

while that with A. mediterraneum was zero after 24 h incubation. 

The slopes of the survival from initial time to 4 h incubation with A. 

affine and A. mediterraneum were -16.9 and -24.5, respectively.  
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Fig. 4. 3. Survival (SV, %) of Miamiensis avidus incubated with 
Alexandrium andersonii cells as a function of elapsed incubation 
times; SV with A. andersonii cells (blue open circles) and without A. 
andersonii cell (Red closed circles); SV at the average initial 
concentrations of A. andersonii 0 cells ml-1 (A); 50 cells ml-1 (B); 
100 cells ml-1 (C); 500 cells ml-1 (D); 1000 cells ml-1 (E); 2500 
cells ml-1 (F); 4500 cells ml-1 (G). Symbols represent treatment 
means ± 1SE. The curves were fitted by an applied Michaelis-
Menten equation {Eq. (1); Survival (%) = 100[1 − (a t / (b + t))]} 
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using iteration method. 

 

Fig. 4. 4. Survival (SV, %) of Miamiensis avidus incubated with the 
filtrate from the Alexandrium andersonii culture as a function of 
elapsed incubation times; SV with A. andersonii filtrate (blue 
open circles) and without A. andersonii filtrate (Red closed 
circles); SV at the culture filtrate from A. andersonii culture of 
average initial concentrations 0 cells ml-1 (A); 50 cells ml-1 (B); 
100 cells ml-1 (C); 500 cells ml-1 (D); 1000 cells ml-1 (E); 
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2500 cells ml-1 (F); 4500 cells ml-1 (G). Symbols represent 
treatment means ± 1SE. The curves were fitted by an applied 
Michaelis-Menten equation [Eq. (1)] using iteration method.   

 

Fig. 4. 5. Survival (SV, %) of Miamiensis sp. incubated with 
Alexandrium andersonii cells as a function of elapsed incubation 
times; SV with A. andersonii cells (blue open circles) and without A. 
andersonii cell (Red closed circles); SV at the average initial 
concentrations of A. andersonii 0 cells ml-1 (A); 50 cells ml-1 (B); 
100 cells ml-1 (C); 500 cells ml-1 (D); 1000 cells ml-1 (E); 2500 
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cells ml-1 (F); 4500 cells ml-1 (G). Symbols represent treatment 
means ± 1SE. The curves were fitted by an applied Michaelis-
Menten equation {Eq. (1); Survival (%) = 100[1 − (a t / (b + t))]} 
using iteration method. 

 

Fig. 4. 6. Survival (SV, %) of Miamiensis sp. incubated with the 
filtrate from the Alexandrium andersonii culture as a function of 
elapsed incubation times; SV with A. andersonii filtrate (blue open 
circles) and without A. andersonii filtrate (Red closed circles); SV 



 

１０２ 

 

at the culture filtrate from A. andersonii culture of average initial 
concentrations 0 cells ml-1 (A); 50 cells ml-1 (B); 100 cells ml-1 
(C); 500 cells ml-1 (D); 1000 cells ml-1 (E); 2500 cells ml-1 (F); 
4500 cells ml-1 (G). Symbols represent treatment means ± 1SE. 
The curves were fitted by an applied Michaelis-Menten equation 
[Eq. (1)] using iteration method. 

 

Fig. 4. 7. Survival (SV, %) of Miamiensis avidus (A, B) and 
Miamiensis sp. (C, D) with being incubated with Alexandrium affine 
cells (A) and filtrate (C) and Alexandrium mediterraneum cells (B) 
and filtrate (D) as a function of elapsed incubation times. SV with 
Alexandrium cells (Blue squares); SV with Alexandrium filtrate 
(Red circles); SV of the control group without Alexandrium cells 
neither filtrate (Green triagles). Symbols represent treatment 
means ± 1SE. The curves were fitted by an applied Michaelis-
Menten equation [Eq. (1)] using iteration method. 

 The effect of Alexandrium affine culture-filtrate 

corresponding the concentration of 9181 cells ml-1 was faster than 

that of Alexandrium affine cells, as was the case of Miamiensis 
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avidus. The survival of Miamiensis sp. was 0.9 and zero percentage 

after 4 h and 24 h incubation with A. affine. On the other hand, the 

effect of Alexandrium mediterraneum culture-filtrate 

corresponding to the concentration of 9322 cells ml-1 were similar 

to that of cells. The survival of Miamiensis sp. with A. 

mediterraneum culture-filtrate was 0.1 and zero percentage. The 

slopes of the survival from initial time to 4 h incubation with A. 

affine and A. mediterraneum were -24.1 and -25.0. 

 

Fig. 4. 8. Process of cell lysis of Miamiensis sp. incubated with 
Alexandrium andersonii cells. (final concentration = ca. 1000 cells 
ml-1). One Miamiensis sp. incubated with A. andersonii cells was 
tracked after 2 min until being lysed (A-F). (G, H) Completely 
lysed Miamiensis sp. cells with A. andersonii cells. The numbers 
given indicate elapse time from normal cells (min: sec). Scale bar = 
50 µm. 
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 In video records, a cell of Miamiensis sp. was decomposed 

ca. 11 min (Fig. 4.8A-8F), while another one was billowed and 

popped up in 50 min (Fig. 4.8G and 8H) after being exposed to 

Alexandrium andersonii cells at a concentration of ca. 1000 cells 

ml-1. Also, ca. 104 cells of the scuticociliates were recorded before 

and after being exposed to A. andersonii culture-filtrate 

corresponding to A. andersonii concentration of ca.104 cells ml-1 

(Fig. 4.9). Within 10 min, almost all of Miamiensis sp. were lysed.  

 

4.4. Discussion 

Identification of two scuticociliates 

 The SSU rDNA sequences of Miamiensis avidus (J1) is 

identical with the sequences of Miamiensis avidus (JN689230, 

AY550080) and Philasterides dicentrarchi (JX914665). 

Philasterides dicentrarchi are recently revealed as a junior 

synonym of Miamiensis avidus (Jung et al., 2007). Thus, it makes 

sense that J1 is identified as Miamiensis avidus. On the other hand, 

the SSU rDNA sequences of B1 are considerably different from the 

sequences of Miamiensis avidus (JN885091) which is the most 

similar sequences with those of Miamiensis sp. on the GenBank. 

The SSU rDNA sequence of Miamiensis sp. differs in 51, 71, 77 and 

77bp with Miamiensis avidus (JN885091), Anophyroides 

haemophila (U51554), Philasterides dicentrarchi (JX914665) and 

Miamiensis avidus (JN689230), respectively. Therefore, the 

sequences of JN885091 and other M. avidus (or P. dicentrarchi) 

have significant difference (65bp with JN689230). This problem is 

remained when the phylogenetic tree is taken into account.  



 

１０５ 

 

 

Fig. 4. 9. Process of cell lysis of Miamiensis sp. incubated with 
Alexandrium andersonii cells (final concentration = ca. 10000 cells 
ml-1). (A–D) Miamiensis sp. cells were recorded before (A) and 3–
10 min after (B-D) exposure to the filtrate from a culture 
containing ca. 104 A. andersonii cells ml-1.  

 In phylogenetic tree, there were Glauconema trihymene 

(GQ214552), Anophyroides haemophila (U51554) and Uncultured 

ciliate clone cil1 (JN406267) between the clade of Miamiensis 

avidus (J1, JN689230 and AY550080) and Philasterides 

dicentrarchi (JX914665) and that of Miamiensis avidus (JN885091) 

and Miamiensis sp. Also, the families belong to the order 

Philasterida are mixed in the phylogenetic tree. For example, the 

families Orchitophryidae, Uronematidae, and Parauronematidae are 

mixed here and there in phylogeny. This phylogenetic discordance 

has been presented as a taxonomic problem of the subclass 

Scuticociliatia (Gao et al., 2012; Pan et al., 2015). Recently, Gao et 

al. (2012) mentioned JN885091 as M. avidus providing 

morphological and molecular evidences, then A. haemophila 
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(U51554) and G. trihymene (GQ214552) between the clade of 

JN885091 and the clade of JN689230 should be reclassified. Also, 

Gao et al. (2012) suggested that a new family be needed to group M. 

avidus, A. haemophila and G. trihymene, together, the family 

Parauronematidae be a junior synonym of Uronematidae, and 

species in the family Orchitophryidae be reclassified. However, the 

discordance between morphological classification and molecular 

phylogeny are still left all at the scope of species, so it would be 

better that the species from – in Korea (GSMSP16) be called as 

Miamiensis sp., until reclassification is done.  

Screening of effective dinoflagellates to control scuticociliates 

 The results of screening test (experiment 1) show that 

negative effects of 15 dinoflagellates species among 16 

dinoflagellates candidates on Miamiensis avidus, and Alexandrium 

andersonii and Alexandrium affine kill M. avidus. Before this study, 

negative effects of algae on scuticociliates has not been reported, 

but some of free living ciliates were studied from this point of view. 

The toxic haptophytes Prymnesium parvum was revealed to cause 

negative effects on the ciliate Euplotes affinis (Granéli and 

Johansson, 2003), and the dinoflagellate Heterocapsa 

circularisquama caused mortality of Favella taraikaensis (Kamiyama 

and Arima, 1997). Also, Tillmann et al. (2008) reported that the 

ciliate Rimostrombidium caudatum were lysed and grew negatively 

after exposed to 6 Alexandrium species, or Alexandrium tamarense, 

Alexandrium ostenfeldii, Alexandrium lusitanicum, Alexandrium 

minutum, Alexandrium catenella, and Alexandrium taylori. Moreover, 

Alexandrium pohangense is known to lyse the ciliate Tiarina fusus 

(Kim et al., 2016). Among dinoflagellates mentioned above, A. 



 

１０７ 

 

catenella, A. tamarense, A. minutum, and A. pohangense were 

tested in this study. They all have negative effects on Miamiensis 

avidus compared to the control group, but the ciliates with them 

showed positive growth rates (specific growth rates: 1.26, 1.10, 

1.16, and 0.99 d-1, respectively, and  specific growth rate of the 

control group: 1.37 d-1). These results that the effects of 

dinoflagellates on M. avidus seem weaker than those on other 

ciliates may show several possibilities: (1) because the causative 

compounds from dinoflagellates have slightly different structure, so 

each ciliate, which has a unique receptor, react differently; (2) 

because M. avidus may have more strong recovery system to the 

dinoflagellates than free-living ciliates. Also, the screening test 

was processed with prey of ciliates, yeast, so fast binary fission 

may help growth of ciliates before all lysed. Further study on 

causative compounds is needed. On the other hand, M. avidus with 

Karenia mikimotoi grew faster than the control group. As a result of 

personal observation, M. avidus fed on K. mikimotoi and cleared up 

dense K. mikimotoi. Therefore, K. mikimotoi could be good prey for 

scuticociliates, and that is why M. avidus grew fast with K. 

mikimotoi on this experiment. 

Lytic effects of Alexandrium spp. against two scuticociliates. 

 The MLC of Alexandrium andersonii cells on Miamiensis 

avidus and that of A. andersonii cells on Miamiensis sp. were 2475 

cells ml-1 and 917 cells ml-1 at 48 h, respectively. Also, the MLCs 

of A. andersonii culture-filtrate were corresponding to cells of 

concentration ca. 4500 cells ml-1 within 48 h incubation. Iglesias et 

al. (2002) defined MLC as the lowest concentration at which all of 

ciliates were lysed or not motile. However, in this study, MLC was 
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more strictly applied, defined as completely vacuolated or lysed, 

because of the possibility which non-motile cells can be recovered. 

Although the MLC on M. avidus seem higher than that on 

Miamiensis sp., M. avidus at 48 h incubation of A. andersonii cells 

concentration 855 cells ml-1 only remained 0, 1, and 2 cells ml-1 in 

each bottle of triplicate. Therefore, the effects of A. andersonii cells 

seem no clear difference between two scuticociliates. Moreover, as 

a result of observation and experiments, the effects were not due to 

physical attack, but due to chemicals. The scuticociliates cells were 

usually swollen, vacuolated, and lysed, and this process is identical 

with that described by Kim et al. (2016). However, the low 

concentration of A. andersonii and equivalent culture-filtrate 

stimulated the growth of Miamiensis sp. This result may be because 

Miamiensis sp. is a scavenger to feed on organic matters and 

bacteria, so they grew by feeding on those in A. andersonii culture, 

rather they were influenced by harmful chemicals. 

 Also, Alexandrium affine and Alexandrium mediterraneum 

cells with high concentration (ca. 8500-9,500 cells ml-1) shows 

complete removal of two scuticociliates except for the case of 

Miamiensis sp. with Alexandrium affine. On the other hand, the 

culture-filtrate of them controlled clearly two scuticociliates except 

for the case of Miamiensis avidus with A. mediterraneum. Although 

M. avidus grow with these two Alexandrium spp. on the screening 

test, high concentration of them are able to eliminate scuticociliates. 

Therefore, the chemicals among Alexandrium spp. could be same, 

but the quantities of the products may be various regarding on 

species. 
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Application of Alexandrium andersonii as anti-scuticociliates agent. 

This study clearly shows that Alexandrium andersonii cultures and 

culture-filtrate lyse and kill scuticociliates. This evidence suggests 

that using Alexandrium andersonii cultures or culture-filtrate, 

scuticociliatosis, which usually occurs in fish farm, may be 

controlled. Based on this study, about twice amounts of A. 

andersonii cells or A. andersonii culture-filtrate corresponding to 

the four times concentration are needed compared to amounts of 

scuticociliates for the removal of scuticociliates by A. andersonii. 

Theoretically, in a turbot farm, Miamiensis avidus at the 

concentration of 1000 cells ml-1, which is one of the most common 

causative pathogens to farmed turbot, may be eliminated when A. 

andersonii cells at the concentration ca. 2500 cells ml-1 go into the 

turbot farm within 24 h. A. andersonii are usually able to grow up to 

20,000 cells ml-1 (Our unpublished data), so 2500 cell ml-1 is one 

eighth of maximum density of A. andersonii. Choi et al. (1997) 

reported that scuticociliates of 550-730 cells ml-1 at the bottom of 

fish tank and those of 0-4 cells ml-1 at the upper layer were 

detected when the Japanese flounder Paralichthys olivaceus were 

killed by scuticociliatosis. In this condition, the average 

concentration of scuticociliates might have been under maximum 

300 cells ml-1, because scuticociliates usually live at the bottom of 

fish tank like the observation of above study. In this situation, 30L 

of A. andersonii culture reaching at the maximum concentration, 

20,000 cells ml-1, would be needed to remove scuticociliates for 

covering one ton of fish tank. Therefore, there is enough potential 

to control scuticociliates by using ecological characteristics among 

protists. 
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 Many studies on treatment of scuticociliatosis have focused 

on chemical compounds. Iglesias et al. (2002) reported 14 chemical 

compounds among 52 candidate antiprotozoals for the control of 

scuticociliatosis. In this paper, a small quantity of these compounds 

showed lethal effects on Philasterides dicentrarchi (syn. Miamiensis 

avidus). For example, all of P. dicentrarchi were dead after 2 h with 

doses of oxyclozanide 0.8 ppm. However, according to the authors, 

these compounds have weaknesses. First of all, a few chemical 

compounds are accepted out of safety concerns. In other words, 

they may be fatal when they are overdosed. Second, activities of 

some chemical agents in seawater are not sufficiently effective 

unlike those in freshwater (Iglesias et al., 2002).  

 On the contrary, lytic effects of Alexandrium species seem 

unrelated with toxins, although the compounds which cause lysis 

have not been known (Tillmann and John, 2002; Fistarol et al., 

2004). Alexandrium mediterranum, which removes scuticociliates 

on this study, is known to be non-toxic (John et al., 2014a). The 

strain of A. andersonii and A. affine used in this study have no sxtA 

gene (our unpublished data) which is known as a gene to express 

saxitoxin (Stüken et al., 2011), although some strains of A. 

andersonii and A. affine are revealed that have the toxin (Ciminiello 

et al., 2000; Anderson et al., 2012). Also, A. andersonii, A. affine 

and A. mediterraneum have had no record to cause fish-kill in the 

field at least as far as we research. However, it is needed to study 

on safety of using A. andersonii to apply in real fish farms. 

Moreover, A. andersonii itself live in seawater, so reduction of 

effects in seawater, mentioned above as second problem, is nothing 

to do with the method using A. andersonii.  
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 In fish farm of Korea, formalin is one of the most widely 

used chemicals for treating scuticociliatosis, but the chemical has 

been controversial in terms of practical effect and safety (Iglesias 

et al., 2002; Harikrishnan et al., 2010). Therefore, trials to find 

alternatives have been continued (e.g. Kang et al., 2014; Mallo et al., 

2014; Mallo et al., 2016). Usually, terrestrial plants and their 

extracts are focused for the experiments. For example, the natural 

polyphenol curcumin from Curcuma longa, limonene, alpha-pinene, 

camphene, etc. were recently reported as a potential alternatives 

for anti-scuticociliate (Kang, 2006, Mallo et al., 2016). As a case of 

using marine organism, extract and bromophenols of the red alga 

Polysiphonia morrowii were suggested (Kang et al., 2014). On the 

other hand, several copepods feeding on scuticociliates were 

reported from an ecological point (Table3). However, due to the 

difficulty to mass-culture heterotroph copepods, this method has 

almost no chance to be utilized in the industry. Meanwhile, culturing 

autotroph Alexandrium andersonii is much easier than culturing 

copepods. The method suggested in this paper is the first trial to 

use protozoa for controlling scuticociliates, which combines ecology 

and pathology. Using the ecological interaction may be not only an 

environment-friendly alternative to toxic chemicals, but also an 

enough effective one in seawater. 
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Chapter 5. Conclusion 
  

 In this thesis, I found distribution patterns of Alexandrium 

species in Korean coastal waters from July 2014 to March 2016. 

Also, I analyzed on their own characteristics to kill heterotrophic 

protists. Furthermore, I explored a possibility to apply in controlling 

scuticociliates using the materials Alexandrium species produce.  

 To find the species-specific probes for 12 Alexandrium 

species, original TaqMan probes and primers of each Alexandrium 

species were developed and applied to detect Alexandrium species 

in natural water samples. Alexandrium species were detected in 83 

samples of 312 samples, and over 50 percents of the cases are that 

the number of apparant species was only one. Thus, they seem to 

occur separately following their unique eco-physiological features. 

Also, the detection periods of Alexandrium species in the South Sea 

fit well to the periods of PSTs in the same area, so it may supports 

that Alexandrium species is the key species to produce PSTs in 

Korea. Moreover, genetically and morphologically similar species 

which were called as A. tamarense complex were differently 

distributed, so the ecological isolation seem to exist. 

 Also, the relations between Alexandrium species and 

heterotrophic protists were analyzed. This study revealed some of 

Alexandrium species lyze heterotrophic protists which are 

considered as upper predators of phototrophic dinoflagellates 

including Alexandrium species. In particular, Alexandrium 

pohangense kill potential predaters and none of heterotrophic 

protists is able to feed on A. pohangense. This phenomenon is not 

due to physical contact or attact, but due to chemicals, so the 
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culture filtrate of A. pohangense has same effect on heterotrophic 

protists. 

 Moreover, the method using this lytic effects of Alexandrium 

species was tested to control the population of harmful protists, 

scuticociliates. This thesis shows scuticociliates, parasitic 

pathogens, are able to be removed by Alexandrium species. Among 

tested species, Alexandrium affine, Alexandrium andersonii, and 

Alexandrium mediterraneum lysed significantly scuticociliates. In 

particular, A. andersonii kill all of scuticociliates at relatively low 

concentrations. Therefore, the method using Alexandrium species 

has the potential as an alternative to solve the scuticociliatosis 

effectively and safely.    

 This thesis focused on ecology and physiology of 

Alexandrium species. The results are expected to contribute in 

understanding one of the most harmful algae, Alexandrium, and 

suggesting the new method to solve one of fishery problems, 

scuticociliatosis. Further studies based on this thesis should include 

(1) long-term species-specific monitoring of Alexandrium species 

and (2) investigating the chemicals that Alexandrium species 

produce in terms of structure and gene.  
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국문초록 
 

유해성 와편모류 알렉산드리움의 
한국연안 시공간적 분포와 

생태생리적 생존전략 및 기생성 
스쿠티코충 제어 응용 연구 

 

 와편모조류는 해양 생태계에서 다양한 역할을 수행한다. 예를들

어, 와편모조류는 엽록체를 이용하여 일차 생산물을 생산한다. 또한, 먹

이망에서 그들은 원생동물 혹은 동물성 플랑크톤의 먹이로서 역할하며, 

동시에 다른 미세조류, 박테리아, 심지어 다세포 생물의 알이나 피까지

도 먹는 포식자로서 역할하고 있다. 게다가 그들은 다른 미세조류 그룹

들과 물리적이거나 화학적인 방식을 이용하여 경쟁한다. 그 경쟁의 결과

로 그들은 종종 연안에서 우점하여, 적조 혹은 유해성 조류 번성(HAB; 

harmful algal bloom)을 형성한다. 알렉산드리움(Alexandrium) 속은 

전세계에서 HAB를 유발하는 가장 주요한 광합성 와편모조류 중의 하나

이다. 그들은 인체에 치명적인 마비성패독(Paralytic shellfish poisoning 

toxins)을 생산하고, 이 마비성패독이 축적된 패류를 섭식시 치명적인 

중독현상을 겪을 수 있다. 그러나 Alexandrium의 생태학적이고 병리학

적인 중요성에도 불구하고, Alexandrium 종들의 분포와 생태생리학적 

특징들은 아직 완전히 규명되지 않았다.  

 본고에서는 Alexandrium의 생태 생리학적 특징들과 그 특징을 

이용한 응용을 모색하였다. 먼저 양적 실시간 PCR(quantitative real-

time PCR)을 통하여 유해성 와편모조류 Alexandrium 종들의 한국 연

안에서의 분포를 분석하였다. 또, 잠재적 포식자에게 저항하는 

Alexandrium 종들의 생존 전략에 대해 연구하였고, Alexandrium 종들

의 특징을 이용한 기생성 스쿠티코충 제어 응용에 대한 가능성을 탐색했
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다.  

 한국의 서해, 남해, 동해는 지형, 해류와 계절풍의 영향 등과 같

은 해양학적 특징들로 인해 각각 고유한 특질을 가지고 있다. 또한 계절

적인 특징이 매우 뚜렷하여, 여름철과 겨울철의 해수면 온도의 차이는 

대략 10-20℃ 정도이다. 그러므로, 계절과 지역에 따라 Alexandrium 

종들의 분포는 매우 다양할 수 있다. 본 연구는 한국 연안에서 

Alexandrium 12 종들의 분포가 서로다름을 보여준다. 이 차이는 환경

에 반응하는 그들의 생리학적 특질들이 다르기 때문인 것으로 보인다. 

 생물학적으로, 미세조류의 개체군 역학은 그들의 성장과 사멸에 

영향받는다. 빛, 영양분, 혹은 온도와 같은 환경적 요소들에 영향을 받는 

Alexandrium 종들의 성장에 대해서는 비교적 잘 알려져 있지만, 그동안 

그들의 사멸에 대해서는 잘 연구되어 있지 않았다. 본고는 Alexandrium 

종들의 사멸률과 관련한 연구를 진행하였다. 실험결과는 Alexandrium 

종들이 생산하는 화학물질이 종속영양성 원생생물들에 유해한 영향을 끼

치는 것을 확인하였다. 이 화학물질은 포식에 의한 사멸률을 낮추는 데

에 도움을 주기 때문에, Alexandrium 종들이 전 세계에 분포하면서 

HAB를 자주 형성하는 여러 이유 중 하나일 가능성이 있다. 특히 

Alexandrium pohangense와 배양되었을 때, 종속영양성 원생생물 실험

군이 모두 용해되고 어떤 원생생물도 A. pohangense를 섭식하지 않았

다.   

 반면, 기생성 원생동물 병원체인 스쿠티카충에 의해 발병되는 스

쿠티카증(Scuticociliatosis)은 세계적으로 해양 양식에 있어 가장 심각

한 어병중의 하나이다. 본고에서는 양식장과 소규모의 자연 환경에서 스

쿠티카충 개체군을 제어하는 안정한 방법을 개발하기 위하여 11종의 

Alexandrium을 포함한 16종의 와편모류에 대하여 실험하였다. 그들이 

한국의 해수 또는 육수에서 분리한 스쿠티카충 Miamiensis avidus와 

Miamiensis sp.의 군집을 제어할 수 있는지 선별 테스트를 진행하였다. 

실험 와편모류군중에서 Alexandrium andersonii의 세포와 그 배양 여
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과액은 모두 M. avidus와 Miamiensis sp.를 효과적으로 제거하였다.  

 본 연구는 현장 자료의 조사 및 해석과 Alexandrium 종과 종속

영양성 원생생물 혹은 스쿠티카충의 공동 배양 실험을 통하여, 

Alexandrium 종과 해양 생태학에 대한 이해를 심화시킬 것으로 기대한

다. 또한, 본 연구는 스쿠티카증에 대한 수산업의 문제를 해결하는 하나

의 실마리를 제공할 것으로 예상된다. 
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