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Abstract
Differential responses by common
heterotrophic protistan predators to

four different dinoflagellates

Scrippsiella species and
their interactions with the

heterotrophic nanoflagellate

Katablepharis japonica

So Jin Kim
School of Earth and Environmental Sciences
College of Natural Sciences

Seoul National University

The dinoflagellate genus Scrippsiella is widely distributed
and known to cause red tides. However, the nationwide distributions
of Scrippsiella species in Korea have not been fully understood yet.
Recently, four Scrippsiella species (S. acuminata, S. donghaiensis, S.
lachrymosa, and S. masanensis) were isolated from the Korean
coastal waters. To investigate nationwide distributions of these
Scrippsiella species in Korean coastal waters, the species specific

primers of each species were developed and then the abundance of
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each species in the 28 stations was measured using the quantitative
real—time PCR method. These four Scrippsiella species had
different temporal and spatial distributions; S. donghaiensis was
usually observed at 18 stations in July 2016—2017 and S.
lachrymosa was often found at 9 stations in March 2016—2017. S.
masanensis was detected at 11 stations in January, March, July,
October, and December in 2016 and March and July in 2017, while
S. acuminata was rarely observed in the study period.

To understand population dynamics of Scrippsiella species,
mortality due to predation as well as growth should be determined.
To investigate predation by heterotrophic protists on Scrippsielia
species, interactions between four Scrippsiella species and common
heterotrophic dinoflagellates and a ciliate were explored. All
heterotrophic protists tested were able to feed on all four
Scrippsiella species, however, the growth and ingestion rates of the
heterotrophic dinoflagellates Oxyrrhis marina, Gyrodinium dominans,
and Polykrikos kofoidii on one of four Scrippsiella species were
clearly different from those on the other Scrippsiella species.
Therefore, it may cause a selection of the bloom causative species
among these 4 Scrippsiella species. Furthermore, differential
responses by each predator to four Scrippsiella species may cause
different ecological niches of both the predators and prey species.

Recently, the heterotrophic nanoflagellate Katablepharis
Japonica has been revealed to feed on diverse red tide species and
thus could be an effective grazer of red—tide organisms. However,

if there are effective predators feeding on K. japonica, its grazing
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impact may be reduced. To investigate potential effective predators
on K. japonica, feeding by diverse heterotrophic dinoflagellates and
the naked ciliates on K. Jjaponica was explored. None of
heterotrophic protists fed on actively swimming K. japonica cells.
To the contrary, K. japonica was able to feed on six heterotrophic
protists. The results of this study suggest that predation impact by
heterotrophic protists on K. japonica be negligible and thus grazing
impact by K. japonica on populations of red tide species may not be
reduced by mortality due to predation. Furthermore, to understand
their population dynamics, [ investigated the distribution and
abundance of K. japonica in 2016—2017 using quantitative real—
time PCR. Cells of KA. japonica were widely distributed around
Korean coastal waters and detected four seasons in the study
period.

This study provides a basis on understanding the
interactions between common heterotrophic protists and 4
Scrippsiella species and also between common heterotrophic
protists and the heterotrophic nanoflagellate K. japonica, which are

able to feed on red—tide species.

Keywords: Dinoflagellates, Distribution, Feeding, Harmful algal bloom,
Heterotrophic nanoflagellates, Heterotrophic protists
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Chapter 1. Overall introduction

In marine ecosystems, a large number of organisms from
primary producers to top carnivores live together and interact. In
the conventional grazing food chain, phytoplankton grown up by
uptaking nutrient was fed on by zooplankton that is also eaten by
fish (Pomeroy 1974, Fuhrman et al. 1980). In this food chain, most
bacteria are attached bacteria that decompose the dead organisms.
In 1983, “the microbial loop” was first established by Azam (1983).
According to the microbial loop, most bacteria are free—living forms
and fed on by diverse heterotrophic protists (HTPs). Thus, a loop
was added to conventional grazing food chain (Fig 1.1). Therefore,
heterotrophic protists such as heterotrophic dinoflagellates,
heterotrophic nanoflagellates, and ciliates become important more

than previously known.
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Fig. 1. 1. A diagram of the microbial loop.
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There are diverse species in phytoplankton that is the major
primary producer and important prey for diverse zooplankton and
metazoans in marine planktonic food webs. Among the
phytoplankton, dinoflagellates are a major component of marine
ecosystems throughout the world (Smayda 1997, Shears and Ross
2009, Jeong et al. 2013, Lee et al. 2016, Lim et al. 2017b). Each of
them has one of the 3 major trophic modes (autotrophic,
heterotrophic, mixotrophic) and plays diverse roles as prey,
predator, symbiotic partner, and parasite (Stentiford et al. 2002,
Jeong et al. 2010b, LaJeunesse et al. 2015, Lim et al. 2017a). In
addition, some dinoflagellate species lead to red tides or harmful
algal blooms which sometimes disturb marine ecosystems and often
cause large scale mortalities of marine organisms such as fin—fish,
shellfish, and shrimps (Widdows et al. 1979, Guzméan et al. 1990,
Robineau et al. 1991, Silke and Cronin 2005, Leverone et al. 2006,
Park et al. 2013). To minimize great loss due to red tides or
harmful algal blooms, we must understand and predict their
outbreak using models. In the models of predicting the population
dynamics of a red—tide dinoflagellate, data on its growth rate and
mortality rate due to predation are needed.

In this thesis, I investigate interactions between common
heterotrophic protists (HTPs) and the autotrophic dinoflagellates
(ATD) Scrippsiella species and also interactions between common
HTPs and the heterotrophic nanoflagellate (HNFs) K. japonica that
are important members of the microbial loop (Fig 1.2). In addition,

the genera Scrippsiella and Katablepharis are globally distribluted
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and have continuously appeared in Korean coastal waters. However,
the distributions of 4 Scrippsiella species (S. acuminata, S.
donghaiensis, S. lachrymosa, and S. masanensis) and Katablepharis
are poorly understood. Thus, in chapter 2, I explored four
Scrippsiella species nationawide distributions in the Korean coastal
waters by determing the abundance of each species in the waters of
28 stations in 2016—2017 using the quantitative real—time PCR
method after developing the specific primers and probes.

In chapter 3, differential interactions between common
heterotrophic protists and four Scrippsiella species tested in
chapter 2 were investigated. In the genus Scrippsiella, S. acuminata
1s a common species that often causes red tides or harmful algal
blooms (HABs) and its growth and mortality rates due to predation
have been relatively well known. However, the growth and mortality
of the other Scrippsiella species are poorluy known. To explore the
mortality of four Scrippsiella species isolated from the Korean
coastal waters, the growth and ingestion rates of each of common
heterotrophic protist predators on each of Scrippsiella species were
determined. Furthermore, to understand eco—physiological
characteristics of four Scrippsiella species, 1 investigated
relationships between feeding rates of heterotrophic protists and
swimming speeds or toxicity of four Scrippsiella species.

In chapter 4, the interactions between heterotrophic protists
including the predators used in chapter 3 and the heterotrophic

nanoflagellates Katablepharis japonica were examined. Recently, A.

Japonica has been known to feed on various phytoplankton inclqding
) O 1 =1 —7
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red—tide species, and it may give significant grazing impact on the
population dynamics of red—tide species (Kwon et al. 2017).
However, if mortality of K. japonica due to predation is high, the
grazing impact of K. japonica may be reduced. Therefore, to
understand the mortality rate of K. japonica and ecological roles
each of heterotrophic protists and K. japonica, the interactions
between K. japonica and heterotrophic protists which are able to
feed on red—tide organisms were investigated. In addition, the
nationwide distribution of KA. japonica in Korean coastal waters were

explored using the same method used in chapter 2.

HTD & Ciliate

o T M»
\

HNF §o-
(Katablepharis japonica)

Fig. 1. 2. Thesis outline



Chapter 2. Distributions of four Scrippsiella
species in Korean coastal waters during 2016—

2017 using quantitative real—time PCR

2.1. Introduction

The genus Scrippsiella is one of the major genera of the
dinoflagellates. Some species are known to cause red tides
(Hallegraeff 1992, Wang et al. 2007). They can survive in
unfavorable environments by forming calcareous cysts. Therefore,
they have been distributed globally as motile forms in the water
columns or as resting cysts in the sediments (Ishikawa and
Taniguchi 1993, Nehring 1994, Blanco 1995, Olli and Trunov 2010,
Soehner et al. 2012, Luo et al. 2016, Rahmadyani et al. 2017).
Especially, Scrippsiella acuminata is widely distributed in the
waters of many countries such as Japan, Italy, USA, Mexico, UK,
France, China, Australia, Iceland, Norway and Turkey (Lewis 1991,
[shikawa and Taniguchi 1993, Montresor et al. 2003, Gu et al. 2008,
Gérate—Lizarraga et al. 2009, Soehner et al. 2012, Tang and Gobler
2012, Guilloux et al. 2013, McCarthy 2013, Scholz and Einarsson
2015, Balkis et al. 2016). However, the distributions of many other
Scrippsiella species such as S. lachrymosa, S. dongharensis, and S.
masanensis have not been well documented.

Since the genus Scrippsiella was first established by Blaech

(1959), many species have been established as new species, but
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currently approximately 30 species are taxonomically accepted
(Attaran—Fariman and Bolch 2007, Gu et al. 2008, Kretschmann et
al. 2015, Luo et al. 2016). The vegetative cells of Scrippsiella spp.
have a stable plate formula as Po, x, 4, 3a, 7”7, 6¢(5¢c+t), 5s, 57,
and 27 with little difference among the species (Balech 1959,
Zinssmeister et al. 2011). Therefore, it is difficult to distinguish one
Scrippsiella species from others using light microscope.

Scrippsiella acuminata, one of the most commonly found
species in the genus has formed red tides or harmful algal blooms
which often cause mortality of fin—fish, shellfish, and shrimp
(Garate—Lizarraga et al. 2009, Tang and Gobler 2012). This
species caused a red tide in Ulsan, Korea in 1983 and also in the
waters of the southern coasts of Korea in August 2009, May 2011,
and April 2017 (National Institute of Fisheries Science, 2018).
Scrippsiella species can survive by forming cysts under the
conditions unfavorable for growth, but become free—living cells
which can cause red tides when the conditions is favorable for
growth. Therefore, since Scrippsiella species have a potential to
cause red tides, temporal and spatial distributions of Scrippsiella
should be monitored.

Recently, cells of S. acuminata, S. donghaiensis, S.
lachrymosa, and S. masanensis were isolated in the Korean coastal
waters. Although there have been reports on red tides by
Scrippsiella species, but nationwide distributions of these species in
Korea have not been explored yet. Thus, to investigate temporal

and spatial distributions of each Scrippsiella species in Korean
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coastal waters, species—specific primers and probes for each
species were developed and then the abundances of each species in
the sampling waters collected from 28 stations in 2016—2017 using

the quantitative real—time PCR (qgPCR) method.

2.2. Material and Method

Samples

Water samples were collected from the surface of 28
stations in East, West, and South Sea of Korea, in January, March,
July, October, and December in 2016 and March, July, and October
in 2017. Samples for gPCR (560—300 mL) were filtered through 25—
mm GF/C filters (Whatman Inc., Floreham Park, NJ, USA). The
filters were put into a 1.5—mL tube and preserved under —20C. To
extract the DNA from cells on the filters of each sample, the
AccuPrep® Genomic DNA Extraction Kit (Bioneer Cooperation,
Daejeon, Korea) was used with following manufacturer’s

instructions.

Culture of four Scrippsiella species
Four Scrippsiella species tested in the present study were
collected by using water samplers from the coastal waters off Jeju,

Gijang, Busan, and Masan, Korea during 2009—2017 (Table 2.1).

Nucleic acid extraction, polymerase chain reaction (PCR)

amplification, and sequencing



For PCR amplification, nucleic acids from approximately 10—
mL of a dense culture of each of four Scrippsiella species were
extracted as described above. To amplify small subunit (SSU),
internal transcribed spacer (ITS), and large subunit (LSU) of the
ribosomal DNA (rDNA), the following primers were used: EukA,
EukB (Stoeck et al. 2005), Euk1209F (Giovannoni et al. 1988),
ITSF2, LSUS00R, ITSR2 (Litaker et al. 2003), DIRF (Scholin et al.
1994), LSUB (Litaker et al. 2003), and 1483R (Daugbjerg et al.
2000) (Table 2.2.). The DNA was amplified in a Mastercycler ep
gradient (Eppendorf, Hamburg, Germany) using the following
cycling conditions: 3 min at 94 C pre—denaturation, followed by 35
cycles of 1 min at 94C, 1 min at the annealing temperature, and 2
min at 72C, with a final extension of 5 min at 72°C. PCR products

were purified using an AccuPrep® DNA Purification Kit (Bioneer

Cooperation, Daejeon, Korea), following manufacturer’s instructions.

The obtained sequences were edited and aligned using Contig

Express (Invitrogen, Carlsbad, CA, USA).

Design of species specific probe and primer set

The program MEGA v.4 was used to identify the species—
specific region of each target Scrippsiella species. To align and sort
ITS sequences of the target Scrippsiella species used in this study,
ITS rDNA sequences of the other strains of the target Scrippsiella
species and related dinoflagellates, available from GenBank, were
obtained from PCR amplification (Tamura et al. 2007). Manual

searches of the alignments were conducted to determine unique
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sequences and develop each target Scrippsiella species—specific
gPCR assay. The sequences for the primer—probe set were
selected from the regions that were conserved within the strains of
each target Scrippsiella species, but allowed discrimination with
other dinoflagellates (Table 2.2). The primer and probe sequences
of each target species were analyzed with Primer 3 (Whitehead
Institute, Cambridge, MA, USA; Howard Hughes Medical Institute,
Chevi Chase, MD, USA) and Oligo Calc: Oligonucleotide Properties
Calculator (Kibbe 2007) software for optimal melting temperature
and secondary structure. NCBI blast was used to confirm whether
there are matching specific primer and probe sequences with other
eukaryotes or not. The primers and probe were synthesized by
Bioneer Cooperation (Daejeon, Korea). The probe was dual—labeled
with the fluorescent dyes, FAM and BHQplus (Bioneer Cooperation,
Daejeon, Korea), at the 5' and 3' ends, respectively.

Table 2. 1. Four Scrippsiella species used in the present study.
Sampling location and time; water temperature (T, C); salinity (S)
for isolation; mean equivalent spherical diameter (ESD, pum); cell

volume (CV, x 10% pm?).

Organism Location Time T S ESD CV
fg?fffé%]éa) acuminata g{ e(j ;léa 1;/[0211310 B _ ges 690
fgg@fjﬁéﬁ’ ) donghaiensis ggigf ’ 1;/[5{ L 132 339 194 401
iperron N Kowes 2017 109 335 177 301

Scrippsiella masanensis Masan Bay, Aug.

(SMMS0908) Korea 2009 27 315 220 5.68




Table. 2. 2. Oligonucleotide primers used to amplify the SSU, ITS, and LSU regions of ribosomal DNA and the

species—specific primers and TagMan probes of each Scrippsiella species used in this study.

Name Type  Primer region 5 =3 Reference
EukA Forward SSU AAC CTG GTT GAT CCT GCC AGT Stoeck et al. (2005)
EukB Reverse SSU TGA TCC TTC TGC AGG TTC ACC TAC Stoeck et al. (2005)
Euk1209F Forward SSU-ITS GGG CAT CAC AGA CCT G Giovannoni et al. (1988)
ITSF2 Forward SSU-ITS TAC GTC CCT GCC CTT TGT AC Litaker et al. (2003)
ITSR2 Reverse ITS TCC CTG TTC ATT CGC CAT TAC Litaker et al. (2003)
LSU500R Reverse ITS—LSU CCC TCA TGG TAC TTG TTT GC Litaker et al. (2003)
D1RF Forward LSU ACC CGG TGA ATT TAA GCA TA Scholin et al. (1994)
LSUB Reverse LSU ACG AAC GAT TTG CAC GTC AG Litaker et al. (2003)
1483R Reverse LSU GCT ACT ACC ACC AAG ATC TGC Daugbjerg et al. (2000)
Sacuminata_F Forward ITS CCT GCT TCA GTG TCG ACT TCC This study
Sacuminata_R Reverse ITS CCA TGC ATT GAA CGC GTC AG This study
Sacuminata_P Probe ITS CACTTT TGT GGT ACC GTT GCT TGG GTG This study
Sdonghaiensis_F Forward ITS GCA GGG GCT GGA TTC AGG This study
Sdonghaiensis_R Reverse ITS CAA CCA CTT CGG AGT ATA TCG This study
Sdonghaiensis_P Probe ITS TCG TCA CCCTCCTTTGCT TCATTT TG This study
Slachrymosa_F  Forward ITS TGC TTG CCA CCT CCT TTC AG Lee et al. (2018)

10



Slachrymosa_R  Reverse ITS TCG ATC ACT GAA AGT TGT AAG AAG GAA A Lee et al. (2018)
Slachrymosa_P  Probe ITS TCA CCC ACC TTT TGC CTT GAT CTT GCC Lee et al. (2018)
Smasanensis_F  Forward ITS ATG GAG GTG CTT GCA TCG ATG This study
Smasanensis_R  Reverse ITS CAG AAG CAA CAA TGG AGC AA This study
Smasanensis_P  Probe ITS CCT TTC AGT TCT TGT CGT CAC CTT CCC This study

11 -":l'\-\._! _'-.;_':._ 1..i



Specificity test and establishing standard curve

To confirm whether the developed probe and primer set is
species specific, other dinoflagellates which are associated with
each target Scrippsiella species were conducted using the following
steps modified from Lee et al. (2017): 1 pL of DNA template, 0.2
UM of primers (forward and reverse) and 0.15 uM of probe (final
concentrations), and 5 pL of HiFast Probe Hi—Rox (Genepole,
Gwangmyung, Korea) were combined and DDW was added to each
sample, resulting in the total final volume of 10 pL. The gqPCR
analyses were performed using Rotor—Gene Q (Qiagen, Hilden,
Germany) under following thermal cycling conditions: 3 min at 95C,
followed by 40 cycles of 10 s at 95T, and 40 s at 58 C.

To obtain the standard curve, DNA was extracted from a
dense clonal culture of the target Scrippsiella species, targeting
100,000 cells in the final elution volume of 100 uL, using the
identical method mentioned above. The extracted DNA of the target
Scrippsiella species was then diluted to 1, 10, 100, 1,000, 10,000,
100,000 cells by adding deionized sterile water (DDW) (Bioneer) to
the 1.5—mL tubes. The samples were stored under —20TC in the
freezer.

The qPCR assays were performed as Lee et al. (2017) to
establish the standard curve of each Scrippsiella species and
extracted DNA of each samples were analyzed in quadruplicate to
improve the accuracy of results. Samples using DDW as the
template were used as the negative control, whereas the DNA used

to construct standard curve was used as positive and standard

3 - 17
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control.

2.3. Result

Morphological differences of four Scrippsiella species

The cell length and width (length—width) of S. acuminata, S.
masanensis, S. donghaiensis, and S. lachrymosa were 32—22, 23—
21, 22—17, and 20—16 pm, respectively (Table 2.3). S. acuminata,
S. dongharlensis, and S. lachrymosa were observed to be conical in
epitheca, and rounded in hypotheca and also the apical horn was
upright collar with smooth circular—ridged shape. However, S.
masanensis were rounded in epitheca and hypotheca and no upright
collar. S. acuminata and S. lachrymosa form calcareous cysts, while
cyst ornament of S. donghaiensis and S. masanensis were
noncalcareous. All four Scrippsiella species has apical pore
plate (Po) and canal plate(x). S. donghaiensis and S. lachrymosa
have long and narrow canal plate (x). In addition, the canal plate of S.
acuminata was short and wide, but that of S. masanensis were short
and narrow. Four Scrippsiella species has almost same plate
formulae (Po, x, 4', 3a, 7", 6¢, bs, 5", 2""), but S. donghaiensis has
one different number of the sulcal plates (Po, x, 4', 3a, 7", 6¢, 6s,

5”!, 2””) .

Molecular differences of four Scrippsiella species
When the sequences of the SSU rDNA of four Scrippsiella

species were compared, S. acuminata was different by 17 bp
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(1.0%) from S. donghaiensis, 24 bp (1.5%) from S. lachrymosa, and
9 bp (0.5%) from S. masanensis. In addition, S. donghaiensis was
different by 25 bp (1.5%) from S. lachrymosa, and 15bp (0.9%)
from S. masanensis and also S. /achrymosa was different by 20 bp
(1.2%) from S masanensis (Table 2.4A). Furthermore, the
sequence of the LSU rDNA of S. acuminata was 26 bp (3.1%), 35
bp (4.2%), and 34 bp (4.0%) different from S. donghaiensis, S.
lachrymosa, and S. masanensis, respectively. S. donghaiensis was
41 bp (4.6%) and 39 bp (4.2%) different from S. lachrymosa and S.
masanensis. In addition, 50 bp (4.0%) difference between S.

lachrymosa and S. masanensis (Table 2.4B).
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Table 2. 3. Morphological differences among four Scrippsiella species

scanning electron microscopy (SEM).

observed by light microscopy (LM) and

S. acuminata

S. donghaiensis

S. lachrymosa

S. masanensis

(STJJ1005) (SDGJ1703) (SLBS1703) (SMMS0908)
Cell length (um) 25—37 (32) ® 18.5—-28.4 (22.2) ° 16.3—23.2 (19.5) 19.3—-27.1 (23.3)
Cell width (um) 17-27 (22) ® 13.5-20.8 (16.7) " 13.0-21.5 (15.9) 17.9-24.6 (20.6)
Shape of Epitheca/ Conical / Conical / Conical / Rounded /
hypotheca Rounded Rounded Rounded Rounded

Shape of Apical horn

Cyst ornament

Apical pore plate (Po)

canal plate (x)

Number of Apical plate
Number of intercalary plate
Number of precingular plate
Number of cingular plate
Number of sulcal plate
Number of postcingular plate
Number of Antapical plate

Upright collar, pore
plate with smooth
circular ridge

calcareous
Yes
short, wide ?

N O1 O O N W

Upright collar, pore
plate with smooth
circular ridge

noncalcareous
Yes
long, narrow
4

NN O Oy O N W

15

Upright collar, pore
plate with smooth
circular ridge

calcareous
Yes
long, narrow
4

N O O Oy NN W

No upright collar,
pore plate with
smooth circular

ridge
noncalcareous
Yes
short, narrow
4

N O1 O Oy N W



Plate Formulae

Reference

Po, x, 4', 3a, 7",
6C, 55, 51”, 2””

Lewis (1991),

Kretschmann et al.

(2015) *

Po, x, 4', 3a, 7",
6¢c(5ec+t), 6s, 5",
2””

Gu et al. (2008),
This study”

Po, x, 4', 3a, 7",
6C, 55, 5|u’ 2|m

Lee et al. (2018)

Po, x, 4', 3a, 7",
6¢(5c+t), 5s, 5",
2””

Lee et al. in revision
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Table 2. 4. Comparison of the sequences of the small subunit (SSU) and large subunit (LSU) ribosomal DNA of the

Scrippsiella species. The numbers are base pairs different from each other. The wvalue in parenthesis indicate

dissimilarity (%).

A. SSU
S. acuminata S. donghaiensis S. lachrymosa S. masanensis
(STJJ1005) (SDGJ1703) (SLBS1703) (SMMS0908)
S. acuminata
(STJJ1005) 17(1.0%) 24 (1.5%) 9(0.5%)
S. donghaiensis _ _
(SDGJ1703) 25(1.5%) 15(0.9%)
S. lachrymosa 3 ~ ~
(SLBS1703) 20(1.2%)
B. LSU
S. acuminata S. dongharensis S. lachrymosa S. masanensis
(STJJ1005) (SDGJ1703) (SLBS1703) (SMMS0908)
S. acuminata
(STJJ1005) 26(3.1%) 35(4.2%) 34(4.0%)
S. donghaiensis _ _
(SDGJ1703) 41(4.6%) 38(4.2%)
S. lachrymosa B B ~
(SLBS1703) 50(4.0%)

17



Nationwide distributions of four Scrippsiella species

In this study, all four Scrippsiella species (Scrippsiella
acuminata, S. donghaiensis, S. lachrymosa, and S. masanensis) were
detected in Korean coastal waters in January 2016. The ranges of
temperature and salinity of the Korean coastal waters when the four
Scrippsiella were found were 3.5—15.1TC and 28.7—34.4. In
contrast, theses Scrippsiella species rarely appeared in October and
December 2016 and October 2017 when water temperature and
salinity were 5.9-24.5C and 11.5—35.6, respectively.

Moreover, any of four Scrippsiella species was not detected
in Gosan, Seogwipo, Wimi, Seongsan, and Gimnyeong in the coastal
waters of Jeju Island, Donghae on the east coasts, Kwangyang on
the south coasts, and Seocheon on the west coasts of Korea among
the 28 stations in the study period (Fig 2.1). On the other hand, the
Scrippsiella species except S. acuminata appeared most frequently
in Mokpo in January and July 2016, March, July and October 2017
when the temperature and salinity ranged from 7.6 to 25.8C and

from 27.7 to 31.4, respectively (Table 2.5—8).
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Fig 2. 1. Map of the sampling stations of the study area in Korea.
The closed circles (@), triangles (A), square (M), and stars (%)
indicate the stations where Scrippsiella donghaiensis, \S. lachrymosa,
S. masanensis and S. acuminata were detected. The stations where
four Scrippsiella species were not detected are indicated by opened
circles (O). SC, Sokcho; JMJ, Jumunjin; DH, Donghae; UJ, Uljin; PH,
Pohang; US, Ulsan; BS, Busan; DDP, Dadaepo; MS, Masan; JH,
Jinhae; TY, Tongyoung; YS, Yeosu; KY, Kwangyang; GH, Goheung;
JAH, Jangheung; AS, Ansan; DAJ, Dangjin; MGP, Mageompo; SCN,
Seocheon; KS, Kunsan; BA, Buan; MP, Mokpo; AW, Aewol;, GS,
Gosan; SGP, Seogwipo; WM, Wimi; SS, Seongsan; GN, Gimnyeong.
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Scrippsiella acuminata

Cells of S. acuminata were detected in 5 stations (Ulsan,
Busan, Ansan, Mageompo, Aewol) in January, July, and October
2016, and October 2017 (Table 2.5), furthermore, the ranges of
temperature and salinity were 9.6—22.5C (avr 17.9C) and 23.6—
33.6 (avr 29.7), respectively (Table 2.9, Fig 2.2). The highest
density of S. acuminata (1,825 cells L™!) was observed in Dadaepo
in January 2016 when the temperature and salinity of this region

was 9.6 C and 33.6.

Scrippsiella donghaiensis

S. donghaiensis was found in 18 stations (Sokcho, Jumunjin,
Uljin, Pohang, Ulsan, Busan, Dadaepo, Jinhae, Masan, Tongyoung,
Jinhae, Ansan, Dangjin, Mageompo, Kunsan, Buan, Mokpo, Aewol) in
January, March, and July 2016 and March, July, and October 2017,
which means the most variety distributed among the four
Scrippsiella speices (Table 2.6) and the ranges of temperature and
salinity at this time was 9.3—28.0C (avr 20.4C) and 9.9—34.3.
(avr 29.6) (Table 2.9, Fig 2.2). They were usually observed
between 1 and 538 cells L™!. In July 2017, the highest abundance
(1,175 cells L™") was detected in Busan where the water
temperature and salinity were 20.9TC and 29.8, respectively. In
addition, cells of S. donghaiensis were found in 10 stations (Sokcho,
Jumunjin, Uljin, Dadaepo, Masan, Jangheung, Kunsan, Buan, Mokpo,

Aewol) in July 2016, and 12 stations (Sokcho, Jumunjin, Pohang,

Ulsan, Busan, Jinhae, Masan, Ansan, Dangjin, Mageompql, Buan,_
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Mokpo) in July 2017.

Scrippsiella lachrymosa

Cells of S. lachrymosa appeared at 9 stations (Uljin, Pohang,
Busan, Dadaepo, Jinhae, Yeosu, Kunsan, Buan, Mokpo) in January,
and March 2016, and March 2017 (Table 2.7) and the ranges of
water temperature and salinity at the stations were 5.4—14.9C
(avr 11.47C) and 30.5—34.3 (avr 32.4) (Lee et al. 2018) (Table 2.9,
Fig 2.2). The highest abundance (26,325 cells L™Y) was found in
Jinhae in March 2016, and the temperature and salinity were 13.2C
and 32.4. Except at that time, S. /achrymosa were normally found
between 21 and 6,188 cells L™! in the surface waters of Korea and
mainly in March 2016, 2017, except for January 2016 (Buan, 1,100
cells L™"). However, there was no detection in the coastal water off

Jeju Island.

Scrippsiella masanensis

Cells of S. masanensis appeared in 11 stations (Sokcho,
Jumunjin, Uljin, Ulsan, Jinhae, Tongyoung, Yeosu, Goheung,
Mageompo, Mokpo, Aewol) among 28 stations and 7 months
(January, March, July, October, and December 2016, and March,
and July 2017) of total 8 months (Table 2.8). The ranges of the
temperature and salinity at the stations where S. masanensis was
detected were 5.7-254C (avr 14.9C), 19.4-34.1 (avr 31.6)
(Table 2.9, Fig 2.2). In addition, they usually appeared between 1
and 21 cells L™! In 2016, the highest abundance was detected in
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Goheung (25 cells L™Y) in October and Ulsan (25 cells L™ in
December when the water temperature and salinity at each stations

were 21.8C, 19.4 and 13.7TC, 33.4, respectively.
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Table 2. 5. The abundance of Scrippsiella acuminata (cells L™Y) in

the surface water of Korean coasts.

2016 2016 2016 2016 2016 2017 2017 2017

01 03 07 10 12 03 07 10 Max

sC - - - - NA - - - -

IMJ - - - - - - - - -

DH - - - - - - - - -

uJ - - - - - - - - -

PH - - — - - — — - —

US - - - 50 - - - - 50

BS - - - - - - - - -

DDP 1,825 - - - - - - - 1,825

JH - - — - - — — - —

MS - - - - - - - - -

TY - - — - - — — - —

YS - - - - - - - - -

KY - - — - - — — - —

GH - - - - - - - - -

JAH - - — - - — — - —

AS - - - - - - - 338 338

DAJ - - — - - — — - —

MGP - - - - - - - 550 550

SCN - - - - - - - - -

KS - - - - - - - - -

BA - - - - - - - - -

MP — — —~ — — — — — —~

AW - - 775 - - - - 1 775

GS - NA NA - - - - - -

SGP - - ~ - - - - - ~

WM - - - - - - - - -

SS - - - - - - - - -

GN -  NA NA - - - - - -

Max, maximum abundance (cells L™Y); NA, not available; —, no

detection of S. acuminata.
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Table 2. 6. The abundance of Scrippsiella donghaiensis (cells L™

in the surface water of Korean coasts.

2016

2016

2016 2016

2016

2017

2017

2017

01 03 07 10 12 03 07 g Max
sC - - 38 - NA 13 375 - 375
IMJ - - 1 - - - 50 - 50
DH - - - - - - - - —
uJ - - 38 - - - - - 38
PH - - - - - - 1 - 1
Us - - - - - - 175 - 175
BS 50 - - - - 363 1,175 - 1,175
DDP - - 50 - - - - - 50
TH ~ - - - - - 54 - 54
MS - - 50 - - - 113 - 113
TY - - - - - 1 - - 1
YS - - - - - - - - -
KY - - — - - — — - —
GH — — — — — — — — —
JAH - - 38 - - - - - 38
AS - - - - - 1 538 - 538
DAJ - - - - - - 75 - 75
MGP - - - - - - 250 - 250
SCN — - — - - — — — —
KS - - 88 - - - - - 88
BA - - 50 - - - 375 - 375
MP - - 50 - - - 25 1 50
AW - 50 38 - - - - - 50
GS - NA NA - - - - - -
SGP - - - - - - - - -
WM — — —~ — — — — — —~
SS - — - — - - - - -
GN - NA NA - - - - - -
Max, maximum abundance (cells L™"); NA, not available; —, no
detection of S. donghaiensis.
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Table 2. 7. The abundance of Scrippsiella lachrymosa (cells L™Y) in

the surface water of Korean coasts.

2016
01

2016
03

2016
07

2016
10

2016
12

2017
03

2017
07

2017
10

Max

SC

NA

IMJ

DH

uJ

275

PH

513

us

BS

213

DDP

JH

MS

TY

YS

KY

GH

JAH

AS

DAJ

MGP

SCN

KS

1,075

1,075

BA

1,100

1,475

1,475

MP

6,188

6,188

AW

GS

NA

SGP

WM

SS

GN

NA

NA

Max, maximum abundance (cells L™Y; NA,

detection of S. /JachArymosa.

25

not available;

—, no



Table 2. 8. The abundance of Scrippsiella masanensis (cells L™Y) in

the surface water of Korean coasts.

2016 2016 2016 2016 2016 2017 2017 2017

01 03 07 10 12 03 07 10 Max

SC - 1 1 - NA - - -

IMJ - 3 1 - - 1 - - 3

DH - - - - - - - - -

uJ - 3 1 - - - - - 3

PH - - — - - — — - —

US - - - - 25 - - - 25

BS - - - - - - - - -

DDP — — — — — — — — —

TH - - - - - - 4 - 4

MS - - - - - - - - -

TY 3 - - - - - 21 - 21

YS — — - - 1 - - - 1

KY - - — - - — — - —

GH - - - 25 - - - - 25

JAH - - — - - — — - —

AS - - - - - - - - -

DAJ - - — - - — — - —

MGP 1 1 1 - - - - - 1

SCN - - - - - - - - -

KS - - - - - - - - -

BA - - - - - - - - -

MP 1 - - - - - 1 - 1

AW 1 - - - - - - - 1

GS - NA NA - - - - - -

SGP - - ~ - - - - - ~

WM - - - - - - - - -

SS - - - - - - - - -

GN -  NA NA - - - - - -

Max, maximum abundance (cells L™Y); NA, not available; —, no

detection of S. masanensis.
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Table 2. 9. Temperature, salinity, number of appeared months, and

maximum density of four Scrippsiella species.

Scrippsiella Scrippsiella Scrippsiella  Scrippsiella
acuminata donghaiensis lachrymosa masanensis

T max 22.5 28.0 14.9 25.4
T min 9.6 9.3 5.4 5.7
Tavr 17.9 20.4 11.4 14.9
Smax 33.6 34.3 34.3 34.1
Sthin 23.6 9.9 30.5 19.4
Savr 29.7 29.6 32.4 31.6
no. of
appeared
months 4/8 6/8 3/8 7/8
/total
months
Dmax 1,825 1,175 26,325 25

Tmax, Tmin, and Tar, maximum, minimum, and average of
temperature of the waters collected at the stations where each
Scrippsiella species was detected; Smax, Smin, and Sz, maximum,
minimum, and average of salinity of the waters collected at the
stations where each Scrippsiella species was detected; Dmax,

maximum density of each Scrippsiella species
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Fig 2. 2. The average abundances (cells L™Y) of four Scrippsiella
species in the Korean coastal waters where each species were
detected and the average coastal water temperature (C) from Jan
2016 to Oct 2017. (a) Average abundances of S. acuminata (b) S.
donghaiensis (c) S. lachrymosa (d) S. masanensis. Open circles and
closed circles represent average abundance of each Scrippsiella
species and water temperature £ standard error.

2.4. Discussion

In this study, four Scrippsiella species are frequently
distributed in the Korean coastal waters. These four Scrippsiella
species have similar morphological characteristics (Table 2.3). In
addition, dissimilarity of SSU and LSU rDNA are 0.5—1.5% and
3.1-4.6%, respectively (Table 2.4). However, they had different
temporal and spatial distributions.

The ranges of water temperature and salinity at the stations
where cells of S. /achrymosa appeared were 5.4—14.9C and 30.5—
34.3, respectively, which were the narrowest among the four
Scrippsiella species (Table 2.9). In addition, S. /achrymosa cells
were usually detected in March 2016—2017. This results suggest
that they may have seasonality (Fig 2.2 and 3), and the average of
water temperature and salinity at 28 station in March were 12T
and 32.6, respectively, indicating a relatively low water temperature.
S. lachrymosa is located at the latitudes of 35° 07" — 36° 54" N
and the other strains are 27° 12" — 63° 42° N (Zinssmeister et al.
2011, Soehner et al. 2012).

On the other hand, unlike S. JachArymosa, S. donghaiensis

have a tendency to appear relatively high abundance in July, when

29 A 21

| &) =

'Iu



water temperature is high (Fig 2.2 and 3). Therefore, this species
may also have seasonality and appear to have different ecological
niche by reacting differently to the environment with S. /achrymosa.
Furthermore, S. donghaiensis were most distributed around Korea
peninsula among the four Scrippsiella species. Although cells of S.
donghaiensis were detected relatively low density, they were
distributed not only in the southern coast (Busan) in January 2016,
when the water temperature is low, but also at 4 stations in March
2017. In addition, S. donghaiensis has the widest salinity range
(9.9-34.3) among the four Scrippsiella species (Table 2.9). S.
donghaiensis has been found in Australia, Sweden, Chile, Uruguay,
and China (Gu et al. 2008, Zinssmeister et al. 2011). The Korean
strain of S. donghaiensis is located at the latitudes of 33° 46" —
38° 177 N and the other strains are 29° 00 — 58 54° N.
However, the temperature and salinity data of the other strains
were not indicated. Therefore, to better understand the
ecophysiological characteristics of \S. dongharensis, this information
would be a basis data.

Cells of S. masanensis were found in seven months of the
total sampling eight months. Thus, S. masanensis has the broadest
ranges of water temperature and salinity among four Scrippsiella
species, but they were detected quite low density (1—25 cells L™}
(Table 2.8). In addition, .S. masanensis has a wide range of latitude.
It has recently been established as a new species that is only found
in China, Norway, and Korea. Korean strains are located at the

latitudes of 33° 46" — 38° 17" N and the other strains are ‘27"
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21" — 63" 417 N (Gu et al. 2008, Zinssmeister et al. 2011, Lee et
al. 2018).

Furthermore, since the highest density (1,825 cells L.™1) of
S. acuminata was observed during the study period in Dadaepo in
January 2016, they tend to rarely observed in the surface waters of
Korea (Table 2.5). However, this species is one of the most
common species globally in the genus Scrippsiel/la and found in cyst
or motile form in the sediments or surface waters of various marine
environments even near the equator or polar regions. It has the
widest latitude range among the other strains of the four
Scrippsiella species (11° 54 — 58° 45" N), and Korean strains
are located at the latitudes 33" 46" — 37° 29" N.

The results of this study did not show correlation between
water temperature and salinity. But, since their distribution may
also affect the abundance of predators, further studies should be
needed. Consequently, I analyzed the distribution of Scrippsielia
species in motile forms in surface waters of the Korean coastal.
However, Scrippsiella species also exist in cyst form in the
sediment and thus the distribution of Scrippsiella species may
become wider if cycts are analyzed in Korean coastal waters.
Therefore, the results of the present study provide a basis on
understanding the distributions of these four Scrippsiella species

and predicting of their red tides.
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Fig 2. 3. The highest abundance of four Scrippsiella species from
January 2016 to October 2017. The numbers on the bar indicate
density (cells L™") of each Scrippsiella species. Sl, Scrippsielia
lachrymosa; Sd, Scrippsiella donghaiensis; Sm, Scrippsiella
masanensis; Sa, Scrippsiella acuminata.
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Chapter 3. Differential interactions between
four Scrippsiella species and common

heterotrophic protists

3.1. Introduction

Since the genus Scrippsiella was first established by Balech
(1959), approximately 30 species in the genus have been
taxonomically accepted (Guiry and Guiry 2018). The Scrippsiella
species are common phototrophic dinoflagellates in Korean waters
and distributed worldwide (Estrada 1984, Ishikawa and Taniguchi
1993, Nehring 1994, Eker et al. 2000, Janofske 2000, Kim and Han
2000, Orlova and Morozova 2003, Giannakourou et al. 2005,
Gottschling et al. 2005, Gu et al. 2008, Lee et al. 2018). The most
common species in this genus is Scrippsiella acuminata, which is a
non—toxic and cause red tides or harmful algal blooms globally
(Licea et al. 2002, Yan et al. 2002, Lu and Hodgkiss 2004, Wong
and Wong 2004). Its red tides can cause hypoxia near sea bottoms,
eventually bringing the fish, larvae (Tang and Gobler 2012), shrimp
(Géarate—Lizarraga et al. 2009) to death. Therefore, to understand
their population dynamics, growth rate and mortality due to
predation should be studied. However, there have been studies on
mortality of only S. acuminata due to predation (Yoo et al. 2013b,
Lee et al. 2014a, Loder et al. 2014, Saiz et al. 2014), although there

have been studies on growth rates of several Scrippsiella species
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(Montresor and Marino 1989, Taira et al. 2004, Zhuo—Ping et al.
2009, Luo et al. 2016). The maximum ingestion rate of P. kofoidii
on S acuminata was 16.6 ng C pseudocolony ! d™! (19.5 cells
pseudocolony ™! d™Y) (Jeong et al. 2001b). Unfortunately, predation
on other Scrippsiella species such as S. donghaiensis and S.
lachrymosa have not been explored, although they have global
distributions (Lewis 1991, Kuylenstierna and Karlson 2000, Olli and
Anderson 2002, Hoppenrath 2004, Gu et al. 2008, Zinssmeister et
al. 2011, Satta et al. 2014, Lee et al. 2018). Meanwhile, Scrippsiella
masanensis has recently been established as a new species (Lee et
al. in revision), however, mortality rate of S. masanensis due to
predation has not been explored yet. Some morphological and
biochemical characters of prey cells, such as swimming speed and
toxicity, may affect feeding by predators (Hansen 1989, Jeong et al.
2018a, Tillmann and John 2002, Waggett et al. 2008). Swimming
speed of S. acuminata has been reported (Jeong et al. 1999b), but
there have been no studies on swimming speed of S. donghaiensis,
S. lachrymosa, and S. masanensis. Furthermore, S. acuminata has
been reported to be non—toxic (Bardouil et al. 1993, Hold et al.
2001), but there have been no studies on toxicity of S. donghaiensis,
S. lachrymosa, and S. masanensis. Thus, it is worthwhile to
investigate relationships between feeding rates and swimming
speed or toxicity of prey species, which have not been reported yet.

Heterotrophic dinoflagellates and ciliates, major components
of heterotrophic protists, are known to feed on diverse red—tide

dinoflagellates (Hansen 1992, Matsuyama et al. 1999, Jeong et al.
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2010b, Anderson and Menden—Deuer 2017). Grazing impact by
these predators on populations of red tide dinoflagellates is high
enough to control prey populations (e.g., Yoo et al. 2013a). In
general, grazing impact by heterotrophic dinoflagellates and ciliates
on a red tide dinoflagellate is greater than that by metazoans
because the abundance of the former predators is much higher than
that of the latter predators (Lee et al. 2017, Lim et al. 2017h).
Thus, to assess grazing impact by predators on populations of a red
tide dinoflagellate, the kind of heterotrophic protist predators that
are able to feed on the red tide dinoflagellate and growth and
ingestion rates of the protist predator on the red tide dinoflagellate
should be determined. The heterotrophic dinoflagellates Oxyrrhis
marina, Gyrodinium dominans, F. kofoidii, Oblea rotunda, and
Pfiesteria piscicida and the ciliates Strombidinopsis sp. have been
commonly found in diverse marine environments (Edward and
Burkill 1995, Nakamura et al. 1995a, Burkholder and Glasgow 1997,
Matsuoka et al. 2000, Jeong et al. 2004a, 2007b, Watts et al. 2010,
Lee et al. 2014b). Thus, it is worthwhile to explore interactions
between these protistan predators and Scrippsiella species whose
predators have not been reported yet.

In the present study, feeding occurrence by common
heterotrophic protistan predators (0. marina, G. dominans, P,
kofoidii, O. rotunda, P. piscicida and ciliate Strombidinopsis sp.) on
S. acuminata, S. donghaiensis, S. lachrymosa, and S. masanensis
were Investigated. Furthermore, growth and ingestion rates of P

kofordii on S. donghaiensis, S. lachrymosa, and S. masanensis as a
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function of prey concentration were determined. Moreover, the
growth and ingestion rates of G. dominans and O. marina on 4
Scrippsiella species (S. acuminata, S. donghaiensis, S. lachrymosa,
and S. masanensis) were explored at prey concentrations at which
growth and ingestion rates of P kofoidii on S. acuminata became
saturated. In addition, although swimming speed of S. acuminata has
been reported previous study (Jeong et al. 1999b), S. acuminata
(STJJ1005), S. donghaiensis, S. lachrymosa, and S. masanensis
were measured at identical conditions. Also, toxicity of these
Scrippsiella species was Investigated using nauplii of the brine
shrimp Artemra. The results of the present study provide a basis on
understanding predator—prey relationships between four
Scrippsiella species and common heterotrophic protistan predators,
bloom dynamics of these four species, differential feeding by

predators on different species in the same genus.

3.2. Material and Method

Preparation on experimental organisms

The collection and culture of four Scrippsiella species (S.
acuminata, S. donghaiensis, S. lachrymosa, and S. masanensis) were
described in Table 2.1. All Scrippsiella species were grown at 20T
in enriched F/2—Si seawater media (Guillard and Ryther, 1962)
under 20 uE m™* s7! illumination on a 14:10 h light:dark cycle. The
mean equivalent spherical diameter (ESD) =* standard deviation

was measured using an electronic particle counter (Coulter
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Multisizer II; Coulter Corporation, Miami, Florida, USA). The ESD
of S. acuminata and S. lacrymosa were obtained from the previous
studies (Jeong et al. 2005b, Lee et al. 2018), but that of S.
donghaiensis and S. masanensis was measured in this study.

For the 1isolation and culture of the heterotrophic
dinoflagellate (HTD) predators Gyrodinium dominans, Oblea rotunda,
Oxyrrhis marina and Polykrikos kofoidii plankton samples were
collected by using water samplers, from the coastal waters off
Masan, Jinhae, Kunsan, and Jangheung, Korea during 2001-2016
(Table 3.1). A clonal culture of each species was established by
using two serial single—cell isolations (Table 3.1). The culture of
Pfiesteria piscicida (CCMP2091) was obtained from National Center
for Marine Algae and Microbiota, USA. For the isolation and culture
of the ciliate Strombidinopsis sp. (approximate cell length = 100
um), plankton samples were collected by using a 10—um mesh, in
coastal waters off Yeosu, Korea in July 2018 when the water
temperature and salinity were 27.5C and 32.4, respectively (Table
3.1).

The carbon contents of the HTDs were estimated from the
cell volume (Menden—Deuer and Lessard 2000). The cell volumes
of the predators were estimated using the methods of Kim and
Jeong (2004) for G. dominans, that of Jeong et al. (2008b) for O.
marina, Jeong et al. (2001a) for P. kofoidii, Jeong et al. (2007b) for
P. piscicida, and Ok et al. (2017) for O. rotunda. The cell volume of

Strombidinopsis sp. was measured in this study (Table 3.1).

37 "-:l:" I "Nl-.|- 1_-li [£ 5



Table 3. 1. Isolation and maintenance conditions for the experimental organisms.

Organism Location Time T S FM CV Prey species PC

Heterotrophic dinoflagellate

Gyrodinium dominans Masan Bay, Apr. Amphidinium 30,000—
(GDMS0907) Korea 2007 15.1 33.4 EG 4.2 carterae 40,000
Oblea rotunda Jinhae Bay, Apr. Amphidinium 10,000—
(ORJH1504) Korea 2015 12.6 31.2 PA 0.3 carterae 20,000
Oxyrrhis marina Kunsan Bay, May. Amphidinium B
(OMKS0105) Korea 2001 16.1 2.7 EG 2.0 carterae 8,000
Polykrikos kofoidii Jangheung Jul. Alexandrium _
(PKJH201607) Bay, Korea 2016 23.6 26.4 EG 43.0 lusitanicum 7,000
Pliesteria piscicida Neuse River, Jan. _ _ Amphidinium _
(CCMP2091) USA 1998 PE 1.3 carterae 2,000
Ciliate

Strombidinopsis sp. Jul. Heterocapsa B
(SSYS1807) Yeosu, Korea 9018 27.5 32.4 EG 383.0 triguetra 7,000

Sampling location and time; water temperature (T, °C); salinity (S) for isolation; feeding mechanisms (FM); cell
volume (CV, x10® pm®); prey species and concentrations (PC, cells - mL™") for maintenance. EG, engulfment feeder;

PA, pallium feeder; PE, peduncle feeder.
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Interactions between four Scrippsiella species and heterotrophic
protists

Experiment (Expt) 1 was designed to examine interactions
between each of four Scrippsiella species and the target
heterotrophic protists by mixing two components (Table 3.2). In
this experiment, it was tested whether the target heterotrophic
protist is able to feed on each of the Scrippsiella species and also
whether any of four Scrippsiella species is able to lyse or
immobilize the target heterotrophic protist.

The initial concentrations of four Scrippsiella species and
each target heterotrophic protists were settled as described in
Table 3.2. It was performed using an autopipette to deliver a
predetermined volume of culture with a known cell density into the
wells of 6—well plate chambers. For each heterotrophic protists
species, duplicate wells containing mixtures of each of four
Scrippsiella species and heterotrophic protists (a total of 5 mL in
each well), duplicate predator and prey control wells containing a
culture of heterotrophic protists and four Scrippsiella species only
(a total of 5 mL in each well) were established. The plate chambers
were placed on a shelf and incubated at 20C under a 14:10 h
light:dark cycle of 20 pE m™ s™' provided with cool white
fluorescent light.

After 2— and 24 —h incubation, to determine whether or not
the target predator species were able to feed on the target
Scrippsiella species, more than 30 target predator cells in the well

were tracked using a dissecting microscope at a magnification of
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x10—-63 (SZX10, Olympus, Tokyo, Japan). Predators containing
ingested Scrippsiella cells were photographed on slides with cover—
glasses at a magnification of x100-400 with a digital camera (Zeiss
AxioCam HRcbH; Carl Zeiss Ltd., Gottingen, Germany) attached to
the microscope. The feeding and lysis process of the target
heterotrophic protist on the target Scrippsiella species was
recorded using a video analyzing system (Sony DXC—-C33, Sony Co.,
Tokyo, Japan) and also captured using the digital camera.

Cells of P. kofoidii were lysed at a high S. donghaiensis
concentration (concentration = ca. 8,000 cells mL™") in Expt 1. To
investigate whether cell or filtrate of S. donghaiensis lyses the P.
kofoidii cells, an additional experiment was designed. Dense
cultures of S. donghaiensis (concentration = ca. 10,000 cells mL ™)
were filtered through 0.2—um disposable syringe filter (DISMIC—
25CS type, 2bmm; Advantec, Toyo Roshi Kaisha, Ltd, Chiba, Japan)
to get S. donghaiensis culture filtrates. Cells of P. kofoidii and a
predetermined volume of S. donghaiensis culture filtrate were
transferred to 6—well plate chambers and filled with freshly—
filtered seawater to the target volume as described in Table 3.2 (a
total of 5 mL in each well). Cells of P. kofoidii were monitored after

0, 24 and 48 h incubation.
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Table 3. 2. Experimental design. The numbers in the prey and predator columns are the actual initial densities (cells

mL™) of prey and predator. The values within parentheses in the predator column are the predator densities in the

control bottles.

5,002, 8,746, 9,725, 10,733

41

Prey Predator
Eﬁ;l')t Species Density Species Density
1 Scrippsiella species 5,000—8,000 Gyrodinium dominans 1,000
Oxyrrhis marina 1,000
Polykrikos kofoidii 50
Oblea rotunda 1,000
Pfiesteria piscicida 1,500
Strombidinopsis sp. 5
2 Scrippsiella donghaiensis I1, 167, 359, 1,457, 2,978, Polykrikos kofoidii 16, 28, 33, 63, 68, 83, 78,

89, 97 (60)



87, 154, 348, 701, 1,461,

16, 23, 28, 38, 41, 53, 60,

3 Scrippsiella lachrymosa 3.006. 5.188. 7.782. 11.276 Polykrikos kofoidii 78. 93 (40)

4 Scrippsiella masanensis 2306;82432788288715 lééig Polykrikos kofoidii é? 1218(’) ?696’) 56, 64, 69, 80,
5 Scrippsiella acuminata 9,549 Gyrodinium dominans 485 (524)

6 Scrippsiella donghaiensis 4,946 Gyrodinium dominans 183 (260)

7 Scrippsiella lachrymosa 9,700 Gyrodinium dominans 524 (569)

3 Scrippsiella masanensis 5,232 Gyrodinium dominans 233 (265)

9 Scrippsiella acuminata 3,148 Oxyrrhis marina 172 (127)

10 Scrippsiella donghaiensis 2,753 Oxyrrhis marina 131 (127)

11 Scrippsiella lachrymosa 2,735 Oxyrrhis marina 131 (127)

12 Scrippsiella masanensis 2,552 Oxyrrhis marina 201 (127)
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Growth and ingestion rates of Polykrikos kofoidii on Scrippsiella
species as a function of prey concentration

In Expt 2—4, the growth and ingestion rates of P. kofoidii on
three Scrippsiella species (S. donghaiensis, S. lachrymosa, and S.
masanensis) as a function of prey concentration were determined
(Table 3.2). For comparison, data on the growth and ingestion rates
of P. kofoidii on S. acuminata as a function of prey concentration
were obtained from Jeong et al. (2001b).

In these experiments, a dense cultures of P. kofordii growing
on Alexandrium minutum CCMP 1888 (= A. lusitanicum) was
transferred to a 250—mL culture flask when the prey cells were no
longer detectable 1 d before these experiments. The bottle was
filled to capacity with freshly —filtered seawater, capped, and placed
on plankton wheels rotating at 0.9 rpm, and incubated at 20C under
illumination of 20 uE m ?s 'ona 14:10 h light:dark cycle. This was
done to minimize possible residual growth resulting from the
ingestion of prey during batch culture. One day later, the cells in
three 1—mL aliquots from the bottle was counted using a compound
microscope to determine the concentrations of predator cells, and
the cultures were then used to conduct experiments.

For each experiment, the initial concentrations of . kofoidii
and the target Scrippsiella species were established using an
autopipette (Table 3.2). Triplicate 42—mL PC experimental bottles
(mixtures of predator and prey), triplicate prey control bottles
(Scrippsiella prey only), and triplicate predator control bottles (2.

kofoidii predator only) at a single predator concentration were
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settled for each predator—prey combination. The same amount the
prey filtrate as the volume of the prey culture added into the
experimental bottles were added to the predator control bottles to
make the water conditions similar. The bottles were filled to
capacity with freshly—filtered seawater and capped. To determine
the actual initial predator and prey densities at the beginning of the
experiment, a 5—mL aliquot was removed from each bottle, fixed
with 5% Lugol’ s solution, and examined with a light microscope to
determine predator and prey abundances by enumerating the cells
in three 1-mL Sedgwick—Rafter chambers (SRCs). The bottles
were refilled to capacity with F/2—Si medium, capped, and placed
on rotating wheels under the conditions as described above. Dilution
of the cultures associated with refilling the bottles was considered
ingestion rates were calculated. After 48h, 10—mL aliquot was
taken from each bottle and fixed with 5% Lugol’ s solution, and
then the abundances of predators and prey were determined by
counting all or more than 200 cells in three 1-mL SRCs. The
conditions of predators and prey were assessed using a dissecting
microscope as described above prior to subsampling.

The specific growth rates of heterotrophic protist predators,
n(d™) were calculated as follows:

u(d™" = [Ln (P/Po) ]/t (1)

where Po and P; = the concentrations of predators at O d and 2 d,
respectively.
Data for growth rates of heterotrophic protist predators were fitted

to a modified Michaelis—Menten equation: ;
7 3 11 =1
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LA™ = fmax(x—=x" )/ [Kar+ (x—x" )] (2)
where Umax = the maximum growth rate (dY); x=prey concentration
(cells mL ™! or ng C mL™1), x’ =threshold prey concentration (the
prey concentration where u=0), Kgr=the prey concentration
sustaining % Hmax. One pseudocolony of P. kofordii was treated as
one predator as in Jeong et al. (2001b). Data were iteratively fitted
to the model using DeltaGraph® (Red Rock Software Inc., Salt Lake,
Ut).

Ingestion rates and mean prey concentration were calculated
using the equations of Frost (1972) and Heinbokel (1978). The
incubation time for calculating ingestion rates was the same as that
for estimating growth rate. Data for heterotrophic protist predators
ingestion rates (IR, cells predator ' d™' or ng C predator ' d™")
were fitted to a modified Michaelis—Menten equation:

IR = Inax (x)/[Kr+ (x)] (3)
Where Imac=the maximum ingestion rate (cells predator ' d' or ng
C predator ' d™!); x=prey concentration (cells mL ! or ng C mL ™},

and Kir=the prey concentration sustaining %% Imax.

Growth and ingestion rates of heterotrophic protists on four
Scrippsiella species at single prey concentrations

Expt 5-8 (or Expt 9—12) were designed to measure the
growth and ingestion rates of Gyrodinium dominans (or Oxyrrhis
marina) on each of four Scrippsiella species at single high prey

concentrations (Table 3.2). Dense cultures of potential predators

were transferred into 500—mL PC bottles for G. dominans (or O._
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marina) when the target prey cells were no longer detectable. The
bottles were filled to capacity with freshly—filtered seawater,
capped, and placed on plankton wheels rotating at 0.9 rpm. These
bottles were incubated at the temperature and light conditions
described above. One day later, three 1—mL aliquots from each
bottle were counted using a compound microscope to determine the
cell concentrations of predators, and the cultures were then used to
conduct experiments.

For each experiment, the initial concentrations of G
dominans (or O. marina; predator) and each of four Scrippsiella
species (prey) were established using an autopipette (Table 3.2).
For G. dominans (or O. marina), triplicate 42—mL PC experimental
bottles (mixtures of predator and prey), triplicate control bottles
(prey only), and triplicate control bottles (predator only) were set
up. To obtain similar water conditions, the water of the prey culture
was filtered and then added to the predator control bottles as
described above. All the bottles were then filled to capacity with
freshly—filtered seawater and capped. The actual predator and prey
densities at the beginning of the experiment were determined as
stated above. The bottles were refilled to capacity with F/2-Si
medium, capped, and placed on rotating wheels under the conditions
described above. Dilution of the cultures associated with refilling
the bottles for G. dominans (or O. marina) was considered as
described above. The incubation time was 48 h. The abundances of
predators and prey at the end of the experiments were determined

as described above.
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Swimming speed of Scrippsiella species

A culture of four Scrippsiella species (approximately
8,000—10,000 cells mL.™!) growing autotrophically in a 38 —mL cell
culture flask (BD Biosciences, MA, USA) was examined under a
dissecting microscope. The video camera focused on an individual
field, viewed as a single circle, in the flask under a dissecting
microscope (SZX10, Olympus, Tokyo, Japan) at 20C. Swimming of
Scrippsiella cells was recorded at a magnification of X25 using a
video analyzing system (Samsung Techwin SRD—1673DN, Korea).
The mean and maximum swimming speeds of all swimming cells
viewed during 30 min were analyzed. The average swimming speed
(n = 20) was calculated based on the linear displacement of cells in
1 s during a single—frame playback.

Cells of S. donghaiensis usually moved forward with spin,
but sometimes suddenly jumped in a straight line. Thus, the
swimming speed was measured when the cells jumped in a straight

line.

Bioassay of toxicity of the four Scrippsiella species

The potential toxicity of four Scrippsiella species (S.
acuminata, S. donghaiensis, S. lachrymosa, S. masanensis) was
tested using the brine shrimp (Artemia salina) lethality test (Solis
et al., 1993). The eggs of A. salina were hatched after being
incubated for 2 days in freshly filtered seawater at 20C under cool
white fluorescent light. Ten A. salina were added to each triplicate
experimental wells containing 47Scr1}pps1'e]]a cells and]__ifﬂ}l;atﬁ,
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respectively. Ten A. sal/ina nauplii were added to each of triplicate
experimental wells containing Scriippsiella cells (target initial
abundances = 10, 100, 500, 1,000, 5,000, 8,000, and 10,000 cells
mL™Y) and filtrate from the equivalent abundances, respectively.
Triplicate wells of containing A. sal/ina nauplii only were also set up
for control. The filtrate was obtained through 0.Z2—um disposable
syringe filter (DISMIC—25CS type, 25mm). The plate chambers
were incubated on a shelf in a culture room at 20C under an
illumination of 20 pE m 2 s ona 14:10 h light:dark cycle. At the
beginning of the incubation and 6, 12, 24, and 48h later, live and

dead nauplii were counted using a dissecting microscope.

3.3. Result

Interactions between four Scrippsiella species and common
heterotrophic protists

All heterotrophic protist predators tested in the present
study were able to feed on all four Scrippsiella species (Table 3.3).
Cells of Oxyrrhis marina, Gyrodinium dominans, Polykrikos kofoidii
and ciliate Strombidinopsis sp. engulfed whole bodies of actively
swimming cells of each species (Fig 3.1—2). Moreover, the pallium
feeder Oblea rotunda cells anchored actively swimming prey cells
by deploying a filament to the surface of the prey cells and then
enclosing whole body of the prey cells using the pallium. In contrast,
the peduncle feeder P piscicida did not feed on actively swimming
prey, but it rarely fed on motionless prey cells sitting on the bottom
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of a multi—well chamber using the peduncle.

Among the four Scrippsiella species tested, cells and
filtrates of only S. donghaiensis lysed the cell bodies of P. kofordir
(Fig 3.2e). This evidence suggests that S. donghaiensis lyses the

cells of P. kofordii by using excreted chemicals.
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Table 3. 3. Taxa and size of potential heterotrophic dinoflagellate (HTD) and naked ciliate predators on four
Scrippsiella species in Expt 1. The values within parentheses in the predator column are the predator’s equivalent

spherical diameter (ESD, um). O: feeding, O% rarely feeding on motionless cells.

Potential predators Growth
. ESD
prey species (um) L. piscicida  O. marina G. dominans O. rotunda P. kofoidii Strombidinopsis sp. Pk Om Gd
(13.5) (15.6) (20.0) (21.6) (43.5) (113.3) ' ' '
S. acuminata  22.8 o? 0 ok 0 ok 0 +4++  ++ ++
S. donghaiensis 19.4 o? O O O O 0 —— 4+ +
S. lachrymosa  17.7 o? O O 0 o) 0 +  +++ e+t
S. masanensis  22.0 o? O O O O O - + +
Growth rate: +++ :>0.7d"5 ++: 0.7 ~>0.4d 5 +: 04 ~>0d™ 5 —: 0 ~> -0.2d"5 ——: < =0.2d7"

OP : Nakamura et al. (1995b), O° : Jeong et al. (2001b)
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Fig 3. 1. Feeding by the heterotrophic protists (blue arrows) on
Scrippsiella spp. (red arrows) using a light microscope. (a) An
unfed Gyrodinium dominans (Gd) cell. (b) Scrippsiella acuminata
(Sa) cell. (¢) G. dominans cell with an ingested S. acuminata cell.
(d) Scrippsiella lachrymosa (S1) cell. (e) G. dominans cell with an
ingested S. lachrymosa cell. (f) Two Scrippsiella masanensis cells.
(g) G. dominans cell with an ingested S. masanensis cell. (h)
Scrippsiella donghaiensis cell. (1) G. dominans cell with an ingested
S. donghaiensis cell. (j) An unfed Oxyrrhis marina (Om) cell. (k) O.
marina cell with several ingested S. acuminata cells. (1) O. marina
cell with an ingested S. /achrymosa cell. (m) O. marina cell with an
ingested S. masanensis cell. (n) O. marina cell with two ingested S.
donghaiensis cells. Scale bars = 10 pm.
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Fig 3. 2. Heterotrophic protists (blue arrows) feeding on
Scrippsiella species (red arrows) and lysis of a Polykrikos kofoidii
(Pk) cell incubated with Scrippsiella donghaiensis (Sd) observed
under a light microscope. (a) An unfed P. kofoidii cell. (b) P.
kofoidii cell with two ingested Scrippsiella lachrymosa (Sl) cells.
(c) P. kofoidii cell with an ingested Scrippsiella masanensis (Sm)
cell. (d) P. kofoidii cell with several S. donghaiensis cells. (e)
Lysed P. kofordi cell one day after incubation with S. donghaiensis
cells. (f) The naked ciliate Strombidinopsis sp. cell with several
ingested Scrippsiella acuminata (Sa) cells. (g) Strombidinopsis sp.
cell with several ingested S. masanensis cells. (h) Strombidinopsis
sp. cell with several ingested S Jachrymosa cells. (i)
Strombidinopsis sp. cell with several ingested S. dongharensis cells.
Scale bars = 20 pm.
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Effect of Scrippsiella concentration on growth and ingestion rates of
Polykrikos kofoidii

The numerical (growth) and functional (ingestion)
responses by P. kofoirdii to the concentrations of S. /achrymosa, S.
donghaiensis, and S. masanensis were clearly different from one
another prey species (Fig 3.3—4).

With increasing mean prey concentration, the specific
growth rate of P. kofoidii on S. lachrymosa increased rapidly at the
prey concentrations < 672 ng C mL ! (equivalent to 1,919 cells mL~
1), but slowly at higher prey concentrations (Fig 3.3a). When the
data were fitted to Eq. (2), the maximum specific growth rate of P.
kofoidiion S. lachrymosa was 0.519 d %,

There was no clear pattern in the specific growth rates of 7.

kofoidii on S. masanensis as a function of mean prey concentration

(Fig 3.3b). The range of the specific growth rates of P. kofoidii on S.

masanensis were from —0.05 d”! to —0.442 d™', but the rates were
not significantly affected by mean prey concentration (p>0.1,
ANOVA).

The range of the specific growth rates FP. kofoidii on S.
donghaiensis were from —0.034 d™! to —0.671 d~! (Fig 3.3c). The
specific growth rates of F. kofoidii on S. donghaiensis at the prey
concentrations < 2,469 ng C mL™' (5,610 cells mL™!) were not
significantly different from one another (p>0.1, ANOVA), but they
decreased at higher prey concentrations with increasing mean prey

concentration.
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Fig 3. 3. Specific growth rates of Polykrikos kofoidii on (a)
Scrippsiella lachrymosa, (b) Scrippsiella masanensis, and (c)
Scrippsiella donghaiensis as a function of mean prey concentration
(x, ng C mL™Y). Symbols represent treatment means + standard
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2) using all treatments in the experiment. Growth rate (GR, d™!) =
0.519 {[x + 183.51/[1058 + (x — 183.5)1}, r* = 0.550.
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With increasing mean prey concentrations, the ingestion
rates of P. kofoidii on S. lachrymosa increased rapidly at the prey
concentrations < 672 ng C mL—1 (1,919 cells mL 1), but slowly at
higher prey concentrations (Fig 3.4a). When the data were fitted to
Eq. (3), the maximum ingestion rate of P. kofoidii on S. lachrymosa
was 9.4 ng C predator ' d ! (26.9 cells predator * d 1).

With increasing mean prey concentrations, the ingestion
rates of P. kofoidii on S. masanensis increased up to 10.4 ng C

L'd™Y) at the prey concentrations

predator ' d”! (17.1 cells predator
< 3,413 ng C mL ! (5,596 cells mL 1), but decreased down to 3.7
ng C predator ! d!' (6.0 cells predator ! d') (Fig 3.4b). The
ingestion rates of P. kofordii on S. masanensis were significantly
affected by mean prey concentration (p<0.01, ANOVA).

The range of the ingestion rates of P kofoidii on S.
donghaiensis were 0.9 — 4.5 ng C predator ' d!' (1.1-5.3 cells
predator ' d”!) (Fig 3.4c). The ingestion rates of P. kofoidii on S.

donghaiensis, however, were not significantly affected by mean

prey concentration (p>0.1, ANOVA).
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Comparison of growth and ingestion rates of three heterotrophic
protists on different Scrippsiella species at single high mean prey
concentration

At mean prey concentrations of 2,742—5,715 ng C mL !, the
specific growth rates of P. kofoidii on S. acuminata, S. lachrymosa,
S. masanensis, and S. donghaiensis (0.989, 0.338, —0.073, and —
0.429 d!', respectively) were significantly different from one
another species (p<0.001, ANOVA; Fig 3.5a). Furthermore, the
ingestion rates of F. kofoidii on S. acuminata, S. lachrymosa, S.
masanensis, and S. donghaiensis (10.5, 9.4, 7.1, and 3.3 ng C
predator ' d !, respectively) were also significantly different from
one another species (p<0.01, ANOVA; Fig 3.5b).

At the mean prey concentrations of 4,078—=5,265 ng C mL ™},
the specific growth rates of Gyrodinium dominans on S. lachrymosa,
S. acuminata, S. donghaiensis, and S. masanensis (0.723, 0.419,
0.124, and 0.011 d™', respectively) were significantly different from
one another species (p<0.01, ANOVA; Fig 3.6a). The ingestion
rates of G domimnans on S lachrymosa, S. acuminata, S.
donghaiensis, and S. masanensis (2.0, 0.7, 1.4, and 2.1 ng C

1

predator ' d7!, respectively), however, were not significantly

different from one another species (p>0.1, ANOVA; Fig 3.6b).
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At mean prey concentrations of 1,336—2,092 ng C mL™", the
specific growth rates of Oxyrrhis marina on S. lachrymosa, S.
acuminata, S. donghaiensis, and S. masanensis (0.793, 0.656, 0.415,
and 0.079 d !, respectively) were significantly different from one

another species (p<0.01, ANOVA; Fig 3.7a). The ingestion rates of
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O. marina on S. lachrymosa, S. acuminata, S. donghaiensis, and S.
masanensis (0.8, 0.1, 0.4, and 0.1 ng C predator 'd !, respectively),
however, were not significantly different from one another species

(p>0.1, ANOVA; Fig 3.7b).
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Fig 3. 7. (a) Growth and (b) ingestion rates of Oxyrrhis marina on
four Scrippsiella species at single high prey concentrations (mean

prey concentrations of 1,336—2,092 ng C mL."). Symbols represent
treatment means * standard error.
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Swimming speed of Scrippsiella species

The average (£ standard error) and maximum swimming
speeds of Scrippsiella species (n=20 for each species) were 640
(£ 28) and 786 pm s~ ! for S. lachrymosa, 473 (£ 23) and 788 um
s7' for S donghaiensis, 455 (£ 19) and 642 pm s~ ' for S.
acuminata, and 382 (* 19) and 531 um s~ ' for S masanensis

(Table 3.4).

Bioassay of toxicity of the four Scrippsiella species

In comparison with triplicate wells of containing A. salina
nauplii only, mortality rate of A. salina incubated with cells and
filtrate of four Scrippsiella species were not significantly different

(p>0.05, two—tailed r—test; Table 3.4).

Table 3. 4. Comparison of cell size, swimming speeds and toxicity

of four Scrippsielia species.

Cell size
Organism Length Width SS (MSS) Toxicity
(um) (um)

S. acuminata 25.0—-37.0 17.0-27.0

(STJ11005) (32.0) (22.0) ~ 154(642) X
S. donghaiensis 18.5—28.4 13.5—20.8

(SDGJ1703) (22.2) 6.7y~ 473(788) X
S. lachrymosa 16.3—23.2 13.3—21.5

(SLBS1703)  (19.5) (16.7) ~ 040(786) X
S. masanensis 19.3—27.1 17.9-24.6

(SMMS0908)  (23.3) 206 282031 X

SS, averaging swimming speed (Um s™H; MSS, maximum swimming

speed (um s™1);
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3.4. Discussion

This study shows that the common heterotrophic
dinoflagellates Oxyrrhis marina, Gyrodinium dominans, FPolykrikos
kofoidii, Oblea rotunda, Pfiesteria piscicida and the common ciliate
Strombidinopsis sp. were able to feed on Scrippsiella acuminata, S.
donghaiensis, S. Jlachrymosa, and S. masanensis. However,
numerical and functional responses by P kofordii to the
concentration of one of S. dongharensis, S. lachrymosa, and S.
masanensis were different from those of another Scrippsielia
species. Although the pattern in numerical and functional responses
by P. kofoidii to the concentration of S. acuminata is similar to those
to S. lachrymosa (Jeong et al., 2001b), the maximum growth and
ingestion rates of this predator on the former prey species is
different from those on the latter prey species. Furthermore,
growth and ingestion rates of (. dominans and O. marina on S.
acuminata, S. donghaiensis, \S. lachrymosa, and S. masanensis were
different from one another prey species. Therefore, the ecological
niche of one Scrippsiella species is different from that of the other
three species. All these four Scrippsiella species have been found in
Korean coastal waters and the East China Sea (Gu et al. 2008,
Zinssmeister et al. 2011, Jeong et al. 2017b, Lee et al. 2018, this
study). Furthermore, the cells and/or cysts of P kofoidi, G.
dominans, and O. marina have also been found in these waters (Yu—
Zao et al. 1996, Jeong et al. 2001a, 2001b, Wang et al. 2004, Liu

2008, Zhang et al. 2010, Ke et al. 2012, Yoo et al. 2013a). Based on
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differential feeding by the common heterotrophic dinoflagellates on
these four Scrippsiella species may affect causative species of a
red tide or harmful algal bloom. In addition, the abundance of these
four Scrippsiella species are likely to differentially affect the
population dynamics of P. kofoirdii, G. dominans, and O. marina.

The size range of four Scrippsiella species tested (17.7 —
22.8 um) is somewhat narrow. The upper prey size limit that each
of G. dominans, P. kofoidii, O. rotunda, F. piscicida, and
Strombidinopsis sp. has previously reported to be able to feed on
(35.3 pm, 38.2 um, 120.0 pm, 40.0 um, and 38.2 um, respectively)
1s greater than the size of four Scrippsiella species, and the upper
prey size limit for O. marina (20.4 pm) is slightly smaller than S.
acuminata and S. masanensis (Jacobson and Anderson 1986,
Nakamura et al. 1992, Jeong et al. 1999¢, 2001b, 2006, Tillmann
and Reckermann 2002). Thus, the size of all four Scrippsielia
species are likely not to affect feeding occurrence by these
heterotrophic protistan predators except for O. marina. However,
there was a big difference in both growth and ingestion rates of 2.
kofoidir, G. dominans, or O. marina on four Scrippsiella species. At
mean prey concentrations at which growth and ingestion rates of P
kofoidii on S. acuminata became saturated, the growth and ingestion
rates of P. kofoidii on S. acuminata and S. lachrymosa are greater
than those on S. donghaiensis and S. masanensis. The growth rates
of P. kofoidii on four Scrippsiella species are significantly positively
correlated with the ingestion rates (Fig 3.8a). Therefore, the

efficiency of conversion of ingested prey carbon to body carbon of
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the predator is similar to one another Scrippsielia prey species and
the ingestion rates of P. kofoidii on Scrippsiella prey species affect
its growth rates. P. kofordir is likely to detect, capture, ingest, and
digest S. acuminata and S. lachrymosa cells more readily than S.
donghaiensis and S. masanensis cells. The maximum swimming
speeds of S. acuminata and S. lachrymosa (642 and 786 pm s7h) are
not clearly different from S. donghaiensis and S. masanensis (788
and 531 um s~ !). The maximum swimming speed of P. kofoidii (911
um s Y is greater than that of any of these four prey species
(Jeong et al. 2002). Therefore, prey swimming speed is likely not
to affect this differential ingestion rates. Other factors rather than
size and swimming speed of prey species are likely to affect
ingestion and growth rates of F. kofoidii. Lysis of P. kofoidii cells at
high S. donghaiensis cell concentration were observed. Thus,
excreted materials from S. donghaiensis may be partially
responsible for low ingestion and growth rates. However, the
excreted materials did not affect Artemia nauplius and thus these
materials may not be toxic enough to kill the nauplii.

At similar high mean prey concentrations, the growth rates
of G. dominans on S. acuminata and S. lachrymosa are also greater
than those on S. donghaiensis and S. masanensis, although the
ingestion rates of (. dominans on S. donghaiensis and S.
masanensis are greater than or comparable to those on S. acuminata
and S. /achrymosa. Furthermore, the growth rates of (. dominans

on four Scrippsiella species are not significantly positively

correlated with the ingestion rates (Fig 3.8b). Thus, the efficiency=z g
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of conversion of ingested prey carbon to body carbon of G
dominans is different from one another Scrippsiella prey species
and the ingestion rates of & dominans on Scrippsiella prey species
affect its growth rates; S. acuminata gives the highest conversion
efficiency for G. dominans, whereas S. masanensis the lowest one.
For O. marina predator, the growth rates on S. acuminata and S.
lachrymosa are also greater than those on S. donghaiensis and S.
masanensis, although the ingestion rate on S. donghaiensis 1s
greater than or comparable to those on S. /achrymosa (Fig 3.8c). In
the plot of the growth and ingestion rates, S. lachrymosa, S.
donghaiensis and S. masanensis are likely to have similar
conversion efficiencies, but S. acuminata has a conversion
efficiency higher than the other Scrippsiella species. Overall, F.
kofoidii, G. dominans and O. marina show a different pattern on
conversion efficiency on four different Scrippsiella prey species. P.
kofoidii converts ingested prey carbon to its own carbon
proportionally because it may not spend much energy in capturing
and ingesting prey, whereas G dominans and O. marina may not
convert ingested prey carbon to its own carbon proportionally
because they may spend much energy in capturing and ingesting

prey.
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The maximum ingestion rate of F. kofoidii on S. acuminata is
comparable to that on Gymnodinium catenatum, but lower than on
Ostreopsis cf. ovata, Alexandrium tamarense, and Lingulodinium
polyedrum (Table 3.5). However, the maximum growth rate of P,
kofoidii on S. acuminata is lower than that on G. catenatum, but
greater than on Ostreopsis cf. ovata, and L. polyedrum. Thus,

conversion efficiencies of P kofoidii on S. acuminata is lower than

that on G. catenatum, but greater than on Ostreopsis cf. ovata, and L.

polyedrum. Although S. acuminata is non—toxic, G. catenatum and A.

tamarense (PSP toxins), O. cf. ovata (Osterol A, palytoxin), and L.
polyvedrum (Yessotoxin) are known to be toxic (Oshima et al. 1987,
Asakawa et al. 1995, Paz et al. 2004, Ciminiello et al. 2013, Hwang
et al. 2013). Polykrikos kofoidii is known to detoxify phytotoxins of
G. catenatum within its body (Jeong et al. 2003). Therefore, the
presence or absence of toxins might not affect feeding by F. kofordir
on these dinoflagellates. Furthermore, the maximum ingestion rate
of P. kofoidii on S. lachrymosa is comparable to that on Alexandrium
minutum CCMP 1888 (= A. lusitanicum), Effrenium (Symbiodinium)
voratum, and Tripos furca (Table 3.5). However, the maximum
growth rate of P. kofoidii on S. lachrymosa is lower than that on A.
minutum CCMP 1888, but greater than on £. voratum, and 7. furca.
Thus, conversion efficiencies of F. kofoidii on S. lachrymosa is
lower than that on A. minutum CCMP 1888, but greater than on £.

voratum, and 7. furca.
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Table 3. 5. Maximum growth and ingestion rates for the heterotrophic dinoflagellate FPolykrikos kofoidii on algal prey

species.

Prey species Type ESD MGR MIR RMGI
Effrenium voratum * MTD 11.1 0.03 10.0 0.02
Scrippsiella lachrymosa ® ATD 17.7 0.52 9.4 0.00
Scrippsiella donghaiensis ® ATD 19.4 —0.03 4.5 0.01
Gymnodinium aureolum © MTD 19.5 0.11 2.3 0.04
féecﬁgdfégg)mm”mm d ATD 20.4 0.77 11.1 0.07
Scrippsiella masanensis ® ATD 22.0 —0.05 10.4 0.05
Scrippsiella acuminata © MTD 22.8 0.97 16.6 0.01
Gymnodinium impudicum © MTD 23.2 0.06 5.4 0.03
Prorocentrum micans ° MTD 26.0 0.06 4.6 0.00
Ostreopsis cf. ovata ' ATD 26.4 0.73 33.3 -0.01
Tripos furca © MTD 29.0 0.35 9.8 0.06
Alexandrium tamarense ° ATD 31.2 1.01 26.2 0.07
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Gymnodinium catenatum ATD 34.0 1.12 17.1 0.07

Lingulodinium polyedrum ¢ MTD 37.9 0.83 24.4 0.06

ESD, equivalent spherical diameter (um); MGR, maximum growth rate (d”'); MIR, maximum ingestion rate (ng C

predator™! day™!). RMGI, ratio of MGR relative to MIR. ATD, autotrophic dinoflagellate; MTD, mixotrophic
dinoflagellate. ® Jeong et al. (2014), ® This study, © Yoo et al. (2010), ¢ Kang et al. (2018), ¢ Jeong et al. (2001b), |

Yoo et al. (2015).
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When the growth rates of G. dominans on four Scrippsiella
species measured at the mean prey concentrations of 4,070—5,270
ng C mL™! in the present study and growth rates of G. dominans on
the other microalgal prey species and the mixotrophic -ciliate
Mesodinium rubrum at the prey concentration range calculated from
the equations in Lee et al. (2014b) were compared, the growth rate
of G. dominans on S. lachrymosa is lower than that on Eutreptiella
gymnastica, Gymnodinium aureolum, but greater than that on £.
voratum and M. rubrum (Table 3.6). However, the growth rates of
G. dominans on S. donghaiensis and S. masanensis are much lower
than that on the other prey species (Table 3.6). Therefore, the
abundance of G. dominans is likely to be high when S. lachrymosa is
abundant, but low when S. donghaiensis or S. masanensis is
abundant. In addition, the difference in the growth rates of G
dominans on the four Scrippsiella prey species (.e., 0.011-0.723 d~
") was higher than that between S. /achrymosa and G. aureolum
(0.723 A" vs. 0.880 d™") and M. rubrum (0.723 d™" vs. 0.450 d71).
Therefore, the difference in the growth rates of G. dominans on
different species of the same genus is sometimes higher than that
on different species of different genus. Thus, differential feeding of
common heterotrophic protist predators on different species of the

same genus might partially cause evolution in the same genus.
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Table 3. 6. Growth and ingestion rates for the heterotrophic dinoflagellate Gyrodinium dominans on algal prey species

and the ciliate Mesodinium rubrum.

at 4,078-5,265 ng C mL™!

Prey species Type ESD MGR MIR X GR (W) IR RGI
Thalassiosira sp. * DIA 5.4 0.73 4,694"
Rhodomonas salina" CR 6.5 0.21 0.8 4,694° 0.79%
Dunaliella teriolecta® CH 6.5 0.28 1.9 4,694" 1.89%
FEffrenium voratum ° MTD 11.1 0.61 1.9 4,694° 0.60% 1.72% 0.35
Prorocentrum minimum ° MTD 12.1 1.13 1.2 4,694" 1.19%
Biecheleria cincta © MTD 12.2 0.07 0.1 4,694°
Eutreptiella gymnastica ' EUG 12.6 1.13 2.7 4,694 1.02% 2.547 0.40
Heterocapsa triquetra? MTD 15.3 0.54 2.9 4,694" 2.87%
Karenia mikimotor * MTD 16.8 0.48 4,694°
Scrippsiella lachrymosa ® ATD 17.7 5,107 0.72 2.00 0.36
Scrippsiella donghaiensis ® ATD 19.4 4,325 0.12 1.40 0.09
Gymnodinium aureolum " MTD 19.5 0.92 2.0 4,694° 0.88% 1.73% 0.51
Mesodinium rubrum'’ MNC 22.0 0.48 0.6 4,694" 0.45" 0.59% 0.76
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Scrippsiella masanensis © ATD 22.0 4,078 0.01 2.10 0.01
Scrippsiella acuminata ® MTD 22.8 5,265 0.42 0.70 0.60
Chattonella antiqua’ RA 35.3 0.5 2.3 4,694

ESD, equivalent spherical diameter (um); MGR, maximum growth rate (d”'); MIR, maximum ingestion rate (ng C
predator ! day™'); x, prey concentration (ng C mL™"); GR(u), growth rate (d™"); IR, ingestion rate (ng C predator '
day™D; RGI, ratio of GR relative to IR. Rates are corrected to 20C using Q10=2.8 (Hansen et al. 1997); DIA; diatom;
CR, cyptophyte; CH, chlorophyte; MTD, mixotrophic dinoflagellate; EUG, euglenophyte; MNC, mixotrophic naked
ciliate; RA, raphidophyte; ATD, autotrophic dinoflagellate. . “Value is the mean of all prey concentrations for the four
Scrippsiella spp. *Rates are calculated by interpolation using x values and the equations in the reference.  Nakamura
et al. (1995b), P Calbet et al. (2013), ¢ Jeong et al. (2014), ¢ Kim and Jeong (2004), € Yoo et al. (2013c¢), f Jeong et al.
(2011), ® This study, " Yoo et al. (2010), 'Lee et al. (2014b), *Nakamura et al. (1992).
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Similarly, when the growth rates of O. marina on four
Scrippsiella species measured at the mean prey concentrations of
1,336—2,092 ng C mL ! in the present study and growth rates of O,
marina on the other microalgal prey species at the prey
concentration range calculated from the equations in Jeong et al.
(2018b) were compared, the growth rate of O. marina on S
lachrymosa is lower than that on the raphidophyte Heterosigma
akashiwo, comparable to that on E. gymnastica and E. voratum, but
greater than that on the other microalgal prey species (Table 3.7).
The growth rate of O. marina on S. masanensis is lower than that on
the other prey species (Table 3.7). Therefore, the abundance of O.
marina may also be high when S. lachrymosa is abundant, but low

when S. masanensis is abundant.
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Table 3. 7. Growth and ingestion rates for the heterotrophic dinoflagellate Oxyrrhis marina on diverse prey species.

at 1,336—2,092 ng C mL™!

Prey species Type ESD MGR MIR X GR (W IR RGI

Azadinium cf. poporum * ATD 10.0 0.5 4.99 1,806" 0.48* 4.31% 0.11
Brachiomonas submarina® © CH 10.5 0.73 1.29 1,806" 0.71% 1.19% 0.60
Gyvmnodinium smaydae ° MTD 10.5 0.41 0.27 1,806" 0.41% 0.26" 1.58
Effrenium voratum ©" MTD 11.1 0.87 2.10 1,806° 0.84% 1.75% 0.48
Heterosigma akashiwo ® RA 11.5 1.43 1.25 1,806 1.357 0.90* 1.50
Biecheleria cincta ™" MTD 12.2 0.49 0.35 1,806° 0.49% 0.35% 1.40
Eutreptiella gymnastica "’ EUG 12.6 0.81 2.70 1,806" 0.81% 2.48% 0.33
Luciella masanensis *' HTD 13.5 0.04 0.07 1,806° 0.07*
Pfiesteria piscicida *™ HTD 13.5 0.66 0.33 1,806" 0.65% 0.32% 2.07
Stoeckeria algicida " HTD 13.9 0.22 0.14 1,806 0.217 0.13% 1.59
Scrippsiella lachrymosa ° ATD 17.7 1,336 0.79 0.80 0.99
Scrippsiella donghaiensis ° ATD 19.4 1,812 0.42 0.40 1.04
Gymnodinium aureolum ° MTD 19.5 0.71 0.51 1,806 0.69* 0.49* 1.40
Fibrocapsa japonica ¢ RA 20.4 0.72 1.18 1,806"
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Scrippsiella masanensis ° ATD 22.0 1,983 0.08 0.10 0.79
Scrippsiella acuminata ° MTD 22.8 2,092 0.66 0.10 6.56

ESD, equivalent spherical diameter (um); MGR, maximum growth rate (d™'); MIR, maximum ingestion rate (ng C
predator ! day™'); x, prey concentration (ng C mL™"); GR(u), growth rate (d°!); IR, ingestion rate (ng C predator !
day™Y; RGI, ratio of GR relative to IR. Rates are corrected to 20T using Q0=2.8 (Hansen et al. 1997); CH,
chlorophyte; EUG, euglenophyte; RA, raphidophyte; ATD, autotrophic dinoflagellate; MTD, mixotrophic dinoflagellate;
HTD, heterotrophic dinoflagellate. *Value is the mean of all prey concentrations for the four Scrippsiella spp. *Rates
are calculated by interpolation using x values and the equations in the reference. * Potvin et al. (2013), ® Fuller
(1990), € Bauerfeind et al. (1986), ¢ Jeong et al. (2018b), Lee et al. (2014a), © Jeong at al. (2014), ' Yoo et al. (2015),
¢ Jeong et al. (2003), Yamochi and Abe (1984), " Yoo et al. (2013c), ' Jeong et al. (2011), ! Throndsen (1973),
Sommer (1988)," Jeong et al. (2007b), ' Jeong et al. (2007a), Jang et al. (2016), ™ Jeong et al. (2006), Burkholder
and Glasgow (1997), " Jeong et al. (2005a), Lim et al. (2014), ° This study,” Yoo et al. (2010), Jeong et al. (2010a),

¢ Tillmann and Reckermann (2002).
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Most morphological characters of four Scrippsiella species
tested in this study are not largely different (Table 2.3).
Furthermore, the difference in small subunit (SSU) and large
subunit (LSU) among the four Scrippsiella species are 0.5—1.5%
and 3.1—4.6%, respectively (Table 2.4). However, the difference in
maximum growth and ingestion rates of F. kofoidii on the four
Scrippsiella species based on the highest value of growth and
ingestion rates are 46— more than 100% and 10-73%. In addition,
the differences in growth and ingestion rates are 42—99% and 5—
67% for G. dominans and 17—90% and 0—88% for O. marina (Table
3.8). Thus, differential feeding by these common heterotrophic
protist predators can be used for a proxy for different genomes
among these four Scrippsiella species. It is worthwhile to explore
relationships between differences in predators and genomes in this
genus. Conclusively, difference in the growth and/or ingestion rates
of O. marina, G. dominans, and P. kofoidii on four Scrippsiella
species may cause different ecological niches of both the predators
and prey species. In addition, S. acuminata and S. lachrymosa are
nutritious for predators. Although Scrippsiella species have similar
morphological characteristics, their eco—physiological
characteristics are considerably different such as the result of this

study.
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Table 3. 8. Comparison of growth and ingestion rates of predators on Scrippsiella species. The numbers within
parentheses in Scrippsiella species column are growth and ingestion rates of each predator feeding on four

Scrippsiella species. The values are dissimilarity (%) between the values on two Scrippsiella species.

A. P kofoidir

S. acuminata S. dongharensis S. lachrymosa S. masanensis
(0.97, 16.6) (—=0.03, 4.5) (0.52, 9.4) (—=0.05, 10.4)
MGR MIR MGR MIR MGR MIR
S. acuminata
(0.97. 16.6) >100 72.9 46.3 43.4 >100 37.3
S. donghaiensis _ _ _
(—0.03. 4.5) >100 52.1 56.7
S. lachrymosa _ _ _
(052, 9.4) »100 )6
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B. G dominans

S. acuminata S. donghaiensis S. lachrymosa S. masanensis
(0.42, 0.7) (0.12,1.4) (0.72, 2) (0.01, 2.1)
GR IR GR IR GR IR
S. acuminata
(0.42, 0.7) 71.4 50.0 41.7 65.0 97.6 66.7
S. donghaiensis _ _
(0.12, 1.4) 83.3 30.0 91.7 33.3
S. lachrymosa B B ~
(0.72, 2.0) 98.6 4.8
C. O. marina
S. acuminata S. donghaiensis S. lachrymosa S. masanensis
(0.66, 0.1) (0.42, 0.4) (0.79, 0.8) (0.08, 0.1)
GR IR GR IR GR IR
S. acuminata
(0.66., 0.1) 36.4 75.0 16.5 7.5 87.9 0
S. donghaiensis _ _
(0.42, 0.4) 46.8 50.0 81.0 75.0
S. lachrymosa B B ~
(0.79, 0.8) 89.9 87.5
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Chapter 4. Interactions between the
voracious heterotrophic nanoflagellate
Katablepharis japonica and common
heterotrophic protists and distribution of

K. japonica

4.1. Introduction

Marine heterotrophic nanoflagellates (HNFs) are major
components of marine planktonic food webs (e.g., Patterson and
Larsen 1991, Jeong et al. 2013). They are known to be major
predators of marine bacteria and occasionally control their
populations (Fenchel 1982, Azam et al. 1983, Sieburth 1984).
Recently, the free—living HNF Katablepharis japonica has been
reported to feed on red—tide dinoflagellates and raphidophytes
(Kwon et al. 2017). In turn, some HNFs such as Cafeteria spp.,
Spumella spp., and Bodo spp. are known to be prey for some
heterotrophic dinoflagellates (HTDs) and ciliates (JUrgens et al.
1996, Jeong et al. 2007c). Therefore, they are known to play an
important role in the transfer of bacteria and microalgae to HTDs
and ciliates in marine microbial loops. However, still feeding by
common heterotrophic protists on several important HNF species
that can affect the dynamics of red—tide species or bacteria is

poorly understood until date.
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Katablepharis japonica is a common HNF in Korean waters
and was found in the waters of Japan and the United States
(Okamoto and Inouye 2005, Kahn et al. 2014, Kwon et al. 2017).
Recently, this species has been reported to feed on diverse
phytoplankton species (Kwon et al. 2017). Interestingly, it can
grow fast by feeding on suitable phytoplankton species, but it does
not grow on bacteria, unlike most HNFs (Kwon et al. 2017).
Furthermore, it was suggested that K. japonica may have a
considerable potential grazing impact on populations of a red—tide
species. However, if its mortality due to predation is high, the effect
of K. japonica on populations of the red—tide species could be
reduced. To the best of our knowledge, no studies have been
reported on the protist predators of K. japonica. To understand the
roles of K. japonica in red tide dynamics, mortality due to predation
should be determined.

In addition, HTDs and ciliates are major components in
marine ecosystems (Stoecker et al. 1984, Hansen 1991, Jeong
1999a, 1999c, Levinsen and Nielsen 2002, Sherr and Sherr 2007,
Jeong et al. 2010b, 2015, Yoo et al. 2013a, Lim et al. 2017b). They
feed on diverse types of prey, such as bacteria, phytoplankton
including red—tide species, mixotrophic, or heterotrophic protists,
eggs and early naupliar stages of metazooplankton, and sometimes
control populations of their prey (Hansen 1992, Jeong 1994, Monta
gnes et al. 1996, Jeong et al. 2004b, 2008a, 2008b, Kamiyama and
Matsuyama 2005, Turner 2006, Yoo et al. 2013b, Lee et al. 201443,

Jang et al. 2016, Lim et al. 2017b). In general, due to much higher
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abundances of HTDs or ciliates than those of metazooplankton,
effect of grazing on prey populations by the former grazers is
usually greater than that by the latter grazers (Kim et al. 2013, Yoo
et al. 2013a). Thus, to understand the roles of potential prey
species in food webs, feeding by HTDs or ciliates on the prey
should be explored.

In general, HTDs and ciliates have two major feeding
mechanisms, raptorial feeding and filter feeding (e.g., Fenchel 1980,
Hansen and Calado 1999). In raptorial feeding, there are three
major feeding mechanisms—engulfment feeding, peduncle feeding,
and pallium feeding (Jacobson 1987, Jeong and Latz 1994, Ki¢rboe
and Titelman 1998, Berge et al. 2008, Jeong et al. 2010b, Lim et al.
2014, Lee et al. 2015). Using these diverse feeding mechanisms,
they are able to feed on prey species having diverse size, shape,
behavior, biochemistry etc. (Jeong et al. 2010b). Therefore, in the
present study, we aimed to investigate the potential effects of
protist predators on K. japonica, feeding by the engulfment—feeding
HTDs  Oxyrrhis marina, Gyrodinium dominans, Gyrodinium
moestrupii, Polykrikos kofordi, and Noctiluca scintillans, the
peduncle—feeding HTDs Luciella masanensis and Pfiesteria
piscicida, the pallium—feeding HTD Oblea rotunda, and the naked
ciliates Strombidium sp. (approximately 20 pm in cell length),
Pelagostrobilidium sp., and Miamiensis sp. on K. japonica was
explored. The strain of K. japonica used in the present study was
originally isolated from Masan Bay, where most of these

heterotrophic protists were isolated or reported to be abundant at
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certain times (Jeong et al. 2007a, 2007b, Yoo et al. 2013b, Kwon et
al. 2017). Furthermore, these heterotrophic protists have often
been found in the waters of many other countries as well (Strom
and Buskey 1993, Watts et al. 2010, Moestrup et al. 2014, Grzebyk
et al. 2017). Some dinoflagellates are known to feed on, kill, lyse,
or immobilize some common heterotrophic protists (Kim et al. 2017,
Ok et al. 2017). Therefore, we investigated whether K. japonica
attacks common heterotrophic protists or not. The results of the
present study provide a basis for understanding the interactions
between K. japonica and common heterotrophic protist species, and
their ecological roles in the marine planktonic community.

In addition, to understand the population dynamics of XA.
Japonica, their distribution and abundance in the field should be
studied. Prior to this study, the abundance of K. japonica at Masan
Bay in January, May, September, and October 2016 has been
reported (Kwon et al. 2017). However, species—specific primer and
probe set was designed small subunit ribosomal DNA (SSU rDNA)
region which may not be conserved region of only K. japonica. Thus,
the distribution and abundance data of K. japonica may not be
accurate. Therefore, since only the abundance data in Masan in
2016 were described, distribution and abundance at 28 stations of
the East, West, and South Sea of Korea from January 2016 to
October 2017 were analyzed by using improved species—specific

primer and probe set and qPCR.
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4.2. Material and Method

Preparation of experimental organisms

A clonal culture of K. japonica (KIMS1610), which was
isolated from plankton samples collected from Masan Bay, Korea in
October 2016, was used in the present study (Kwon et al. 2017).
The mixotrophic dinoflagellate Akashiwo sanguinea was provided as
prey every day. As the concentration of K. japonica increased, the
culture was sequentially transferred to 50—, 250—, and 800—mL
flasks containing fresh prey (approximately 10,000 cells mL™).
The flasks were filled to capacity with freshly filtered seawater,
capped, and placed on a shelf at 20C under an illumination of 20 pE
m ™2 s7! provided by cool white fluorescent lights, under a 14:10 h
light:dark cycle. The mean equivalent spherical diameter (ESD) and
carbon content of K. japonica were 8.1 pm and 0.043 ng C per cell,
respectively (Kwon et al. 2017).

For the isolation and culture of the HTD predators G.
dominans, G. moestrupii, L. masanensis, N. scintillans, O. rotunda, O.
marina, and P. kofoidii, plankton samples were collected by using
water samplers, from the coastal waters off Saemankeum,
Jangheung, Jinhae, or Shiwha, Korea during 2008 —2016 (Table 4.1).
A clonal culture of each species was established by using two serial
single—cell isolations (Table 4.1). A clonal culture of P. piscicida
was obtained from National Center for Marine Algae and Microbiota,

USA.
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For the isolation and culture of the ciliate Strombidium sp.
(approximate cell length 20 um), plankton samples were collected
by using a 10—um mesh from Jinhae Bay, Korea in July 2017, when
the water temperature and salinity were 23.8C and 28.3,
respectively (Table 4.1). A clonal culture of Strombidium sp. was
established by using two serial single—cell isolations. For the
isolation and culture of the ciliate Pelagostrobilidium sp.
(approximate cell length 50 pm), plankton samples were collected
by using a 10—um mesh, in coastal waters off Tongyoung, Korea in
August 2017 when the water temperature and salinity were 27.2C
and 31.5, respectively (Table 4.1). Furthermore, the scuticociliate
Miamiensis sp. Bl was isolated from an infected larva of Clithon
retropictus in the waters off Bieung Island, western Korea in May
2016, when water temperature and salinity were 20.8C and 31.3,
respectively (Kim et al. 2017).

The carbon contents of the HTDs and the ciliate were
estimated from the cell volume, according to the procedure of
Menden—Deuer and Lessard (2000). The cell volumes of the
predators were estimated using the methods of Kim and Jeong
(2004) and Yoon et al. (2012) for G. dominans and G. moestrupii,
that of Jeong et al. (2008b) for O. marina, Jeong et al. (2001b) for
P. kofoidii, Jeong et al. (2007a, 2007b) for L. masanensis and P.
piscicida, and the cell volumes of N. scintillans, O. rotunda,
Strombidium sp., Pelagostrobilidium sp., and Miamiensis sp. were

measured in this study (Table 4.1).
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Table 4. 1. Isolation and maintenance conditions for the experimental organisms.

Organism Location Time T S CV FM Prey species PC
Heterotrophic dinoflagellate
.. . Shiwha Bay, Nov Amphidinium 30,000—
Gyrodinium dominans Korea 9011 19.7 31.0 4.2 EG carterae 40.000
.. .. Off Saemankeum, Oct Alexandrium 3,000—
Gyrodinium moestrupii Korea 9009 21.2 31.0 3.3 EG minutum 5.000
} . Jinhae Bay, Jul Apistonema sp. B
Luciella masanensis Korea 9016 22.6 30.7 1.3 PE (CCMP 3085) 20,000
. .. Jangheung Bay, Jul Lingulodinium 1,500—
Noctiluca scintillans Korea 9016 23.6 26.4 39,385 EG polyedra 2000
Jinhae Bay, Apr Amphidinium 10,000—
Oblea rotunda Korea 9015 12.6 31.2 5.3 PA carterae 90.000
} ; Shiwha Bay, Dec Amphidinium
Oxyrrhis marina Korea 9008 16.8 27.0 2.0 EG carterae 8,000
Polykrikos kofoidii Jangheung Bay, — Jul = o050 954 431 pg Scrippsiella ~5,000
Korea 2016 acuminata
Pliesteria piscicida Neuse River, Jan _ _ Amphidinium _
(CCMP2091) USA 1998 1.3 PE carterae 2,000
Ciliate
. Tongyoung, Aug Prorocentrum
Pelagostrobilidium sp. 27.2 31.5 40.6 EG . ~3,000
Korea 2017 minimum
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.. . Bieung Island, May 0.2 g 100
Miamriensis sp. Korea 9016 20.8 31.3 276.5 EG Yeast L
.. Jinhae Bay, Jul Heterosigma 2,000—
Strombidium sp. Korea 5017 23.8 28.3 5.4 EG akeashino 3.000

Sampling location and time, water temperature (T, C), salinity (S) for isolation, cell volume (CV, x10® pm?), and
feeding mechanisms (FM), prey species, and prey concentrations (PC, cells mL.™!) for maintenance.

EG, engulfment feeder; PE, peduncle feeder; PA, pallium feeder.

86 -":lx_! "'|:'1.Ii ".‘:-'i



Effect of the Katablepharis japonica concentration on the growth rate
of Oxyrrhis marina

In Exp. 1, there was no heterotrophic protist that capable of
feeding on actively swimming K. japonica. To the contrary, A.
Japonica fed on O. marina. Thus, Exp. 3 was designed to measure
the growth rate of O. marina as a function of K. japonica
concentration (Table 4.2).

For the experiment on A. sanguinea prey, cultures of
approximately 11,000 cells mL™! of K. japonica growing on A.
sanguinea were transferred to a single 250—mL culture flask
containing freshly filtered seawater after A. sanguinea became
undetectable. This culture was maintained for 1 day. Three 1—mL
aliquots were then collected from the flask and examined using a
light microscope to determine the concentration of K. japonica.

The initial concentrations of K. japonica and A. sanguinea
were established using an autopipette to deliver predetermined
volumes of known cell concentrations to the flasks. For each
predator—prey combination, triplicate experimental 50—mL culture
flasks (containing a mixture of K. japonica and O. marina) and
triplicate control flasks (containing a culture of KA. japonica only)
were established. Moreover, triplicate control flasks containing only
O. marina were established at a single concentration. The flasks
were filled to 20 mL with freshly filtered seawater, capped, and
then placed on a shelf at 20C under a 14:10 h light:dark cycle of 20
HE m 2 s7! of cool white fluorescent light. To determine the actual

initial predator and prey densities (cells mL™!) at the beginnir}g of

3 . R
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the experiment (Table 4.2) and after a 2—day incubation period,
10—mL aliquots were removed from each flask and fixed with 5%
Lugol's solution. Then, all K. japonica cells and all or >300 prey
cells in three 1—mL Sedgwick—Rafter chambers were enumerated.
Only 10 mL water in each 50—mL flask after subsampling at the
beginning of the experiment was incubated to create a shallow
depth in the flasks for increasing the encounter rates between O.
marina and K. japonica, because K. japonica swam near the bottom
of the flask.

The specific growth rate of O. marina was calculated as
follows: u(d™ = [Ln (P/Po)1/t (1)
, where Co is the initial concentration of O. marina and C, is the final
concentration after time t. The period was 2 days. The mean prey
concentration was calculated using the equation of Frost (1972).
The ingestion and clearance rates were calculated using the

equations of Frost (1972) and Heinbokel (1978).
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Table 4. 2. Experimental design

Exp. Species Prey density Species Predator density

No.

1 Katablepharis japonica 8,000 Gyrodinium dominans 2,000

(living cells)

8,000 Gyrodinium moestrupil 800
8,000 Noctiluca scintillans 15
8,000 Oblea rotunda 1,000
8,000 Oxyrrhis marina 3,000
8,000 Polykrikos kofoidii 150
8,000 Pfiesteria piscicida 2,000
8,000 Luciella masanensis 2,000
8,000 Miamiensis sp. 5,000
5,000 Strombidium sp. 100
7,000 Pelagostrobilidium sp. 100
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2 Katablepharis japonica 8,000 Gyrodinium dominans 2,000
(heat—killed cells)

8,000 Gyrodinium moestrupii 800

8,000 Noctiluca scintillans 15

8,000 Oblea rotunda 1,000

8,000 Oxyrrhis marina 3,000

8,000 Polykrikos kofoidii 150

8,000 Pfiesteria piscicida 2,000

8,000 Luciella masanensis 2,000

8,000 Miamiensis sp. 5,000

5,000 Strombidium sp. 100

7,000 Pelagostrobilidium sp. 100

3 Katablepharis japonica 998, 1,913, 2,948, 3,517, Oxyrrhis marina 37,58, 76, 97, 146, 203,
(living cells) 5,818, 9,650, 14,417, 23,475 269, 329 (408)

The numbers in the prey and predator columns are the target initial densities (cells mL~!) of prey and predator for
Exp. 1 and 2, and the actual initial densities for Exp. 3. The values within parentheses in the predator column in Exp.

3 are the predator densities in the control bottles.
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Distribution and abundance of Katablepharis japonica

Water samples and samples for qPCR were collected and
filtered as mentioned in Chapter 2 (Fig 2.1) and the filters were
preserved under —20T. DNA extraction from the filter of each
samples were conducted as described in Chapter 2.

To develop species—specific probe and primer set of A.
Japonica, DNA from approximately 15—mL of a dense culture of A.
Japonica (KIMS1610) was extracted as described in Chapter 2. The
following primers were used to amplify small subunit ribosomal
DNA (SSU rDNA), internal transcribed spacer (ITS) region, and
large subunit ribosomal DNA (LSU rDNA): EukA, EukB (Stoeck et
al. 2005), ITSF2, ITSR2 (Litaker et al. 2003), D1IRF (Scholin et al.
1994), and LSUB (Litaker et al. 2003) (Table 4.3). The DNA was
amplified in a Mastercycler ep gradient (Eppendorf, Hamburg,
Germany) and PCR products were purified using an AccuPrep® DNA
Purification Kit (Bioneer Cooperation, Daejeon, Korea) as same
method in Chapter 2. To obtain species—specific region of K.
japonica (KIMS1610), the sequences of the other strains of A.
Japonica, heterotrophic nanoflagellates, and related dinoflagellate
ITS rDNA region available from GenBank were aligned using MEGA
v.4 (Tamura et al. 2007). In addition, to improve species—specific
probe and primer set of K. japonica used in Kwon et al. (2017), K.
remigera (KRJH1707) isolated at Jinhae Bay, Korea ITS rDNA
region was added when aligned the ITS rDNA sequence as
mentioned above. Manual curation of the alignments was conducted

to i1dentify unique sequences and develop a K. japonica species—
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specific gPCR assay. The sequences for the primer and probe set
were selected from the region that were conserved within A.
japonica strains, but differentiated K. Jjaponica from other
dinoflagellates (Table 4.3). The primer and probe sequences of K.

Japonica were analyzed and synthesized as described in Chapter 2.

Table 4. 3. Oligonucleotide primers used to amplify the SSU, ITS,
and LSU regions of ribosomal DNA and the species—specific

primers and probes of Katablepharis japonica (KIMS1610).

Primer

Name Type ) 5 =3
region
EUKA Forward SSU AAC CTG GTT GAT CCT GCC AGT
EUKB Reverse SSU TGA TCC TTC TGC AGG TTC ACC
TAC
SSU
ITSF2 Forward _ITS TAC GTC CCT GCC CTT TGT AC
ITSR2 Reverse ITS TCC CTG TTC ATT CGC CAT TAC
D1RF Forward LSU ACC CGG TGA ATT TAA GCA TA
LSUB Reverse LSU ACG AAC GAT TTG CAC GTC AG
Kjaponica_F  Forward AAG CTC GTA GTT GGA TTT
ITS
TGG A
Kjaponica_R  Reverse ITS TGA TTC CCA ACA CTC CTC AG
Kjaponica_P  Probe TS TCT TCT TTT CTG GGG ACC
ACA TTG CTC

For specificity test of KA. Jjaponica, associated other
eukaryotes, including K. remigera (KRJH1707), and K. japonica
(KIMS1610) were conducted as described in Chapter 2.
Furthermore, to establish the standard curve, DNA was extracted
from a dense monoclonal culture of K. japonica, targeting 100,000
cells in the final elution volume of 100 pL, using the identical

method as stated above. The extracted DNA of K. japonica was
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then diluted to 1, 10, 100, 1,000, 10,000, 100,000 cells by adding
deionized sterile water (DDW) (Bioneer) to the 1.5—mL tubes. The
samples were stored under —20TC in the freezer. The qPCR assays
were performed in quadruplicate to improve the accuracy of the
results as described in Chapter 2. Samples using DDW as the
template were used as the negative control, whereas the DNA used
to construct standard curve was used as positive and standard

control.

4.3. Results

Interactions between  Katablepharis japonica and common
heterotrophic protists

For 24 h, none of the heterotrophic protists tested in this
study fed on actively swimming cells of KA. japonica successfully
(Table 4.4). In video recording for ca. 1 h, there were many
encounters between K. japonica and each of the heterotrophic
protists studied, but feeding by the heterotrophic protists on X.
Jjaponica were not observed (Fig 4.1—2). Interestingly, O. marina, G.
dominans, G.  moestrupil, L. masanensis, P piscicida,
Pelagostrobilidium sp., Strombidium sp., and Miamiensis sp.
attempted to feed on them, but N. scintillans, O. rotunda, and P.

kofoidii did not attempt to feed on K. japonica cells (Table 4.4).
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Fig 4. 1. No feeding by engulfment feeding heterotrophic
dinoflagellates on Katablepharis japonica recorded using video
microscopy for approximately 1 h. (a—c) No feeding by Oxyrrhis
marina (Om) on K. japonica (Kj) cells. (d—f) No feeding by
Gyrodinium dominans (Gd) on Kj cells. (g—i) No feeding by
Gyrodinium moestrupii (Gm) on Kj cells. (j=1) No feeding by
Polykrikos kofoidii (Pk) on Kj cells. (m—o) No feeding by Oblea
rotunda (Or) on Kj cells. Red arrows and blue arrowheads indicate
Kj cells and heterotrophic protists. The numbers indicate h : min : s.
Scale bars represent: a—o, 25 pm.
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Fig 4. 2. No feeding by tentacle (a—c) and peduncle feeding
heterotrophic  dinoflagellates (d—i) and ciliates (j—0) on
Katablepharis japonica recorded using video microscopy for
approximately 1 h. (a—c) No feeding by Noctiluca scintillans (Ns)
on K. japonica (Kj) cells. (d—f) No feeding by Pfiesteria piscicida
(Pf) on Kj cells. (g—i) No feeding by Luciella masanensis (Lm) on
Kj cells. (j=1) No feeding by Miamiensis sp. (Mia) on Kj cells. (m—
0) No feeding by Pelagostrobilidium sp. (Pst) on Kj cells. Red
arrows and blue arrowheads indicate Kj cells and heterotrophic
protists. The numbers indicate h : min : s. Scale bars represent: a—
¢, 50 um; d—o, 25 pm. _
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When heat—killed K. japonica cells were provided, O. marina,

G. dominans, L. masanensis, and P. piscicida were able to feed on

them, but the other heterotrophic protists studied did not feed on

the heat—killed cells (Table 4.4, Fig 4.3).
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Fig 4. 3. The feeding process of heterotrophic dinoflagellates on
heat—killed Katablepharis japonica (Kj) cells recorded using video
microscopy. (a—f) Feeding by Oxyrrhis marina (Om) on a heat—
killed Kj cell. (g—1) Feeding by Gyrodinium dominans (Gd) on a
heat—killed Kj cell. (m—r) Feeding by Pfiesteria piscicida (Pp) on a
heat—killed Kj cell. (s—x) Feeding by Luciella masanensis (Lm) on
a heat—killed Kj cell. Red arrows and blue arrowheads indicate K;j
cells and heterotrophic protists. The numbers indicate min : s. Scale
bars represent: a—x, 25 pm.

To the contrary, K. japonica were able to feed on actively
swimming cells of O. marina, P. kofoidii, O. rotunda, Miamiensis sp.,
Pelagostrobilidium sp., and Strombidium sp., but it did not feed on G.
dominans, G. moestrupii, L. masanensis, N. scintillans, and F.
piscicida (Table 4.4, Fig 4.4—5). Only a few K. japonica cells first
attacked a HTD prey cell or a ciliate cell, but many K. japonica cells
approached and attacked together (Fig 4.4—-5). After a few K.
Japonica cells attacked a heterotrophic protist cell, the attacked
cells almost disappeared within ca. 60 s for O. marina, 360 s for P.
kofoidii, 280—285 s for Miamiensis sp. and Strombidium sp., 159 s

for Pelagostrobilidium sp. and 1,200 s for O. rotunda (Fig 4.4— 5).
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Fig 4. 4. The feeding process of Katablepharis japonica (Kj) on
heterotrophic dinoflagellates recorded using video microscopy. (a—
f) Kj cells feeding an Oxyrrhis marina (Om) cell. (g—1) Kj cells
feeding on a Polykrikos kofoidii (Pk) cell. (m—r) Kj cells feeding an
Oblea rotunda (Or) cell. Red arrows and blue arrowheads indicate
Kj cells and heterotrophic protists. The numbers indicate min :

Scale bars represent: 25 ym. o8 E A_] %_EH E:I-_LL
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Fig 4. 5. The feeding process of Katablepharis japonica (Kj) on
ciliates recorded using video microscopy. (a—f) Kj cells feeding a
Miamiensis sp. (Mia) cell. (g—1) Kj cells feeding on a Strombidium
sp. (Stm) cell. (m—r) Kj cells feeding an Pelagostrobilidium sp.
(Pst) cell. Red arrows and blue arrowheads indicate Kj cells and
heterotrophic protists. The numbers indicate min : s. Scale bars
represent: 25 um.
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Table 4. 4. Taxa, size, and concentration of potential heterotrophic dinoflagellate and naked ciliate predators offered

to Katablepharis japonica.

By potential predators By K. japonica
Initial predator Successful
P ; ESD ; . capture .
otential predators (um) Concentra_tlon Physical i Physical Successful
(cell mL™) attack Actively s attack capture
swimming Heat killing
K. japonica
Heterotrophic dinoflagellate
Luciella masanensis 13.5 2,000 O X O O X
Pfiesteria piscicida 13.5 2,000 O X O O X
Oxyrrhis marina 15.6 3,000 0] X O O O
Gyrodinium moestrupii 18.4 800 0? X X 0? X
Gyrodinium dominans 20.0 2,000 0] X O O X
Oblea rotunda 21.6 1,000 X X X O O
Polykrikos kofoidii 43.5 150 X X X O O
Noctiluca scintillans 422.2 15 X X X O X
Naked ciliate
Mriamiensis sp. 79.4 5,000 0] X X O O
Strombidium sp. 21.7 100 O X X O O
Pelagostrobilidium sp. 42.4 100 O X X O O

The initial concentrations of X. japonica were 5,000—8,000 cells mL~'. Mean equivalent spherical diameter (ESD, Hm).
O, observed, X, not observed.

0% Rarely attacked.
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Effects of the Katablepharis japonica concentration on the growth
rate of Oxyrrhis marina

When nine different K. japonica concentrations were
provided, the specific growth rates of O. marina were not

significantly different from one another (p > 0.1, ANOVA) (Fig 4.6).
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Fig 4. 6. Specific growth rates of Oxyrrhis marina as a function of
mean Katablepharis japonica (Kj) concentration. Symbols represent
treatment means * 1 standard error. No difference in the growth
rates was observed at the different Kj concentrations (p > 0.1,
ANOVA).
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Distribution and abundance of Katablepharis japonica in Korean
coastal waters using qPCR

Among the 28 stations, K. japonica was detected more than
1 cells mL™! at 20 stations in the East, West, and South Sea of
Korea from January 2016 to October 2017 (Fig 4.7; Table 4.5).
The ranges of temperature and salinity at the stations where KA.
Japonica was detected were 5.2—28.0C (avr 19C) and 9.9-35.6
(avr 28.6), respectively (Table 4.6). Cells of K. japonica were not
detected in Sokcho, Donghae, Uljin, Yeosu, Gosan, Wimi, Seongsan,
and Gimnyeong. In July 2016, the highest abundance of K. japonica
(44,963 cells L™") was detected in Dadaepo, and the second—
highest abundance (27,150 cells mL™') was measured in Mokpo.
The water temperature and salinity was 21.4°C, 26.3 in Dadaepo,
and 25.9C, 27.7 in Mokpo. In addition, K. japonica was detected all
around Korean peninsula in July 2016, 2017. Furthermore, A.
Japonica cells were observed all 8 months, January, March, July,
October, and December in 2016 and March, July, and October in

2017 (Fig 4.8; Table 4.5).
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Fig 4. 7. Map of the sampling stations of the study area in Korea.
The circles indicate the sampling stations. The closed circles (@)
indicate the stations where cells of Katablepharis japonica was
detected. The numbers in the parenthesis are the highest
abundance at a station and the date when the highest abundance
was observed at the station. SC, Sokcho; JMJ, Jumunjin; DH,
Donghae; UJ, Uljin; PH, Pohang; US, Ulsan; BS, Busan; DDP,
Dadaepo; MS, Masan; JH, Jinhae; TY, Tongyoung; YS, Yeosu; KY,
Kwangyang;, GH, Goheung; JAH, Jangheung; AS, Ansan; DAJ,
Dangjin; MGP, Mageompo; SCN, Seocheon; KS, Kunsan; BA, Buan;
MP, Mokpo; AW, Aewol; GS, Gosan; SGP, Seogwipo; WM, Wimi; SS,
Seongsan; GN, Gimnyeong.
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density (cells L™Y) of K. japonica.
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Table 4. 5. The abundance of Katablepharis japonica (cells L™1) in

the surface water of Korean coasts.

2016 2016 2016 2016 2016 2017 2017 2017

01 03 07 10 12 03 o7 10 Max
SC - - - — NA - - - -
JMJ - - 938 - - - 938 - 938
DH - - - - - - - - -
ulJ - - - - - - - - -
PH - - 113 - - - - - 113
(O - - 438 - - - - - 438
BS - - 1,175 - - - - - 1,175
DDP 3 - 44,963 - - 138 38 - 44,963
JH - - 425 238 458 188 125 - 458
MS - - 2,075 4,788 2,271 - - - 4,788
TY - - 613 38 - - 38 200 613
YS - - - - - - - - -
KY - - - 63 - - - - 63
GH - - - 13 - - 1 - 13
JAH - - 775 - - 263 - - 775
AS - 1 2,050 - - - 201 — 2,050
DAJ 88 - - 13 - - 25 — 88
MGP - - 3,763 50 - - - - 3,763
SCN - - 163 - - - - - 163
KS - 363 75 450 - - - - 450
BA 888 750 725 125 850 - 50 - 3888
MP - - 27,150 - - 163 38 - 27,150
AW - - 138 - - - - - 138
GS - NA NA - - - - - -
SGP 125 363 1,250 100 - - 50 - 1,250
WM - - - - - - - - -
SS - - - - - - - - -
GN - NA NA - - - - - -
Max, maximum abundance (cells L™"); NA, not available; —, no

detection of Katablepharis japonica.
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Table 4. 6. Temperature, salinity, number of appeared months, and

maximum density of Katablepharis japonica.

appeared
Tmax Tmin Tavr Smax Smin Savr mOl’lthS/tOt Dmax
al months
K. japonica 28.0 5.2 19.0 356 9.9 28.6 8/8 44,963

Thax, Tmin, and Taw, maximum, minimum, and average of
temperature of the waters collected at the stations where A.
Jjaponica was detected; Smax, Smin, and Sayr, maximum, minimum, and
average of salinity of the waters collected at the stations where A.

japonica was detected; Dmax, maximum density of K. japonica.

4.4. Discussion

The present study clearly showed that common HTDs and
ciliates were not able to feed on actively swimming Katablepharis
Jjaponica cells. Recently, K. japonica has been known to be an
effective grazer on red—tide species (Kwon et al. 2017). There are
many dinoflagellate grazers that feed on red—tide species (Stoecker
1999, Tillmann 2004, Jeong et al. 2005a, 2010b, 2012, 2015,
Burkholder et al. 2008, Lee et al. 2014b, 2016, Johnson 2015, Kim
et al. 2015, Lim et al. 2015, 2017a, Jang et al. 2017). However,
some of these dinoflagellate grazers are eventually fed by other
dinoflagellates and ciliates, unlike K. japonica, (Hansen 1992, Jeong
and Latz 1994, Jacobson and Anderson 1996, Buskey 1997, Jeong
et al. 1999a, 2004c, Naustvoll 2000, Kim and Jeong 2004, Park et al.
2006, Adolf et al. 2007, Berge et al. 2008, Jang et al. 2016). Thus,

K. japonica may have an advantage and outcompete some
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dinoflagellate grazers. Furthermore, since mortality rate of A
Japonica due to predation by heterotrophic protists is negligible, it
may contribute to grazing on red—tide species.

Of the HTDs included in the present study, O. marina, G.
dominans, L. masanensis, and P. piscicida fed on heat—killed A.
Jjaponica cells, whereas G. moestrupii, N. scintillans, O. rotunda, P.
kofoidii did not feed on even heat—killed cells. Furthermore, O.
marina, G. dominans, L. masanensis, and P. piscicida attempted to
feed on them. Therefore, the active swimming behavior of KA.
Japonica is likely to be the primary cause for the lack of feeding by
these four HTDs.

The HTDs N. scintillans, O. rotunda, and P. kofoidii did not
feed on heat—killed K. japonica cells or attempt to feed on actively
swimming K. Jjaponica cells. Before ingesting prey cells, M
scintillans uses a tentacle to capture prey cells. O. rotunda uses a
tow filament, and P. kofoidii uses a nematocyst—taeniocyst complex
(Strom and Buskey 1993, Ki¢rboe and Titelman 1998, Matsuoka et
al. 2000, Jeong et al. 2001b). Therefore, K. japonica cells may not
draw a use of the tentacle or deployment of a two filament or a
nematocyst—taeniocyst complex.

Interestingly, the ciliates Pelagostrobilidium sp.,
Strombidium sp., and Miamiensis sp. attempted to feed on actively
swimming K. japonica cells, but they did not feed on heat—killed
cells. Therefore, these ciliates may need a stimulus from prey cells
to attack them. Feeding by some ciliates is known to be affected by

mechanical or chemical stimuli of prey cells (e.g., Buskey and
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Stoecker 1989, Jakobsen et al. 2006).

Cells of K. japonica are able to feed on actively swimming
cells of O. marina, P kofoidii, O. rotunda, Miamiensis sp.,
Pelagostrobilidium sp., and Strombidium sp. The duration from the
time when a few K. japonica cells attacked a heterotrophic protist
cell to that when the attacked cells almost disappeared was the
shortest for the naked dinoflagellate O. marina (60 s), intermediate
for the naked dinoflagellate P. kofordii and naked ciliates Miamiensis
sp., Pelagostrobilidium sp., and Strombidium sp. (159—360 s), but
the longest for the thecate dinoflagellate O. rotunda (1,200 s). The
cell volumes of P. kofordii and the ciliates are much greater than
that of O. rotunda. Therefore, the presence of the theca of O.
rotunda may be partially responsible for the greater duration, as
compared to that of the protists that do not have theca.

O. marina does not feed on actively swimming K. japonica,
but it is able to feed on heat—killed K. japonica cells. Thus, O.
marina may feed on dead K. japonica cells in natural environments.
However, K. japonica is able to feed on O. marina. Thus,
determining growth rate (or survival rate) of O. marina as a
function of K. japonica is needed. When suitable prey species are
provided, the specific growth rates of O. marina usually increase
rapidly and then become saturated with increasing prey
concentration. The phototrophic dinoflagellate prey Amphidinium
carterae, Azadinium cf. poporum, Biecheleria cincta, Gymnodinium
aureolum, Effrenium (Symbiodinium) voratum, the HTD Pfiesteria

piscicida, the haptophyte J/Isochrysis galbana, the euglenophyte
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FEutreptiella gymnastica, and the raphidophyte Heterosigma
akashiwo cause this positive trend (Jeong et al. 2001a, 2003, 2007b,
2011, 2014, Kimmance et al. 2006, Yoo et al. 2010, 2013c, Potvin
et al. 2013). However, when inhibitory species are provided, with
increasing prey concentration, the specific growth rates of O.
marina usually decrease; the phototrophic dinoflagellates
Alexandrium pohangense, Alexandrium tamarense,
Paragymnodinium shiwhaense, and Takayama helix cause this
negative trend (Tillmann and John 2002, Kim et al. 2016, Jeong et
al. 2017, Ok et al. 2017). However, in the present study, the
specific growth rates of O. marina were not significantly different
among the nine different KA. japonica concentrations. Thus, A.
Japonica may neither markedly support nor inhibit the growth of O.
marina.

The results of the present study and those of our previous
study (Kwon et al. 2017) suggest that the HNF KA. japonica could be
an effective grazer on diverse red—tide organisms with negligible
mortality due to heterotrophic protist predators. Thus, when
establishing models for predicting the process of red tide formation,
grazing impact by K. japonica on the red—tide organisms and low
mortality of K. japonica should be considered. Furthermore, in the
microbial loop, flagellates are positioned between bacteria or algal
prey and ciliates (Azam et al. 1983). However, K. japonica is not
fed on by ciliates. Thus, K. japonica may not be a link between
bacteria or algal prey and ciliates. Moreover, the maximum growth

rate of K. japonicais lower than that of the other HNFs (Kwon et al.
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2017). Thus, the low mortality rate due to predation by common
heterotrophic protists may compensate the relatively low growth
rate of K. japonica.

Prior to this study, K. japonica was detected 600 cells L7},
and 119,600 cells L.”! in Masan Bay, Korea in January and October
2016 (Kwon et al. 2017). However, in this study, there was no
detection in January 2016 and 4,788 cells L' were detected in
October 2016 at the same location (Table 4.5). Therefore, the
higher density in the previous data could be other Katablepharis
species or related dinoflagellates. In addition, cells of K. japonica
detected at 20 locations in the East, West, and South Sea of Korea
during 2016—2017. Thus, K. japonica is nationwide distributed in
Korean waters. Furthermore, cells of K. japonica appeared in the
spring, summer, fall, and even winter in 2016—2017, when the
ranges of water temperature and salinity were 5.2—28.0C and
9.9-35.6 (Table 4.6). Therefore, K. japonica has wide ranges of
temperature and salinity tolerance. Besides, according to the results
of the present study, K. japonica has low mortality due to predation
by common heterotrophic protists. Consequently, cells of KA.

Japonica have been found in all seasons around Korean peninsula.
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Chapter 5. Conclusion

In this thesis, differential responses of heterotrophic
protists feeding on four Scrippsiella species (Scrippsiella acuminata,
Scrippsiella donghaiensis, Scrippsiella lachrymosa, Scrippsiella
masanensis) isolated in the Korean coast and their eco—
physiological characteristics were investigated. In addition, I
explored the interactions between heterotrophic nanoflagells,
Katablepharis japonica, and heterotrophic protists that might co—
exist because they could feed on same red-—tide organisms.
Furthermore, the temporal and spatial distribution of X. japonica and
four Scrippsiella species that could affect heterotrophic protists
were analyzed.

To analyze distribution and abundance of four Scrippsiella
species, species—specific primer and probe set of each Scrippsiella
speices was designed and examined using qPCR. Three Scrippsiella
species were detected more than 1 cells L™' around Korea
peninsula, but S. /achrymosa was not detected on the coast of Jeju.
In addition, S. lachrymosa and S. donghaiensis showed high
abundance and wide distribution in March and July, respectively.
Furthermore, S. masanensis has the broadest ranges of water
temperature and salinity among the four Scrippsiella species, but its
density was low (1—25 cells L™Y), and the highest density of S.
acuminata was observed in January 2016, but it was rarely

observed and also appeared only Ansan, Mageompo, Ulsan, Awal,
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and Dadaepo. These four Scrippsiella species are distributed
globally, but the information about temperature or salinity where
the other strains were found is not specifically indicated. The
environmental data provide a basis on understanding their
ecophysiological characteristics. However, although S. donghaiensis
and S. /achrymosa have a seasonality, there is no correlation with
temperature and salinity. If additional analysis is conducted, it will
be possible to better understand the distribution characteristics
according to their environmental factors. In addition, besides
environmental factors, mortality due to predators may affect their
distributions.

Consequently, to explore the interactions between four
Scrippsiella species and heterotrophic protists, feeding occurrence
of predators and growth and ingestion rates of Polyvkrikos kofordir,
Gyrodinium dominans, and Oxyrrhis marina feeding on four
Scrippsiella species were compared. Thus, predators tested in this
study showed different growth and ingestion rates for four
Scrippsiella species (Fig 5.1). The growth and ingestion rates of
predators feeding on S. acuminata and S. lachrymosa were higher
than feeding on S. donghaiensis and S. masanensis. In addition, cells
and filtrate of S. donghaiensis was able to lyse P. kofoidii cells and
the growth rate of predators feeding on S. masanensis 1is
considerably lower than ingestion rate. Moreover, toxicity test of
four Scrippsiella speices was conducted using Artemia nauplius to
test whether feeding rate of heterotrophic protists was affected,

and none of Scrippsiella species affect nauplius. Conclusiyely,
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although Scrippsiella species have a little morphological and genetic
differences, they have a considerably different impact on predators.
Therefore, differential growth and ingestion rates of heterotrophic
protists tested in this study on four Scrippsiella species may cause

different ecological niches and have different eco—physiological

characteristics.
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Fig 5. 1. Different growth rates of Polykrikos kofoidii, Oxyrrhis
marina, and Gyrodinium dominans feeding on Scrippsiella acuminata
(Sa), S. lachrymosa (S1), S. masanensis (Sm), S. donghaiensis (Sd)
at single high prey concentrations.
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Moreover, to investigate the interactions between
heterotrophic protists and K. japonica, their feeding occurrence was
studied. Consequently, none of heterotrophic protists feed on
actively swimming K. japonica cells, but K. japonica was able to
feed on six heterotrophic protists. Thus, mortality rate of A
Jjaponica due to predation is negligible as it i1s considerably low.
According to this study, since K. japonica is able to feed on diverse
phytoplankton and has low mortality rate, they may appear
frequently in the field. To analyze distribution and abundance of A.
Japonica, 1 developed improved species—specific primer and probe
set of K. japonica. Cells of K. japonica were distributed nationwide
ranged from 1 to 1,750 cells L™! and detected at 20 stations in 8
months. Consequently, K. japonica cells are frequently found in the
Korean waters and they may affect distribution of heterotrophic
protists and diverse phytoplankton. In conclusion, these results
suggest a newly discovered pathways in marine planktonic food web
when focusing on heterotrophic protists, Scrippsiella, and K.

japonica (Fig 5.2).
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Fig 5. 2. A diagram of marine planktonic food web focusing on
phytoplankton, protozooplankton, and heterotrophic
nanoflagellates (HNF). Black arrow indicates a modified pathway
and red arrow indicates newly discovered pathway.
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