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A B¥ 9 27l g2t (Lee et al. 1990). o2 AEZFIE F Fr}al
o} B 25 (dinoflagellates) &= 7ol 9 FEZ Ash= FHRL Fof
A FHR F A9 ARE M GHE HREFEZ A E] &3}
AMAAORE 3,5000] Fo] RauxHGow, I F Ak ool FIAH AER

B ¥ (Guiry and Guiry 2022), 3F34S T3t S55Fg ®wr oy}

St AAGYG T oSSt g FJHE Hol7] wel s Hol &l A
=93 o9& Fastt(Dodge 1982, Tosteson et al. 1989, Jeong et al. 2010).

o
o

F

E9 OB Ak dslel AAsAL A zud R HEF W AE S

Aol ANt 5 thkd #el Askn k.

o] & AAJHARZF (benthic dinoflagellates) = AAYEfA L] F23F 4484
= Uz JHEEZEF 200099 = F ok 10%= AA|3taL(Taylor et al. 2008),

o] A QAR ZF= AL A A skt (Hoppenrath et al. 2014). ©o|&<2

1o

AMAA SR 454 189%F0o] HI1H oW (Hoppenrath et al. 2014), ol

BeE Fod 9 @

%

ATl F7tR A ALKHOoR AL alFo] HIUHT

Atk olH e A fHEEF

rlr
R}
-
i
12
K

)

ofdt] e FEAESTa
H 35O (Fukuyo 1981, Besada et al. 1982, Morton and Faust 1997, Aligizaki

et al. 2008, Almazan—Becerril et al. 2015, Leung et al. 2018),

W ootdn] sl Adshe A% AMSWEEF FO

o
2327 &9 oz oyt (Selina and Levchenko 2011, Pistocchi et al.
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2011, Shah et al. 2013). ¥ 3, AMAAEZF 5 Gambierdiscus caribaeus,

Ostreopsis ovata, Amphidinium carterae, Prorocentrum rhathymum 2} 22

o

52 Z+Zb ciguatoxin, palytoxin, amphidinols, okadaic acid®} 2 SA]
IR Qe Aoz A4 Qo] (Hoppenrath et al. 2014, Tester et al. 2020),

BAA, B, QA or AzteA vaE 71FE = V] el o5 i

-

e, R, GAY D BYHY BAASAA Fod Btelt 53, SHF

% Amphidinium carteraeSt Prorocentrum rhathymum® %2 %2 54%5509]

oA FAslHA AARET oyt AR 2 e AAskes Flo®
oA QO }(Hoppenrath et al. 2014), A& Z7old  Ast=

AAslRR R BUHYe FaE v goh

CEuetE H 1097 AME R 277 B uE gl o (Baek 2012b, Jeong et
al. 2012a, b, Kang et al. 2013, Lee et al. 2013, Lim et al. 2013, Shah et al. 2013,
Kang and Lee 2018a, Jang et al. 2018, Kim and Seo 2019, Lee and Park 2020,

Park et al. 2021), ©]#3]

4l

o] AR 42 AMAARZEHV S Zlo=w

A ZE=el M BaE Fo] 35F, dxw T FEA Fol 15Folth. dAA7HA

TUel= 1159 FAFA F5A-dFo]  RaEHAY(Table 1.1). =ul9

dlzFrol FABiA AAsteE A shER xRl digt AT dif-iE XA
Ut (Kim et al. 2011, Baek 2012a). H| = A|Foll A 2elh= A AR F of gt
=W Shah 5 (2014a)elA Haustglov AAE AR Zgbdjelx A4 shs=
AXetaR 7o =3 3 AETSY A= BRusA
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Table 1.1. The toxic species of benthic dinoflagellates reported from Korea.

Species reported Toxin identified
reference reference
Shah et al. 2014b
(Non-toxic)

Species Location

Amphidinium carterae  Jeju Island Shah et al. 2013

A. gibbosum Jeju Island Shah et al. 2013
. Shah et al. 2014b
A. operculatum Jeju Island Shah et al. 2013 (Cytotoxicity)

. . . Shah et al. 2014b
Coolia malayensis JejuIsland  Jeong et al. 2012b (Non-toxic)
Gambzerdzscus Jejulsland  Jeong et al. 2012a
caribaeus
G. yasumotoi Jeju Island Shah et al. 2013

Hwang et al. 2018
Ostreopsis cf. ovata Jejulsland  Kangetal. 2013 (Cytotoxicity/
Osterol B)
Prorocentrum Jejulsland  Shah et al. 2013
concavum
P. emarginatum Jeju Island Shah et al. 2013

Yang et al. 2017;
P. lima Jeju Island Shah et al. 2013 Lee et al. 2019
(Cytotoxicity/Limalol)
Shah et al. 2014b

P. rhathymum Jeju Island Shah et al. 2013 (Non-toxic)

Ao 2 Hd 1.03 T Asste] 22 713 dAMA H 529 A
Fx91 049 CTRY 0.54 C Y Asstglth(Han and Lee 2020). o]o AF%

AT &AL 2o sl M ofdrh sjfoz Wstge] wel sy uf BEF
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Zkel vl ol HHA B/ VIElR AHEHI o "y olE2 AR
Hol7b Asta, dF el FAFS FJEE RHolr] dwEo
e or £& BF 2 2H3s7] o]} (Nagahama and Fukuyo 2005, Murray

et al. 2007, Laza—Martinez et al. 2011, Murray et al. 2012). WabA, FHZo+=

Jdo

N
_>|~l_‘
oX,

e &8 ZAAETAA WHer Fo ATERSEH ARE

1o

o

3t Qo E3] small subunit (SSU), internal transcribed spacer (ITS),

ok

large subunit (LSU) rDNA & &3t AT X7 AFEFsH2 A7 &3]
A3 31 Qt}H(Cho et al. 2008, Jeong et al. 2012a, b). A= £, Amphidinium o+
Gymnodinium %53 379 $1Ao] w2} #7532 (Kofoid and Swezy 1921),

#H A

o,
ofrt
ftlo
OFO
o
>
ol
o
=

o

2

54 9 RAAESE Ang

ER3 AEEFSA ATE B Amphidinium ¥ Gymnodinium 4] A7 <]

HA. Amphidinium %° &3 45 T Ankistrodinium, Apicoporus,

Jb

Bindiferia, Testudodinium, Togula 5 =& 2 5253 (Fle Jergensen
et al. 2004a, Sparmann et al. 2008, Hoppenrath et al. 2012, Horiguchi et al. 2012,
Borchhardt et al. 2021), Gyvmnodinium <°| 438t A% 5L Akashiwo,
Karenia, Karlodinium, Takayama 5 M2 £0 2 Ha 5t} (Daugbjerg et al.

o1y =%
A5 F

o

2000, Salas et al. 2003). =3, F & | 239 Nusuttodinium 9]

of

(

A2 5t (Takano et al. 2014). AETEF2

o

sa AP ety 549

‘

A7 = ARz F T 3k 23S olslste © ¢ T 25kt (Hackett et al.

2004, Orr et al. 2012).
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2. A AR Z2PdelA M S AMSGBEZRFE] =¥

L
2.1. A&

SR AGBEAY Fo dadAAel L, 5 FY, TG ALY

5 v

o

& FHE Hol7] wtol s Ho] ZETelM Tas s T
t}(Dodge 1982, Tosteson et al. 1989, Jeong et al. 2010). T3t AAJHRZF
= AM AEAY Fos Ao, B AMGHEZFIE BolA A2 e
t}(Hoppenrath et al. 2014). o]& s AAHERZF= tfT dd 2 ofdy 3
ol sttty H 1% Sk (Fukuyo 1981, Besada et al. 1982, Morton and

Faust 1997, Aligizaki et al. 2008, Almaz a n—Becerril et al. 2015, Leung et al.

2018), 2tA YoM E =do] HIUEE= S (Selina and Levchenko 2011,

Pistocchi et al. 2011, Shah et al. 2013) A2 HY 7} galy 1 9SS o 5 )

By
>,
o
B
td
PN
il
ofN
flo
It
oX,
tlo
N

A o 7E #AATIE 5 BAE dHE 713

A A A= dovta deR7] WEell (Tester et al. 2020) A AR ERF

2
X
1o
¢ =l
=
EN
e
10
4l
=
2
-
rlr
\)
(@)
—
—
[-‘V
-z
A
>,
2
)
32

1 (Kim et al. 2011), 50%
oo AAMeHEZFRIF RuFglom I F tiao] ATl o
(Jeong et al. 2012a, b, Kang et al. 2013, Lee et al. 2013, Lim et al. 2013, Shah
et al. 2013, Kang and Lee 2018a, Jang et al. 2018, Kim and Seo 2019, Lee and

Park 2020, Park et al. 2021). = A JHEZF] &3 U 3 3}o] o

e

gl

M
e

18



T F&EA Fo 28ES 93 3Jo](Kim et al. 2011, Baek 2012a), B A2

g AxErERe FdF Byl tg ATt v v Fa,

whebd, ¥ e WA AT AR 2 Adss AddEEzRe T

AdS FAFEZ] Yete], AFE & sl 53720179 - 2021W) AA9H

BxFE Fel 9 st ok AdgEEERs goEnde ol gd Fy
4 e Fo £ FAGAL o F 20229 399 H 87 AT XA el

2.2. A5 2D =14

2.2.1. AF AHE 2700 Als AR 9L owjok

20173@5E 2021497HA] & 1670 GRAAAM AT A 23 oA 2 A5 oF
50gS AMAsATHFig. 2.1). AAT 2 A5 IMK A (Daigo IMK, Nihon

Pharmaceutical Co., Ltd., Tokyo, Japan) 100 mL7} &7 943l 6 0z Z2} A€ #H

AR AEY e gAsh7] St o]l & wA Fl¥la, Fotdn A
(IX71, Olympus, Tokyo, Japan) 2008 wl&olA F2E 2 & AHEste] @
Ax=z B 289 Al¥X+= IMK 81#] 2 mL7}F 971 24—well culture plate
(JET BIOFIL, Guangzhou, China)el ©]%%%l1, &% 16C, 3% 40 gmol m™*

s lellAl 12:12 AIRE Wk F71R2 A ekE gl

19



Fotdnd #Es f& AlEe 2F59LUs|=(formaldehyde) #HE % 1%

O -

T = FFEEYY3] = (Glutaraldehyde) HF % 2%=2 1AHAG. 744

Germany) 4008] wj&oA #BZEEPor AxioCam ERc 5s 7}H|2}(Cal Zeiss,

Overkochen, Germany) = <% &t}
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32°N — " —
123°E 195°8 127°E 129°E 131°E
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s Sehwa
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¢
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T T T 1
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Figure 2.1. Sampling stations of sand—dwelling dinoflagellates at intertidal zone
in Jeju Island, Korea.
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2.2.3. 24 W AlE AH

By Alge 20226 3€5E 8d7bA AT EA adolA APEAH FH2

Rt 5 IARE AR sl fxE #5d AdE EdE 12715 AdAEel
oh

29

sHF2 skt (Fig. 2.2). A8+ A5 4cm, 4ol 20cm®] o] HEHE A
el A Sem o7k o) s ARSI ofdtel 1 LE B ARl

Y1 100 pm AZ 2 UL AMFES AASAT Ad3E A5 Lugol A9F

HET % 1%7F IS 1= B4 i ¢ Sy 8-S YSI 47
(Professional Plus, YSI Inc., Ohio, USA) & o| &35t Ao A SA3 1, 271

AR Fokel] YRS R IS4 7] (S/Mill-E, Atago, Tokyo, Japan) & ©]&
sto] S gl th(Fig. 2.2). 94 +45 98, @485 100 mL+= GF/F

o 4] (25mm diameter, Whatman, Floreham Park, NJ, USA) & o3} g1, o 1}

1 AlEE - 80T WEraAEAT.
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Figure 2.2. Sampling stations from March to August, 2022 in Pyoseon Beach,

Jeju Island. Three rectangle are a waterway exit. UZ; st.1 — st.3, the upper

intertidal zone. MZ; st.4 — st.9, the middle intertidal zone. LZ; st.10 — st.12, the

lower intertidal zone. Asterisk: measure environmental data using YSI. Triangle:

measure salinity using salt meter.
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FUH FAS fste], YR AE AneeE A2 ezl F As A
7] New QuAAtro39, SEAL Analytical, Southampton, United Kingdom) & A}-&3}
o A4+ (NO;3~; nitrate), oF&AFE (NO,™; nitrite), 5% (NHs'; ammonium), <!
A+ (PO4”"; phosphate), 7F4FE (Si(OH) 4; silicate) & &3t th NOy (nitrate +
nitrite) & F%i= AAFA (NOs™; nitrate) ZF oFdAFA (NO2~; nitrite) o] o2 49

ek,

2.2.5. AX VAR FFRA L AMGATEF FYEA

TAE AFHE 24413 o) AAAIZ & AT AE AASS 100 mL7F HEF
108) =Fstslth. #AsHA EFA7 559 A5 5 1 mLE Sedwick—Rafter
Chambereo] #3Fo] 33sta v] 7 (BX50, Olympus, Tokyo, Japan) 2008] 8-l A

Far, Ed G AE S (cells/em®) 2 EAISHALE A AR ZRF

ol

Arg A

el
of\

EA8 Hoppenrath 5(2014)S Zw3stg 1, Faradn) A4 ProgRes C3

P

7t 2} (Jenoptik, Jena, Germany)® 9T}, T3t AAJHAERZF =dF
&

g5 o]g3te], vk E X4 (H', Shannon and Wiener 1963)E AAs}Sd

PiidlA Fo HF&
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2.2.6. ZAEA

A AT dEF D ASGEHERF FudAd Y =30 AR, S, sk gF
Fo2 14E& gl8l IBM SPSS statistics 255 ©]g38ke] A wjx A F4
(one—way analysis of variance, one—way ANOVA)S AAstR 1, GoF-E2
p<0.05% 7oz st &, @&, AA vAdzF FEZFS IBM SPSS

statistics 255 ©o|&3to] o &E AAAGTE FASTE ok, S g E 2

2] (Principal Component Analysis, PCA) S 3Fth F4ES 74 7]91& 70%

2 JFow Axain.
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Bysmatrum sp., Gymnodinium sp., Gyrodinium sp., Heterocapsa sp., Polykrikos

sp., Prorocentrum sp., Testudodinium sp., Thecadinium sp., Togula sp.)©] 3t}

33°36’'N —
> Hado
Udo
33°30°’N —
1 Sinyang
33°24'N —
Pyoseon
*®
33°18'N |~
Hwasun
331N | | | |
126°20’E 126°36’E 126°52°E 126°60’E
/\ Heterocapsa spp. V Togula spp. B Prorocentrum spp. @ Amphidinium spp. @ Gymnidiniumsp. [] Testudodinium sp.
A\ Bispinodinium X7 Polykrikos sp.y Thecadiniumspp. & Bysmatrum sp. 8] Gyrodinium sp. Q Ankistrodinium
ankistrodinium

semiculatum

Figure 2.3. Distribution of sand—dwelling dinoflagellates around Jeju Island for

5 years.
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Table 2.1. Sand—dwelling dinoflagellates list of for 5 years.

Species Date Sampling site Temperature (°C) S?Il)lslz:)ty
Heterocapsa sp. 2017.02.16 Gwakji Beach 15.2 34.6
Togula jolla 2017.02.16 Pyoseon Beach 15.6 35.2
Amphidinium herdmanii 2018.03.02 Pyoseon Beach 13.8 32.9
Amphidinium sp. 2018.03.02 Hado Beach 14.1 24.7
Amphidinium sp. 2018.03.02 Sinyang Beach 13.1 34.7
Gyrodinium sp. 2018.03.02 Sinyang Beach 13.1 34.7
Gyrodinium sp. 2018.03.02 Pyoseon Beach 13.8 32.9
Heterocapsa pseudotriquetra 2018.03.02 Pyoseon Beach 13.8 32.9
Heterocapsa sp. 2018.03.02 Pyoseon Beach 13.8 32.9
Prorocentrum sp. 2018.03.02 Pyoseon Beach 13.8 32.9
Togula sp. 2018.03.02 Sinyang Beach 13.1 34.7
Amphidinium sp. 2018.04.12 Hado Beach 21.3 33.1
Ankistrodinium semilunatum 2018.04.12 Hado Beach 21.3 33.1
Gymnodinium sp. 2018.04.12 Pyoseon Beach 18.5 30
Gymnodinium sp. 2018.04.12 Sehwa Beach 19.5 26.6
Heterocapsa pseudotriquetra 2018.04.12 Hado Beach 21.3 33.1
Heterocapsa pseudotriquetra 2018.04.12 Pyoseon Beach 18.5 30
Heterocapsa sp. 2018.04.12 Hado Beach 21.3 33.1
Prorocentrum lima 2018.04.12 Hado Beach 21.3 33.1
Prorocentrum sp. 2018.04.12 Hado Beach 21.3 33.1
Thecadinium kofoidii 2018.04.12 Pyoseon Beach 18.5 30
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Salinity

Species Date Sampling site Temperature (°C) (psu)
Bysmatrum sp. 2018.04.13 Hwasun Beach 26.7 26.5
Amphidinium sp. 2019.01.16 Hwasun Beach 14.2 324
Amphidinium sp. 2019.03.21 Sinyang Beach 14.2 33
Amphidinium fijiense 2019.03.21 Sinyang Beach 14.2 33
Amphidinium massartii 2019.03.21 Sinyang Beach 14.2 33
Gymnodinium sp. 2019.03.21 Sinyang Beach 14.2 33
Amphidinium sp. 2019.04.19 Hwasun Beach 19.4 294
Amphidinium sp. 2019.04.20 Hado Beach 21.1 32.7
Amphidinium sp. 2019.04.22 U-do Beach

Amphidinium sp. 2020.03.11 Hado Beach 15.2 26.9
Amphidinium sp. 2020.03.11 Pyoseon Beach 15.4 32.7
Bispinodinium angelaceum 2020.03.11 Pyoseon Beach 154 32.7
Bysmatrum sp. 2020.03.11 Hado Beach 15.2 26.9
Gymnodinium sp. 2020.03.11 Pyoseon Beach 15.4 32.7
Heterocapsa horiguchii 2020.03.11 Pyoseon Beach 154 32.7
Polykrikos sp. 2020.03.11 Pyoseon Beach 15.4 32.7
Prorocentrum sp. 2020.03.11 Hado Beach 15.2 26.9
Testudodinium sp. 2020.03.11 Hado Beach 15.2 26.9
Thecadinium sp. 2020.03.11 Hado Beach 15.2 26.9
Thecadinium arenarium 2020.03.11 Pyoseon Beach 154 32.7
Togula sp. 2020.03.11 Hado Beach 15.2 26.9
Togula sp. 2020.03.11 Pyoseon Beach 15.4 32.7
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Salinity

Species Date Sampling site Temperature (°C) (psu)
Tesdodinium sp. - 2020.03.11 Pyoseon Beach 15.4 327
(Paraamphidinium jejuensis sp. nov.)

Gymnodinium sp. 2020.04.26 Jong-dal Beach 16.5 34.2
Gyrodinium sp. 2020.04.26 Jong-dal Beach 16.5 34.2
Togula sp. 2020.04.26 Jong-dal Beach 16.5 34.2
Prorocentrum sp. 2020.04.26 Jong-dal Beach 16.5 34.2
Amphidinium sp. 2021.02.13 Pyoseon Beach 16.3 29.3
Gymnodinium sp. 2021.02.13 Pyoseon Beach 16.3 29.3
Heterocapsa psammophila 2021.02.13 Pyoseon Beach 16.3 29.3
Polykrikos sp. 2021.02.13 Pyoseon Beach 16.3 29.3
Testudodinium sp. 2021.02.13 Pyoseon Beach 16.3 29.3
Thecadinium kofoidii 2021.02.13 Pyoseon Beach 16.3 29.3
Togula sp. 2021.02.13 Pyoseon Beach 16.3 29.3
Amphidinium sp. 2021.03.13 Pyoseon Beach 15.9 28.8
Gymnodinium sp. 2021.03.13 Pyoseon Beach 15.9 28.8
Heterocapsa sp. 2021.03.13 Pyoseon Beach 15.9 28.8
Prorocentrum sp. 2021.03.13 Pyoseon Beach 15.9 28.8
Testudodinium sp. 2021.03.13 Pyoseon Beach 15.9 28.8
Amphidinium sp. 2021.05.22 Pyoseon Beach 22.7 34.6
Ankistrodinium semilunatum 2021.05.22 Pyoseon Beach 22.7 34.6
Bispinodinium angelaceum 2021.05.22 Pyoseon Beach 22.7 34.6
Heterocapsa sp. 2021.05.22 Pyoseon Beach 22.7 34.6
Prorocentrum sp. 2021.05.22 Pyoseon Beach 22.7 34.6
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Ankistrodinium semilunatum (Herdman) Hoppenrath, Murray, Sparmann et

Leander 2012 (Fig. 2.4 A)
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Figure 2.4. Light micrographs of (A) Ankistrodinium semilunatum and (B—D)
Thecadinium arenarium. A. Lateral view showing the nucleus (N). B. Apical

view. C. Lateral view. D. Lateral view. Scale bars = 20 um.
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2.3.3. 4 WA AMA st AMEARZEFe] 29 42 #x3H

ZAMZF ZF el M= 137 — 26.9 C (1 197 + 4.6 C)ol1,
3 9¥o] 13.7 CE 7} 21 8 €o] 26.9 CE 714 =Yt} (Fig. 2.5A). 9#9)

M= 30.9 — 34.8 psu(F 33.1 + 1.3 pswoli, 5¥e] 34.8 psuz 7+

ol
r
off

ok 8 €ol 30.9 psu & 7HF Wrth(Fig. 2.5A). 93 o] W9+ 30
~ 50 cells/ecm® & 3 o] 718 1 6 Yo 7} =9tk (Fig. 2.5A). A4 2
TA o EASF = 2 RO dF W= 27 - 33 psu (29.8 £ 2.3 psuw)E

3ol 71 8 Hof 7} wkth(Fig. 2.5B).

"
ke

JFAR %

(D)

b 2 opd Akl (NOY) o W= 2.7 — 8.4 ¢M (B« 5.1 +
2.3 pMyola, 4 €l 2.7 pMZ 7} Gt 7€) 8.4 pMZE 7 =%t} (Fig.
2.6A). dEEFS W= 0.02 - 1.08 M (HF 076 = 0.39 pgMoli,
4 9ol 0.02 pM 2 7Hg i 7 € 1.08 ¢ M 2 7HE =%t (Fig. 2.6A).
Tkl WMelE 5.77 - 26.14 ¢ M (B 15.69 £ 6.77 pM)olal, 5 €
577 pM=Z 7F8 vtar 7 €99 26.14 oM Z 7P =9t (Fig. 2.6B). ¢1AH4 9
W= 0.15 - 0.46 ¢M (He 0.28 £ 0.12 pgMolx, 8 9o 0.15 ¢ M &

7 st 7 e 0.46 oM E 7HE =3kt (Fig. 2.6B).
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Figure 2.5. A. Monthly variation of water temperature, salinity and mean
abundance of benthic microalgae in Pyoseon Beach from March and August,
2022. B. Monthly wvariation of salinity near the st. 2 of intertidal zone in

Pyoseon Beach from March and August, 2022.

32



A —@— Nitrate+Nitrite

10.0 4 —— Ammonium | 12
% 8.0 - L 0.9 33>
: :
frar} =
= 6.0 - - 06 g
3 o
© =
£ 40 - 03 2
P

20 i 0 00

Mar. Apr. May Jun. Jul. Aug.
Month
0.6
S0 7 B —@— Silicate
—il— Phosphate
25 A - 0.5
=
= 20 -
< L 04 &
© =
£ 151 8
Ii:, - 0.3 =
? 10 =2
- 0.2
5 4
0 T T T T T T 0.1
Mar. Apr. May Jun. Jul. Aug.
Month
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phosphate in Pyoseon Beach from March to August, 2022.
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Figure 2.7. A. The abundance of benthic microalgae of all stations from March
to August, 2022. B. Monthly variation of abundance of UZ, MZ and LZ from
March to August, 2022 (x; ANOVA, p < 0.05).
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Figure.2.10. A. relationships between benthic microalgae abundance and
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Figure 2.11. The number of sand—dwelling dinoflagellates species of all

stations from March to August, 2022.
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graph shows the monthly mean diversity Index of the upper, middle, lower intertidal zone. The numbers indicate difference

between by Duncan test. The table shows diversity Index of stations.
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Table 2.2. List of species of sand—dwelling dinoflagellates of Pyoseon Beach.

Mar Apr May Jun Jul Aug
Adenois eludens +
Adenois sp. +
Amphidiniella sp. +
Amphidiniopsis hexagona* + + +
Amphidinium bipes + +
Amphidinium carterae + +
Amphidinium herdmanii +
Amphidinium incoloratum + + + +
Amphidinium latum + +
Amphidinium massartii + + + + +
Amphidinium operculatum + + +
Amphidinium steinii + + + + +
Amphidinium trulla + +
Amphidinium sp. + + + + + +
Ankl:strodinium N N e N N
semilunatum*
Apicoporus sp. + + + + + +
Bysmatrum sp. +
Carinadinium ovatum +
Carinadinium striatum* +
Durinskia sp. +
Gymnodinium sp. ++ + + + + +
Gyrodinium sp. + + + + +
Herdmania litoralis* +
Heterocapsa horiguchii +
Heterocapsa psammophila + + + + ++ +
Heterocapsa sp. + + + ++ ++ +++
Katodinium asymmetricum + +++ ++ +
Katodinium sp. + + + +
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Planodinium striatum* +

Planodinium sp. +

Prorocentrum clipeus +

Prorocentrum concavum + +

Prorocentrum fukuyoi + +

Prorocentrum lima +
Prorocentrum rhathymum + +
Prorocentrum sp. + + + + +
Protoperidinium sp. + + + + +
Psammodinium inclinatum* + +

Roscoffia sp. + + + T

Sinophysis grandis* + + + +
Sinophysis microcephala™ + + +

Sinophysis sp. + + + + +
Testudodinium testudo +

Testudodinium corrugatum +
Testudodinium sp. + + +

Thecadinium kofoidii + + + + +
Thecadinium sp. +

Togula jolla +

*: unrecorded species, +: n < 10 cells/cm’, ++: 10 <n < 20, +++: 20 cells/cm’ > n, Red-colored species: potential
toxic species classified by related papers.
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Figure 2. 13. Light micrographs of sand—dwelling dinoflagellates from
Pyoseon Beach. A. Adenoris eludens; B, C. Amphidiniopsis hexagona, D.
Amphidinium herdmanii;, E. Amphidinium incoloratum; ¥, G. Amphidinium
operculatum; H. Amphidinium sp.; 1. Gymnodinium sp.; J, K. Herdmania
litoralis; L, M. Heterocapsa psammophila; N, O. Katodinium asymmetricum,

P. Protoperidinium sp. Scale bars = 20 zm(A - L) and 10 gm(OM — P).
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Figure 2.14. Light micrographs of sand—dwelling dinoflagellates from
Pyoseon Beach. A. Roscoffia sp.; B, C. Sinophysis grandis; D, E. Sinophysis
microcephala; ¥, G. Sinophysis sp.; H — J. Carinadinium ovatum;, K, L.

Psammodinium inclinatum. Scale bars = 20 g m.
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1/3 olds AHAsta lerE=, AFEAY FIHAR Thsdes HoFth
| 7|2% 8F F Amphidiniopsis hexagona+~ 4¥, 33 HEFYTE H E oA
H 1%t} (Yoshimatsu et al. 2000, Van and Bing 2021). 2t A R Z 7o),
Po, 4', 2a, 7", 4s, 5™, 2™9] plate formula & 7}A3 Qv}. Carinadinium
striatum & FZYHEZFE, APC, 3', la, 6", 6¢, 57s, 5", 2""9] plate
formula & 7Ft(Hoppenrath et al. 2021). Herdmania litoralis & ¥ .52
gaeta, AFEe] 4% SHs Jterls A2 dag B wSst V5
A3 vk (Dodge  1981). Z= Aol Ayt FelA]
H ¥t} (Yamaguchi et al. 2011, Azovsky et al. 2013, Gémez and Artigas
2014). Planodinium striatum + F5FEBEolth. Bdde FeE A

sWom  wAs 47

flo
ol

PR we &, 3AFe= FEYoe=
ZA8cH(Gomez and  Artigas  2014).  Psammodinium inclinatum &

T2 HE FHFolal, APC, 3', 7", ?c, ?s, 5", 1p, 2""9] plate formula =

7}t (Refié and Hoppenrath 2019). Sinophysis 48 Dinophysis %3 -AFsE

22 G BoFo] Aty Adidor & shts A dHow Jihe JEHE
WY, S grandis & 2UF, S, microcephala + EAUFTOE

B 159} (Hoppenrath 2000, Mohammad—Noor et al. 2007).

5

Aoadel] MAshs SRR TS FHANEGS F), Aud
WFH (52 F), &7 BEFE G0 F), BEAIAHRoF &t A (41 F) A
Byd F F9 v$sltd(Hoppenrath et al. 2014). 28y, =9 2
(67 F), HAlol I ZEUATHET F) R Fuddel wi, TF
HEMRH(36 F), 432 F), TdolAlok(24 F) ot %3t (Hoppenrath et

al. 2014, Selina 2016). Amphidinium &< tE A
50
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Zdstalnh. =gk, Al AR 27bdle] AAete AAMdEEERR 2d AT
Hlwsk wl, Majel FoolM Fd3 AHJARTZF 27 F(Kim et al. 2015) 3
AF 8 7 oA &3 30 F(Shah et al. 2014a) Bt} FuvjekAo] =9k,

2012 @ 11 €588 2014 9 2 €714 A A&t B304 =3¢t F3

off

g 11 Fo] 2339 (Kim et al. 2015). 2011 ¥ 3 9¥¥E 2012 W
2 A7A ZAME AF sjHeA EF33E 30 F = 15 Fo] TUI EFHEoOR

5015 2tk (Shah et al. 2014a).

(~

A oAM= FASHE 4 F(A. carterae, A. operculatum, P. concavum,
P rhathymum) ©) =#3sl A3 }F F3 M= FA=4E

A

hid

e

&

3

ol
rir

b

rir

o]

r_|_|_|4
Oft

2 £ (Amphidinium carterae, A. operculatum)©] %
Rt & FAIeb SAl A FAsHtH(Kim et al. 2015). Shah 5 (2014a) °1A4 A.
carterae = 4 9, 7 €, 12 g 3, & AFelA= 5 €, 7 Lo
=dsAt. A. operculatum = 6 2l 3G, & AFAE= 6, 7, 8 €
ST P rhathymum & ZdsHA @Skot, & Agelde= 6, 7 Eol
ZA3R/ . A, carterae & A. operculatum & Amphidinols, caribenolides &
B2l sgEs sk, ddadrt dva B uH itk (Samarakoon et al.
2013, Mejia—Camacho et al. 2021). Prorocentrum concavum 3 P,

rhathymum < 884 3352 Okadaic Acid & A3t B35 A Zuo

et al. 2020, Cailaud et al. 2010).

EA oA MAetE gHErEzFe 9 JAEFHS 4 - 10 cells/em® 9

MR 6 Yol 7bg ol FWsAT B, oS Aol WEFol A k. Lefut,
GAol MezEdATe A%, AL-B /el AW zsojeld Adshs

AMelARzRe]  dEF] v F2d ole HETL

Hir

e 2 %9



Z=d Lot} (Selina 2016).
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3. Al AR 27 el A B89 Heterocapsa 2 52 A7 A

3.1. A&

Heterocapsa 42 1883 d Stein ©] 93] Ay om, Ajrgozw 7|7}

)
o

ZHARZHFE AAAROR EIEIt(Matsuyama 1999, Iwataki

Jo

BN
i

2008). 71 % H. circularisquama, H. rotundata, H. triqguetra += 3l A

nE

Festtt . B ¥ v (Horiguchi 1995, Matsuyama et al. 1995, 1997, Nagai

flo

et al. 1996, Matsuyama 1999, Iwataki 2008). Heterocapsa 52 BE &
2 Z+2 7FA] 2 919 plate formula &+ Po, cp, x, 5, 3a, 7", 6¢, 5s, 5",
2molth (Iwataki 2008). AWt o7 FpH R 270 3¢, Zae] w5 %2l
plate formula 7} & &3l 5% JEE SA-|AT, Heterocapsa %52
7t %9 plate formula 7} 9=z Axe] e, ;e g9k FHE,
pyrenoid ¢ €%, body scale 2 TZxe° &) A ¥ }Iwataki et al. 2004,
Iwataki 2008). 3, FHToll= EAASQ Aol daetel meh gpHR 270
AgEwetd Aol #gata dtk(Yoshia et al.  2003). dA7HA
Heterocapsa 42 °F 20 F°] 7]&% %3 (Iwataki 2008, Guiry and Guiry

2022), H. psammophila S A3 BE £& HFA ot} (Tamura et al. 2005).

U= 12 8 Heterocapsa 7t R .11% 31tk (Han and Yoo 1983, Shah et al.
2013, Lee and Kang 2017, Kang and Lee 2018b, Lee et al. 2019, Choi and
Kim 2021). ©| & H pseudotriquetra< 20173, H. horiguchii= 2018 9

AT Aot s A A T 5 Urt(Lee and Kang 2017, Kang and Lee
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2018b). 3FA 5} plate formula, body scale & €4 =3 7S ez EAo]
ZAAEEA A E A ggkon, {FHAA wpA S E83t AlFERed Jre
ARIR= PR e =

B oodq= 2018 W@ 4 9 A g% siHT 2020 @ 3 9 AlF B4 HA A

Zdste] e W owiFel Ju s Heterocapsa 2 2 JE|4 5EAE Fetdv|

i

TFALARE R A, FHdARE A S Fa dEsiglon, V& E=ddd A
horiguchii®} H. pseudotriquetra®t vl wstth. T3k 28S4 ITS rDNA & 49

A7 ES BAst] 71Eo XHa® Heterocapsa 3+ FAAIEEZ Aol

3.2. A5 W =Y
3.2.1. 2 A8 ANH Y Heterocapsa 2% vl =5

2018\ 4€ 3st% siWix 2022¢ 3¢9 ¥ W B AR °oF 50g&
Ak AR 2 Al5E IMK 8 #] (Daigo IMK, Nihon Pharmaceutical
Co., Ltd., Tokyo, Japan) 100 mL7} ©71 £93t 6 oz ZotAE Ho| @11,
TR AE A7 H&l GeO: 1 mLE H7bsto] vickstsivh. vk
AEE AEZY ARE gRlstrl flete] olFel & WA EIElA,
Heterocapsa <l &3t MXEE2 Fstdn] 7 (IX71, Olympus, Tokyo, Japan)
2008 wjEolA HAEE IElE ARESte] @ AlEZE EEEIT Eed
A¥x= IMK ®1A 2 mL7}F 970 24—well culture plate (JET BIOFIL,
Guangzhou, China)°ll ©1= %1, H horiguchii®t H. pseudotriquetras ZtZ}

L% 16T, 18TolA 3= 40 gmol m s loA 12:12 A7F HeE F7)|=2
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k= ek M 47 S7Fshell whel 12—well culture plate (JET BIOFIL,
Guangzhou, China), 50ml culture flask (JET BIOFIL, Guangzhou, China) =

w2k 0w ol & HFAow 2719 wFrE A E Atk (Table 3.1).
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Table 3.1. Sample information of two Heterocapsa strains used in this study

. . Sampling . . . Culture
Species Strain No. station Sampling Date Latitude Longitude temperature(°C)
Heterocapsa horiguchii HH-2003PS-01 Pyoseon Beach 2020.03.11 33°18'38.69"N 126°49'34.28"E 16
Heterocapsa pseudotriquetra ~ HP-1804HD-01 Hado Beach 2018.04.12 33°31'5.63"N 126°54'4.82"E 18
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3.2.2. FefH 7

Heterocapsa 2% 9] et u] 74 #zS B IR
= FEF= 4 H 8] = (Glutaraldehyde) B e 20,2 A E

Fstd v A (LM; Axioplan, Cal Zeiss, Overkochen, Germany) 4008 Hl 8ol 4]

AxioCam ERc 5s 7} 2F(Cal Zeiss, Overkochen, Germany) & 3<% & it}

TAAAAN A S o] &35te] Ax EHO AFZF #AFZE fE YT
S FE 22 5] = (Glutaraldehyde) #HF 3% 2%% 1A 1249 £
ARAE3E @ A~ (osmium tetroxide, OsOy4; Sigma—Aldrich, Massachusetts, United
States) #HF & 1%= 1087 2AHJT. 3¥¥ wMFFE 2pm
polycarbonate ™ H @l ¥ (25mm diameter, Whatman, Floreham Park, NJ,
USA)E &3l nAdds oAFA F, dad oot TFTE AHESH
1523 =28 22 FAEklt o] % 30,50, 70, 90, 95,100% §E°] &&=
1024 258gla, v Elo® 100% olerEelA 1AHEer gkl
B AR AXRE Y& dA" AZZ](EMS 3000, Electron Microscopy
Sciences, Hatfield, USA; EM CPD300, Leica microsystems, Wetzlar,
Germany) & ©|&39, AxHE A5 #WgoZ FYH(QI50R, Quarum,
Laughton, UK)% 5, FARAAAWZA (SEM; JSM—6700F, JEOL, Tokyo,
Japan; MIRA 3, TESCAN, Brno, Czech Republic)& Abg-3te] 7h49 5-

15kVel A #z 1 FYGHE

EAAE0E AF2S g8 wdFE FFEE YU S = (Glutaraldehyde)
HF TE 25%% 2AZF B¢ 143G 1A4Y AJEE 2,000 rpmellA
1083 g7 & A5d9s AASSY. o] vgolE 1 mL F71ste] AF

stuA 8,000 rpmellA 5&FF dAEE * AEAS AASSA, 0sO



HFEE 192 1AZF &k 14gselth. o5 30, 50, 80, 90, 95, 100%& =2
et = B 3131, AGAR Low Viscosity Resin Kit(Agar Scientific Ltd.,
UK) & Atg3to] A5E xv] 2 AAsY. dH¥ Als+ Formvar—coated
gride]l  wWix® %, F3}HAA0AH(TEM:; JEM-100SX, JEOL, Tokyo,
2 #GH .

Japan) & & ¥z

o\
B

PCR
= fal, wFd 2 mLE 2 mL microcentrifuge tube®ll
Ne AASAT. o] F

=)
oN

=
S A=
’ O]- [e)

=

3.2.3. DNA *=

S|
Q%)

~
=

¥ 79

) -]
800 p L9 extraction buffer [100 mM Tris—HCI, 100 mM Na;—EDTA, 100
stedth W

DNA +
FH35F3 3, 3000 rpmollA 10
mM sodium phosphate, 1.5 M NaCl, 1% cetyltrimethylammonium bromide
-20C YR+

o

e T,

(CTAB)] &
745 W¥E 9 dlE 33 nbg AT ojolA, didS ZaA717] S8 8

NA
BAEAY 2 mL microcentrifuge tubes AA AL 65C FFE5 AFEdlo]
© 1.2 proteinase K (10 mg mL ™! in 1 XTE buffer) 2 #7}8t & 37Ce)A 30
3t

% 20% Sodium dodecyl sulphate (SDS) 80 xLE tube°l] ¥
itk ®ieF & 2 mL microcentrifuge tube©] &
(24:1)& 713 ¥, 10,000 rpmeilA

1.7 mL microcentrifuge tube®]

w7 vkt
65CelA 24 2F wjgs
39 chloroform—isoamyl alcohol
5%t AAlEEsdit. e MER
AR, Ao 0.1 3¢9 3 M sodium acetate (pH 5.1, prepared in
Ayl Ed3 Ry L% 99% o]A9  isopropanol=
A o

s
F7FsF T}, 2 mL microcentrifuge tubetx 14,000 rpmel A 20%7F
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T ATAE AAGAY. olF 70% °l®E 1 mLE F7Fste] 14,000 rpmefl A

A% & QRIS FEAe AARAY $HY AR

\}
S~

s

0% 7+ A=

i

Az®E 3 100xL¢ 1X TE buffer® DNAZS HEA| AT},

VS|
&

M

3.2.4.PCR 5% 4 d7144

28S large subunit (LSU) ¢} Internal transcribed spacer (ITS) rDNA &4
FHE ZF W8 primer % 18F01 (forward: 5'-CAC CTG GTT GAT CCT
GCC AGT AG-3) ¥ PM28-R1318 (reverse: 5'=TCG GCA GGT GAG TTG
TTA CAC AC=3)& AHE3te] SH5 30T (Ki et al. 2005). PCR Rb&-942 33}
w9 11.8 p¢L, 10X Ex PCR buffer (TaKaRa, Shiga, Japan) 2 ¢L, dANTP
mix (ZF+ 4 mM) 2 pL, ZF primer 1 «L (500 nM), Ex Taq polymerase (2.5
U) 0.2 xL, 3 DNA 2 pL9 4oz HF §3F0] 20 pL7} HESF 33k

PCR %22 thermal iCycler (Bio—Rad, Hercules, CA) & A}&-3F a1, 94 T ol A]

=)

3 <%t initial denaturations A*] 94CelA] 30%9°] denaturation, 55T °fA]
40%9] annealing, 68CA 5% extension IS 403 RwHE3FSIOH,
npxjero 2 72°Co A4 103F final extension®} S 333tk PCR AlE
Midori®®*® (Nippon Genetics Europe, GmbH, Germany)o® <M3s 1%

agarose gel (Promega, Madison, WI) 9|4 7] %% 3s}e] &elsldct.

ofN

Z¥ PCR Az QIAquick PCR Purification Kit (Qiagen GmbH,
Germany) Z AA AL, A714E 42 ABI PRISM® BigDye™ Terminator
Cycle Sequencing Ready Reaction Kit (PE Biosystems, CA)E ©]|&3}]

T3 gt 72 A7 Y FHL Sequencher 4.7 software (Gene Codes, Ann
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Arbor, MD & #8350 & 7192 == A

3.2.5. BAAEE A 72X

7z} A7)14<9dL National Center for Biotechnology Information (NCBI) 9
Basic Local Alignment Search Tool (BLAST;
https://blast.ncbi.nlm.nih.gov/Blst.cgi) AME F3d F 533 th(Table 3.2).
HAHAESHY A2 NCBIOlA #Ag eimxRe] ITS 9 LSU rDNA
A7NALE EEste] FAEAT. F kT ITS ¥ LSU rDNAQ7IAE&
BLAST #M® 24 19%F9 IST rDNA 9471493 24 18%F9 LSU rDNA

719 MEGA v. 7.0 Clustal WE At€3sto] AEe9a, 3w 2 A=

flo

dloJEl &= A A= 9tk (Kumar et al. 2016). Maximum—Likelihood (ML) 4]
ITS (625 alignment sites) 2} LSU (684 alignment sites) rDNA @74 L=
o]Folx doly ZFE )43t RAxML 7.0.4 ZE2Ie|A GTR+G+I
nucleotide substitution E®S Eall F74 %At (Stamatakis 2006). 415
T3l Y AF5Fe ZF branchell tdt AR %=+ bootstrap 1,0003] HEES

Fa gEEay. Ao A2 MEGA v. 7.0 (Kumar et al. 2016) & &3l
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Table 3.2. Information

of sequence for phylogenetic analyses.

Species Strain Gene  Accession No. Reference
H. arctica CCMP445 ITS AB084095 Yoshida et al. 2003
Hansen and
CCMP445 LSU AY571372 Daugbjerg 2004
CCMP445 ITS JQ972677 Stern et al. 2012
H. bohaiensis isolate 1-14 ITS MF471313 Xlao et al. 2018
isolate 2-13 ITS MF471314 Xlao et al. 2018
isolate 3-2 LSU MF471315 XTao et al. 2018
isolate 3-3 LSU MF471316 Xlao et al. 2018
isolate 4-2 LSU MF471318 XTao et al. 2018
H. busanensis LOMMEOS5 ITS MW003709 Choi and Kim 2021
LOMMEQO5 LSU MWO003725 Choi and Kim 2021
H. circularisquama HA92-1 LSU AB049709 Yoshida et al. 2003
OAl ITS AB084089 Yoshida et al. 2003
OK1 ITS AB084090 Yoshida et al. 2003
OK3 ITS AB084091 Yoshida et al. 2003
H. claromecoensis LPCc-005 LSU MK 684238 Sunesen et al. 2020
LPCc-005 ITS MK 684239 Sunesen et al. 2020
Arg-BS LSU MNS509451 Sunesen et al. 2020
Arg-B5 ITS MN509452 Sunesen et al. 2020
H. horiguchii FK6-D47 ITS AB084097 Yoshida et al. 2003
NIES-614 ITS AB084099 Yoshida et al. 2003
SB19-2 ITS ON459703
HH-2003PS-01 ITS OP970958 This study
HH-2003PS-01 LSU OP970958 This study
H. huensis ITS AB445394 Iwataki et al. 2009
H. illdefina CCMP446 ITS AB084092 Yoshida et al. 2003
CCMP446 ITS JQ972687 Stern et al. 2012
H. lanceolata TK6-D57 ITS AB084096 Yoshida et al. 2003
H. minima JK2 ITS KF031311
JK2 LSU KF031312
CAWD302 LSU LC541733
LOMMEO3 ITS MW626888 Choi and Kim 2021
H. niei LSU MW177916
ITS JN020158
H. ovata NIES-472 ITS AB084098 Yoshida et al. 2003
H. philippinensis GBNW14 LSU LC621346 Benico et al. 2021
ITS
H. pseudotriquetra NIES-473 ITS AB084100 Yoshida et al. 2003
GeoB 222 ITS AY499509
FIU11 LSU EU165273 Scorzetti et al. 2009
UTEX2722 ITS FJ823556 Stern et al. 2012
GeoB 222 LSU MF423367 Tillmann et al. 2017
HP-1804HD-01 ITS 0OP968025 This study
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H. pygmaea

H. cf. pygmaea

H. rotundata

H. steinii

Heterocapsa sp.

Azadinium poporum

Prorocentrum micans

HP-1804HD-01

CCMP2770
UTEX2421
CCMP1734
CCMP1322

QUCCCMS5

QUCCCMS5

QUCCCMS7

QUCCCMS7

QUCCCMSS
CCMP1490
HtrITSC2-3

HtrlTSC3
UTEX2421

K-0479
K-0483
K-0483
NIES7
GSW0206-2
CCMP448
st 1-2
st 3-1
St 3-1
UTKG1
UTKG1
UTKG3
UTKG4
UTKG4
UTKG7
UTKG7
FIU10
FIUI2R
HCBCS8S8
TIO048

LSU
ITS
LSU
LSU
LSU
LSU
ITS
LSU
ITS
LSU
LSU
ITS
ITS
ITS
ITS
ITS
LSU
ITS
LSU
ITS
LSU
LSU
LSU
LSU
ITS
ITS
LSU
ITS
ITS
LSU
ITS
LSU
LSU
LSU
LSU
LSU

ITS

OP968025
AB084093
EU165271
EU165306
EU165312
FJ1939577
KX853191
KX853175
KX853193
KX853177
KX853178
AB084094
AF352363
AF352364
FJ823558
I1X661020
AF260400
KF240777
KF240778
AB084101
EF613355
EU165307
HQ902267
HQ902268
HQ902268
MF423346
MF423346
MF423347
MF423348
MF423348
MF423355
MF423356
EU165272
EU165274
JN119844
MH685491

MK405477

This study
Yoshida et al. 2003
Scorzetti et al. 2009
Scorzetti et al. 2009
Scorzetti et al. 2009

Al Muftah et al. 2016
Al Muftah et al. 2016
Al Muftah et al. 2016
Al Muftah et al. 2016
Al Muftah et al. 2016
Yoshida et al. 2003

Stern et al. 2012

Daugbjerg et al. 2000

Yoshida et al. 2003
Scorzetti et al. 2009

Tillmann et al. 2017
Tillmann et al. 2017
Tillmann et al. 2017
Tillmann et al. 2017
Tillmann et al. 2017
Tillmann et al. 2017
Tillmann et al. 2017
Scorzetti et al. 2009
Scorzetti et al. 2009

Tillmann et al. 2019
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3.3. 2%

3.3.1. Heterocapsa 252 deg% &4
Heterocapsa horiguchii Iwataki, Takayama et Matsuoka 2002

Azl dol= 15.0 - 17.0 g¢m, YH&= 100 - 12.0 gmE YER

Az WA Felt eagels A2 szte] 2717k FAse, B2 sze

-

HbrEolth(Fig. 3.1A). BT AE Fdel A&t F7o FH2 AE

o

2719 1/3°]t}(Fig. 3.1A). Pyrenoid® 3tzte] Abio] <9 A3t} (Fig. 3.1A).

ML A Abzbe) fA|stal o, Aal T FEjoltk(Fig. 3.1B). szt
QFgo] A 3stt} (Fig. 3.1B). F 7+ ¥ antapex®| =23t} (Fig. 3.10).

FAFAAE v 7 B2 A3 plate formula= Po, cp, x, 5', 3a, 7", 6¢, 5s, 5",
2"z ZAFEQITH(Fig. 3.2). AT AME Fdel dAAsk dFel vl
Q80| 7= WA= 7FAUtH(Fig. 3.2A). E9% antapex® 4F4E
Ho] A} (Fig. 3.2.A, B). Az 1709 apical pore plate, 5709 apical plate,
370 9] intercalary plate, 7708] precingular plate® %o 2t} (Fig. 3.2 A—
D, F). Apical pore plate (Po)+ AFZtell 91x|stt}(Fig. 3.2D). Apical plate & 5'
plate7} 7F& A9 (Fig. 3.2A). 3709 intercalary platex= S HolA
#&HE Y (Fig. 3.2F). Precingular plate: tji-&# @ ZFgo]x]qlk 4" 7" plate:
AHzbaolth(Fig. 3.2A, C, F). 7% 6709 plate® /4 ¥ oI3lvk(Fig. 3.2A - C,
F). =7+ 57019 plate® T4 %o Atk (Fig. 3.2A, B). Anterior sulcal plate
(as) & precingular plate°l ¢ %] 3tt}. Posterior sulcal plate (ps)+ 31 O™,

1™ 5™ plated] @+=t}t (Fig. 3.2A). Body scale®] basal plater= ¥3 o] (Fig.

—

bore

ol

3.2E) AIX AAE 91 oy, w2= ol EA5HA &S wx Sl
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570 9] postcingular plate, 2712] antapical plate® T+ & o] 3t} (Fig. 3.2 A—C,

F, G). 2709] antapical platet= I3 2.7+ 0|t} (Fig. 3.2G).

Figure 3.1. Light micrographs of Heterocapsa horiguchii (culture strain HH—
2003PS—01). A. Ventral view showing the pyrenoid (Py). B. Ventral view

showing the nucleus (N). C. Ventral view showing cingulum and sulcus. Scale

bars = 10 um.
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Figure 3.2. Scanning electron micrographs of Heterocapsa horiguchii (culture
strain HH—-2003PS—01). A. Ventral view showing the cingulum and the
sulcus (anterior sulcal; as, left anterior sulcal; las, right sulcal; rs, left
posterior sulcal; Ips and posterior sulcal; ps). B. Lateral view. C. Lateral view.
D. Apical pore complex (APC) (apical pore plate; Po). E. High—magnification
of cell surface with body scales. F. Dorsal view. G. Antapical view. Scale bars

=5pum (A - C,Fand G), 1 um (D) and 100nm (E).
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Heterocapsa pseudotriquetra Iwataki, Hansen et Fukuyo 2002

Azl dol= 20.0 - 23.0 gm, YHl= 120 - 17.0 pgm=E YES

Az AA dei= e gol

an

R

A7t} Bhzke] A7k @AY Abzte] bz

v, Azt sz vk tE o]tk (Fig. 3.3). Pyrenoide= A|EQ $9 = 3127t
Y Askoh(Fig. 3.3A). AMxS] 2 Azt A8t glow, A3 F
otk (Fig. 3.3B). A+ AXY ool A3t} (Fig. 3.30). 7+ &L

antapex®] Z=g3%t}(Fig. 3.30).

FAPAAE w7 @2 A3 plate formulai= Po, cp, x, 5', 3a, 7", 6¢, 5s, 5",
2"E AP ATH(Fig. 3.4). Fstdn| Aol ##s Aael mpzriA 2 Az
shztel A717F FAskAY Adzbe] k3t At (Fig. 3.4A). I+ AMXS] Tl
Y5l @ EZFo] ok7F ofgl 2 Wttt (Fig. 3.4A). 7+ antapex® Z4%
Ho] At} (Fig. 3.4A). A2+ 17019 apical pore plate, 5712] apical plate, 371 9]

intercalary plate, 770 €] precingular plate® T4 %] A} (Fig. 3.4 A, B, E, F).

ol

Apical pore plate (Po)E A7te] 9X8t1 sIE Rokolw pores ETHe 1L
QltH(Fig. 3.4C). X plate (cp)+= apical pore plate, 1', 5' plate9} o m
MEZO @E8Zo 9% 3t} (Fig. 3.4C). Apical plate & 5' plate’} 7F& =t}

Anterior intercalary plate = la, 3aplatex™ 273, 2a platex 57}3 o]t} (Fig.

3.4E). Precingular platet:= tjf-& 2 zZ}go]x|ut 4" 7" platex= A& ot} (Fig.

i

O

3.4A, E, F). F4%E 6719 plate® FAEIAU(Fig. 3.4G). 3t 5719
postcingular plate, 271 2] antapical plate® T 5ol AtH(Fig. 3.4 A, D). 271 9]
antapical platex= I3 2Ztgolty. F3= 5709 plate®Z FAEHY Tt

Anterior sulcal plate (as)+< precingular plate®] ¢ *]3%tt}. Posterior sulcal

plate (ps)+= Z3 5o 1™ 5™ plateo] We+=t} (Fig. 3.4A). Body scale?)
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basal plate: Az} o]la (Fig. 3.4H) AXE AAE Y oy, wZ& o}

FhAzEvE A2 Ay, 9L FFa d7tel 9@t (Fig. 3.5 A, B).
Pyrenoid7} & 7§ A8k, AE Fdo] gAst 4otk (Fig. 3.5 A, O).
124, starch sheathe #EHA| sk}, vlEZEgol, YA, trichocyst®
A% 9t} (Fig. 3.5 D—F). Body scale basal plate8} 7HAE 7FA 11 1l om,

basal platex 4FZ}&o| 1, #o] 27t 52t (Fig. 3.5 G, H).

Figure 3.3. Light micrographs of Heterocapsa pseudotriquetra (culture strain
HP—-1804HD—-01). A. Ventral view showing the pyrenoid (Py). B. Ventral
view showing the nucleus (N). C. Ventral view showing cingulum and sulcus.

scale bar = 10 um.
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Figure 3.4. Scanning electron micrographs of Heterocapsa pseudotriquetra
(culture strain HP—1804HD-01). A. Ventral view showing the cingulum
(arrow) and sulcus (arrowhead) (anterior sulcal; as, left anterior sulcal; las,
right sulcal; rs, left posterior sulcal; lps and posterior sulcal; ps). B. Apical
view. C. High—magnification of apical pore complex (APC) (apical pore plate;
Po, cover plate; cp and x; canal plate). D. Antapical view. E. Dorsal view. F.
Lateral view. G. Cingulum. H. Body scale. Scale bars = 5 um (A, B, D - G),
1 um (C) and 100nm (FH).

69



Figure 3.5. Transmission electron micrographs of Heterocapsa
pseudotriguetra (culture strain HP—1804HD—-01). A. Longitudinal section
showing the organelles. B. N; nucleus, C. Py, pyrenoid, D. t; trichocyst
(longitudinal section), E. trichocyst (transverse section); F. m; mitochondria,
G. Body scales, H. one body scale. Scale bars = 5 um (A), 1 um (B — E),
200nm (F and G) and 100nm (H).
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3.3.2. Heterocapsa2 AEE5F3st# HA

ke

A wjeks HH-2003PS—01¢} &tk w5 HP-1804HD-019] 947144
JH = GenBankell 247} Accession No. OP970958 ¢} OP968025= 555 AT,
Heterocapsa horiguchii® ITS rDNA 97|44 (599 bp)e = W
SB19-2 (ON459703) % ¥ wjT NIES—-614 (AB084099) ¢ 100%2]
APEE Holal, Y wleFs FK6-D47 (AB084097) ¢} 99.8%°] FALEE R
t}. A pseudotriquetra®l 1TS rDNA 97144 (593 bp) = A& vk NIES—
473 (AB084100) ¥ 99.8%°2 FAIEE Holil, wv= H|FT UTEX 2772
(FJ823556), A¥|Ql wleFF GeoB 222 (AY499509) ¢} 747t 95.6%, 94.6%°]

GALEE B} H pseudotriguetra®) LSU rDNA 997144 (1396 bp) & Ad

2

v 5 GeoB 222 (MF423367) 97.7% %] FA=E H AT

ITS rDNA 971449 AFFaA 243 st vk 2442 A horiguchil
o} H. pseudotriquetra®} w7|v-= FAASAT (A horiguchi;, AB084097,
ABO84099, ON459703, H pseudotriguetra, AB084100, AY4995009,

FJ823556). H. ovata, H. busanensisv H. horiguchii®} A 152 A5t

32

32

a1, H steinii®} H. philippinensiss= H. pseudotriquetra?} A 152 JAd 3}

.

LSU rDNA 714 de]l AEFolx H horiguchii= NCBIo| 2% LSU

rDNA - @749l EAsHA ¢doF d7IMds Wug =

R
32

. A
pseudotriquetrar= 2~%| Q1 ¥k GeoB 2229 2.3%2 AR ZolE H. O

bt

o

e $E

o

Kikes

M
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100; MF471314 Heterocapsa bohaiensis
MF471313 Heterocapsa bohaiensis
100[ AB084093 Heterocapsa pygmaea
91 KX853193 Heterocapsa pygmaea
KX853191 Heterocapsa pygmaea
JX661020 Heterocapsa cf. pygmaea
AF352363 Heterocapsacf. pygmaea
FJ823558 Heterocapsa cf. pygmaea
AB084094 Heterocapsacf. pygmaea
AF352364 Heterocapsa cf. pygmaea
JN020158 Heterocapsa niei
AB445394 Heterocapsa huensis
1001 AB084092 Heterocapsa illdefina

1JQ972687 Heterocapsaiilldefina

981 MN509452 Heterocapsa claromecoensis

—

100[l MK684239 Heterocapsa claromecoensis

LC621345 Heterocapsa orientalis

LC621346 Heterocapsa philippinensis

MF423347 Heterocapsa steinii

HQ902268 Heterocapsa steinii

100| AB084101 Heterocapsa steinii

MF423346 Heterocapsa steinii

MF423355 Heterocapsa steinii

MF423348 Heterocapsa steinii

100; AOP 25 Het: psa p iquetra HP-1804HD-01
AB084100 Heterocapsa pseudotriquetra NIES-473 Japan
99 FJ823556 Heterocapsa pseudotriquetra UTEX 2722 USA
AY499509 Heterocapsa pseudotriquetra GeoB 222 Spain
86 KF240777 Heterocapsa rotundata

AB084096 Heterocapsa lanceolata

100, AB084095 Heterocapsa arctica

98

84

96

100

1

JQO72677 Heterocapsa arctica
100y KF031311 Heterocapsa minima
MW626888 Heterocapsa minima
AB084097 Heterocapsa horiguchii Fk6-D47 Japan
100| AOP970958 Heterocapsa horiguchii HH-2003PS-01
ON459703 Heterocapsa horiguchiiSB19-2 China
AB084099 Heterocapsa horiguchiiNIES-614 Japan
MWO003709 Heterocapsa busanensis
AB084098 Heterocapsa ovata

AB084090 Heterocapsa circularisquama
AB084089 Heterocapsa circularisquama
AB084091 Heterocapsa circularisquama

0.05

Figure 3.6. Maximum

likelihood

MK405477 Prorocentrum micans

tree of genus

H. pseudotriquetra

H. horiguchii

Heterocapsa using

ITS1+5.8S+ITS2 sequences. The numbers on each node are the bootstrap

values (%). Korean . horiguchii is marked in blue triangle and Korean 7.

pseudotriquetra i1s marked in red triangle. Scale bar =

substitutions per site.
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EU165306 Heterocapsa cf. pygmaea
EU165271 Heterocapsa pygmaea
EU165312 Heterocapsa pygmaea
96| | KX853178 Heterocapsa pygmaea

KX853177 Heterocapsa pygmaea

KX853175 Heterocapsa pygmaea
FJ939577 Heterocapsa pygmaea

MF471316 Heterocapsa bohaiensis

MF471315 Heterocapsa bohaiensis

MF471318 Heterocapsa bohaiensis
JN119844 Heterocapsa sp.
100|- MWO003725 Heterocapsa busanensis

EU165272 Heterocapsa sp.
-A OP970958 Heterocapsa horiguchii HH-2003PS-01 | H. horiguchii
84 l— EU165274 Heterocapsa sp.
MW177916 Heterocapsa niei
98 MN509451 Heterocapsa claromecoensis
_1°°nMK684238 Heterocapsa claromecoensis
LC621345 Heterocapsa orientalis
AB049709 Heterocapsa circularisquama

100; LC541733 Heterocapsa minima
KF031312 Heterocapsa minima
100[ LC621344 Heterocapsa lanceolata
AF260400 Heterocapsa rotundata
KF240778 Heterocapsa rotundata
—— AY571372 Heterocapsa arctica

EU165275 Heterocapsa sp.

MF423356 Heterocapsa steinii
MF423346 Heterocapsa steinii
HQ902267 Heterocapsa steinii
MF423348 Heterocapsa steinii
EF613355 Heterocapsa steinii
EU165307 Heterocapsa steinii
HQ902268 Heterocapsa steinii
100—A OP968025 Heterocapsa pseudotriquetra HP-1804HD-01
MF423367 Heterocapsa pseudotriquetra GeoB 222
99 EU165273 Heterocapsa sp.
LC621346 Heterocapsa philippinensis

99|

H. pseudotriquetra

MH685491 Azadinium poporum

0.05

Figure 3.7. Maximum likelihood tree of genus Heterocapsa using LSU rDNA

sequences. The numbers on each node are the bootstrap values (%). Korean

H. horiguchii is marked in blue triangle and Korean /. pseudotriquetra is

marked in red triangle. Scale bar = 0.05 nucleotide substitutions per site.
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3.4, E9

Heterocapsa %2 5742 M3 A7|<+ |, e e}t 94|, pyrenoid 2

$17], body scale ¢ 8 T2 Fd ¥F¥h(wataki 2008).

Al

=

A s sk siWelA 7 2 HltE T wlSFTE Heterocapsa

5% vmsy

o
£
B
-
=

o

¥+ H. horiguchii = HAZXE Hi1¥ H
horiguchii (Iwataki et al. 2002) 9} st% vl H pseudotriquetra + H.

pseudotriquetra (Iwataki et al. 2004)¢ E7}F A&}t (Table 3.3).

o4 e olgate] B AW, F F BE 5AF As)9 47 e,
@o) wors $1, pyrenoid o 919 2 FEH Sgo] BRI EA
wjopzel Zolsh Unlzl R [ horiguchii ¢ Aoleh Unle] wgEi, sk

wjoFE o] H dolet vnls ¥ A pseudotriquetra 9 B Aol ek U n]e
E3ETH(Table 3.3). E3H, AT 3% T FAAAER A oz Ay,
Heterocapsa 472 plate formula @1 Po, cp, x, 5', 3a, 7", 6¢, 5s, 5", 2"¢} body

scale 9 &A1& &3}t Plate formula & FHARZFO Iy sha HFo

ofN

AN

‘%‘—Q_@' 7]%o]xlu Heterocapsa=; L0 TmE O] %O t:?_}_' plate formula & 7]'X al

o Heterocapsa 2| w712 AHEst7] oy}, uhebx, Axur Q)i

=2

|t
o

=A% 3 A9 FF9 body scale & %3 Heterocapsa E

73t (Iwataki et al. 2004). FH A H S o] 83Fo] Azst Ay}, o)

Frt

Wk H pseudotriquetra 2] body scale 9 e A 7]Eo Hi¥E H
pseudotriquetra £} YAsh= Aol ERIEHTE o]=2 YHAF SHES #

Ao A BA23 Fo| H horiguchii 8 H. pseudotriquetra 95 A|A|

_OL
30
o
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ITS ¢ LSU rDNA 9 @47|M<de] F w5 242 NCBI ° 55% /A
horiguchii 9+ H. pseudotriquetra 9} < F7|70] A ¥ A} (Fig. 3.6, Fig.
3.7). T3 o]l52 EIU|LS UE Heterocapsa £S5+ HEo¥ ot whabA,
T FY rDNA M9 afAE skt ITS rDNA ASFelr A

horiguchii = 99.8—100%9% FAIE=ES XY H pseudotriqguetra + <

e

Aok olE 99.8%° FAMEES Mol §7F xo|rh wl$ ugpouh mww

29 wSFeE 95.6% 94.6%E Kol AdEI Far wjFel gE

7S A eFlv(Fig. 3.6). vl=3 AHQ wiYF A pseudotriquetra 2
Jejets 545 FAT ¢ o, 4.4%9 5.4%° F174 AolE T A

pseudotriquetra 7} 1TS Gof|A Wol7} & Zo=z HY, w3k A8 sh
el g% Fd4 Aolrb qvial FE5HErTh LSU rDNA AlgFelA A
horiguchifHH—2003PS—01 & NCBI o] 5% Hlu ¢7]xQDo] EAjatA] ¢k7]
u o] HHZAQ BEU|FS HRAFEAY(Fig. 3.7). H pseudotriquetra HP—
1804HD—-01 & ITS rDNA AlsFe Axst mpxrpA =z AFl w9l
w7s AN oY 2.3%° AL #elE RSt (Fig. 3.7). LSU rDNA 9
A= 7ok AR AR AT "y "olx glermm A EhA

wxe] o FAH Holz F

B\

A,

o Ao A A A 23l B E Heterocapsa ¢ 2 FH 4

B AESA EAS BAstY] H horiguchii % H. pseudotriguetra =
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Table 3.3. Comparison of morphological feature of Heterocapsa species.

Nucleus
. Length Width . Basal plate of Ecologica
Species Cell shape Pyrenoid Bod le 1t
(nm) (nm) Position Shape ody scale ype
H. arctica! 22.5-37.5 10.0-15.0 Ellipsoid, larger epitheca Middle Elongated Hypotheca Triangular Planktonic
H. bohaiensis 9.9-16.5 6.7—-12.4 Ellipsoid, larger epitheca Middle Ellipsoid Epitheca Triangular Planktonic
H. busanensis? 17.0-27.0 10.2-12.5 Ellipsoid, larger epitheca Left side Elongated Epitheca Triangular Planktonic
. . 4 Ellipsoid, . . . .
H. circularisquama 20.0 —28.8 13.8-20.0 . . Left side Elongated Middle Circular Planktonic
epi- and hypotheca equal size
. Ovoid, . . . .
H. claromecoensis 3 16.0 -30.0 12.0-25.0 . . Hypotheca Spherical Epitheca Triangular Planktonic
epi- and hypotheca equal size
. 6 Ellipsoid, . . . .
H. horiguchii 13.2-20.8 10.0-13.6 . . Epitheca Spherical Hypotheca Circular Planktonic
epi- and hypotheca equal size
H. horiguchii* 150-17.0  10.0-12.0 Ellipsoid, Epitheca Spherical ~ Hypotheca NA Benthic
’ & ' ' ' ' epi- and hypotheca equal size P P P
. Ellipsoid, . . . .
H. huensis 13.6-224 9.6-16.8 . . Hypotheca Spherical Epitheca Triangular Planktonic
epi- and hypotheca equal size
. s Ellipsoid, . . . .
H. illdefina 22.0-25.0 13.0-17.0 . . Middle Elongated Middle Triangular Planktonic
epi- and hypotheca equal size
H. lanceolata © 164 -25.0 10.0-15.0 Laceolata Middle Elongated Epitheca Hexagonal Planktonic
H. minima ° 10.0-13.0 69-9.1 Ellipsoid, larger epitheca Middle Elongated Epitheca Circular Planktonic
Ellipsoid,
H. niei 1 17.0-20.0 11.0-12.0 Hypotheca Spherical Epitheca Triangular Planktonic

epi-and hypotheca equal size
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Ovoid,
H. orientalis ! 18.4-34.4 16.0 -24.0 Hypotheca Spherical Epitheca Triangular Planktonic
epi-and hypotheca equal size

H. ovata ! 23.6 -33.2 18.4—-28.0 ovoid Epitheca Spherical Hypotheca Triangular Planktonic
epi-and hypotheca equal size

H. pacifica ? 45 30 Ellipsoid Right side Spherical - - Planktonic

H. philippinensis'3 213-32.1 15.0-26.0 Ovoid Dorsal Saussage Middle Roundish Planktonic

H. pseudotriquetra * 18.4 -27.2 144 -21.6 Ovoid Epitheca Spherical Hypotheca Triangular Planktonic

H. pseudotriquetra * 20.0 -23.0 12.0-17.0 OYOid’ . Epitheca Spherical Hypotheca Triangular Benthic
epi- and hypotheca equal size

H. pygmaea 9.8—-15.8 6.1-10.0 Ellipsoid Hypotheca Elongated Epitheca Circular Planktonic

H. rotundata '° 9.0-11.7 - Ellipsoid, larger epitheca Dorsal Elongated Epitheca Triangular Planktonic

H. steinii '’ 17.8-25.9 13.0-17.6 Ellipsoid Epitheca Spherical Hypotheca Triangular Planktonic

H. psammophila ' 9.0-12.0 6.0-9.0 Ovoid Hypotheca Spherical Epitheca Triangular Benthic

"Horiguchi 1997; 2Xiao et al. 2018; * Choi and Kim 2021; “Horiguchi 1995; > Sunesen et al. 2020; ®Iwataki et al. 2002; "Iwataki et al. 2009; *Herdman and Sweeney 1976;
9Salas et al. 2014; '°Loeblich 1968; 'Twataki et al. 2003; ?’Kofoid 1907; *Benico et al. 2021; "*Iwataki et al. 2004; *Uysal et al. 2003; '*Hansen 1995; "Tillmann et al.
2017; '8Tanura et al. 2005.

Note: " Body scale referred to Iwataki et al. 2004, Choi and Kim 2021; * This study
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4. AF  AY  HHAAAN  EHEF I wIEF
Amphidinium fijiense®] J° U FAAFH AT

4.1. &

By

Amphidinium 42 FZHERZEFZ °F 100 Fo] H1E A (Guiry and
Guiry 2022). 252 W7 SHISE=ClL A AAR R Fxtm dgt
A5A, AA 8 T theFst AaFReA Aa sttt (Dodge 1982, Murray and
Patterson 2002, Flg Jergensen et al. 2004b, Dolapsakis and Economou— Amilli
2009, Hoppenrath et al. 2014,). 53], ol A AA AFd Z33diel A 713
theFstal FRekAl EAstv . ¢# A Atk (Hoppenrath 2000, Murray and
Patterson 2002). A. carterae®t A. operculatum™ %2 F& £34 H4&54
9 ciguatera fish poisoning (CFP)3¥} ##o] Qv H i Eglom o] Hi47})

5 53kA FH Y (Hallegraeff 1993, Nayak and Karunasagar 1997, Ge et al.

2009, Meng et al. 2010).

A. operculatum Claperéde & Lachmann< Amphidinium %2 715% (type

species) ©]tH(Claperéde and Lachmann 1859). 7]l 7| A¥ Amphidinium®)

FE A S AE A A7)l wla] A2 dFE Ao (Claperéde
and Lachmann 1859), ©o] EA W07 o] Lo &3l £E5S EFstzow

ZF53] AyElr)oe EFE 3tk (Daugbherg et al. 2000). &, 99=4), pyrenoid,

oL

, QFH, scale®] &, &A1, Y9} AL} S thekst P H EH o)

b

Amphidinium 55 7937 98] AFEEAA 9 (Borchhardt et al. 2021),

SRR

b
e
o

TE &8s Fwd ATES Amphidinium %50 BHAE
BEH79S BoFH}(Fle Jergensen et al. 2004b). waba o] EF ol Eale=
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°F 10059 Aese v 9A% VIEel wt ALirt @ 2ert ok 2714
gl A 2ol VxSt Amphidinium %o %o T2 skl wiW
AHE Uy Ao ErEE HEEs VIR dF o XA Y e
259 JHo AFE 7k Fo2 AR AL, olE= "X Amphidinium
sensu stricto® FF3FStH(Fle Jergensen et al. 2004b). 1 29
Amphidinium sensu stricto®] &34 v OE T5& He HAE gvlske

Amphidinium sensu lato® 7531 Ut}

20199 39, AAdARZHF BECIA 2AMA = v FED Amphidinium
T A, olF wE B ST E FESAT & AT Amphidinium
o HA gHEFed AEE eosty Aodv|dyt FARARETAE

Abg3st dJefd B23} ribosomal RNA 325 &83F ExAZEs2 &

i
tlo

B3l Ak dlWelA E2lE Amphidinium &5 RI18FaLAF St

4.2, Qg 2 HY

4.2.1. B Al AR W w8

2019 3€ 219 AF A%k W (33° 26'1.67"N, 126° 55'21.88"E) ol A
2 AlE °oF 50gs AHFsT. A B Al5E IMK 8A] (Daigo IMK,

Nihon Pharmaceutical Co., Ltd., Tokyo, Japan) 100 mL7} 9%l F43t 6 oz

Zagry He 91, 727 A4S o457 98 GeO: 1 mLE H7bsho]
Herstith vlgE Al AlEY S Fdsty] Sfste] olFel 3 WA
sl v Qlar, 84 2+ Wik & Amphidinium¥} AR FE|o] AAMHRZRF

ALES FoHdv)g 2000 HENA FAHE AL Aol 9 AEE
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FEHAY. #eE AEE IMK ¥A 2 mL7F 9371 24-well culture plate
(JET BIOFIL, Guangzhou, China) ¢l ¢l %%, &% 16T, F% 40 gmolm”
2 osTlelA 12:12 AIRE W FUIE T AE v Skl wek 12—
well culture plate (JET BIOFIL, Guangzhou, China), 50ml culture flask (JET
BIOFIL, Guangzhou, China) & x40 % ol&sd & FHEFAO0F w3+ AF-

1903SY—-040] &x =t}

4.2.2. dmd A4 9 olv]A &

geldvd

o

Aol Wk FFE=94 Y5 = (Glutaraldehyde) HE
FTE 2%% 1A%, Ferdu A (LM; Axioplan, Cal Zeiss, Overkochen,
Germany) 4008 wj&ollA] #&H Qo1 AxioCam ERc 5s Zhe|2}(Cal Zeiss,

Overkochen, Germany) & &% ¥ 3t}

FAPA A v E & o] -&3}o] = 23] 3l Hl| =
= FEF 298] = (Glutaraldehyde) #HF % 2%= 1A 248"l 5

A3 @ A~ F (0sOy; Sigma—Aldrich, Massachusetts, United States) H% 5%

1%%2 1087 35 724% wiek3= 2x4m polycarbonate ®lH el

o)

(0]
o

HE (25mm diameter, Whatman, Floreham Park, NJ, USA) & %3] 114

A7 F, WFE oRare FRFE AHES #AAoR 15

A
-~

A skelct o] % 30, 50, 70, 90, 100% Ex9 o&gx 1084 53t

&
ol
38
=

’

npEko 2 100% oL oA 1A s gttt AZE AAA Ax7) (EM

)
EN

CPD300, Leica microsystems, Wetzlar, Germany)E A}-&3}o] 3kl AL,

Wz o7 FE(Q150R, Quarum, Laughton, U.K.) 3t & FAbdAEA W 74 (SEM;
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MIRA 3, TESCAN, Brno, Czech Republic) © & 7}&7H 9t 5-15kVelA oz 4

20

4.2.3. DNA *=

k2] DNA 42 9af, vkt 2 mL= 2 mL microcentrifuge tube®l

F, 45N AAT ol

[

w3F 8k AL, 3000 rpmellAl 108 IF YR
800 p L9 extraction buffer [100 mM Tris—HCI, 100 mM Na;—EDTA, 100
mM sodium phosphate, 1.5 M NaCl, 1% cetyltrimethylammonium bromide

(CTAB)]E #7713+ ¥, DNA F& #A71x] —-20C YHsHA . d%F

o

BAEAE 2 mL microcentrifuge tubeE NAZA AL 65T FFE AMEFHY

U

¥4 Y ¥ dlE 33 wbE AASEATE oojA, WA S FEAI717] 93l 8
112 proteinase K (10 mg mL ™! in 1 X TE buffer) & #H7}sF 3 37Ce)A 30

7F wjekst & 20% Sodium dodecyl sulphate (SDS) 80 xLE tubeo] ¥

f

65T 241z vicksl T vl = 2 mlL microcentrifuge tubeo] =3tk
39 chloroform—isoamyl alcohol (24:1)& ZF7}sF %, 10,000 rpmelA
SR AR gsETE ASHe 2L 1.7 mL microcentrifuge tube©l
AR, Ao 0.1 3¢9 3 M sodium acetate (pH 5.1, prepared in
ddH:0) &} Asd3 Fds Hy £ 99% o]4e isopropanol®:
F7}aF el 2 mL microcentrifuge tubet= 14,000 rpmollA 20837 A2 3+
T AT AN AAST o]F 7T0% ANeE 1 mLE F7FsFe] 14,000 rpmelA
20 1 ANRE Al F APt Aeds AN w58 AlERe

AxE 5 10019 1x TE buffer® DNAZS #AEA 7t}
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4.2.4.PCR % 49 4719 &4

Small subunit (SSU), large subunit (LSU), Internal transcribed spacer (ITS)
rDNA 992 AR ZF HE primer % 18F01 (forward: 5’—CAC CTG GTT
GAT CCT GCC AGT AG-3") 3 PM28—R1318 (reverse: 5'—=TCG GCA GGT

GAG TTG TTA CAC AC-3)& k&3t S5 AT (K et al. 2005). PCR

[e]
HE-g- o

32k =79 11.8 L, 10X Ex PCR buffer (TaKaRa, Shiga, Japan)

flo

2 pL, dANTP mix (Z} 4 mM) 2 pL, Z} primer 1 L (500 nM), Ex Taq
polymerase (2.5 U) 0.2 pL, 3 DNA 2 plLo XAHOo=E HEx £ 20
pL7F B %% 89t PCR 5% thermal iCycler (Bio—Rad, Hercules, CA) &
AFESFA AL, 94TolAl 3 ®3F initial denaturations AAH 94TeolA 30%9]
denaturation, 55Ce|Al 40%9] annealing, 68 CIA 59 extension ¥4
403] WHkEsElow, wixjEto g 72TeA 10&3F final extensionZd-S
F3st9tt. PCR AFH=S Midori®*™  (Nippon Genetics Europe, GmbH,
Germany) 2.2 M3t 1% agarose gel (Promega, Madison, WI) oA

A7l E kel skt

ZZ¥ PCR AHES QIAquick PCR Purification Kit (Qiagen GmbH,
Germany)® ZAAE U, d71LE B4 ABI PRISM® BigDye™ Terminator
Cycle Sequencing Ready Reaction Kit (PE Biosystems, CA)E ©]83}4
T, 2 G719 @HLS Sequencher 4.7 software (Gene Codes, Ann

Arbor, MD & #8350 & 7192 == A
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4.2.5, BAAZEEA 2

7z} 9714 <9dL National Center for Biotechnology Information (NCBI) 2]
Basic Local Alignment Search Tool (BLAST;
https://blast.ncbi.nlm.nih.gov/Blst.cgi) AME F3d F 53 th(Table 4.1).
WAAE A A1 NCBIOlAM A" R xR/ ITS 2 LSU rDNA
A7NALS &3] FHEATE A wFFE ITS 9 LSU rDNA 71 E&
BLAST #M® 3% 1759 ITS rDNA 97144 9 114 33%2 LSU rDNA
A71 493 MAFFT software® Ab&3sto] A3kl (Katoh et al. 2019),

Gblocks v 0.91b 22735 ARgstel Aded Q7L w9 U 4

A

dolE & A A3FEtH(Castresana 2000). Maximum—Likelihood (ML)

A1 O
- =

i

ITS (170 alignment sites) &} LSU (564 alignment sites) rDNA Q7|4 <=
o]Fozl doly =FE o]&dte] RAxXML 8.2.4 TR GTR+GHI
nucleotide substitution E®S Eall F74 %At (Stamatakis 2014). 415
Z3] 2" AE59 Z} branchel] W3t A A E+= bootstrap 5,0003 HHES

Z3 Fexrt. AESe AAHE MEGA X (Kumar et al. 2018)°A
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Table 4.1. Information of sequence for phylogenetic analyses.

Species Strain Gene Acc;;)smn Reference
Akashiwo sanguinea CCMP 1321 LSU AY831412 Ki and Han 2005
Amphidinium carterae Amcal506-4 ITS KY697954 Karafas et al. 2017

CCMP 122 LSU KY697980 Karafas et al. 2017
A. cupulatisquama T™M-96 LSU AB477346 Tamura et al. 2009
A. eilatiensis CCMP2100 ITS AJ417900 Lee et al. 2003
LSU AJ417899 Lee et al. 2003
A. fijiense (as A. fijiensis) CAI\:InSﬁ”l(")Angg?zO SSU EU046336 —
ITS KY 697936 Karafas et al. 2017
LSU EU046329 Karafas et al. 2017
CAI\fnSﬁFE)Asgg_le ITS KY697937 Karafas et al. 2017
LSU EU046330 Karafas et al. 2017
AF-1903SY-04 SSU OP555754 This study
ITS This study
LSU This study
A. incoloratum - LSU AY455677 Flg Jorgensen et al. 2004b
A. gibbosum iﬁzgac()%f ITS KY697975 Karafas et al. 2017
CCMP120 LSU AY 455672 Flo Jorgensen et al. 2004b
A. herdmanii K-0655 LSU KY455675 Flo Jorgensen et al. 2004b
A. klebsii CMSTACO018 LSU EU046328 —
A. magnum Amma0206-4 ITS KY697947 Karafas et al. 2017
ARC73 LSU MW774097 —
A. massartii ixizgggzj ITS KY697952 Karafas et al. 2017
CCMP 1821 LSU AY455670 Flo Jorgensen et al. 2004b
A. operculatum UTEX 1946 ITS FJ823532 Stern et al. 2012
K-0663 LSU AY455674 Flo Jorgensen et al. 2004b
A. pagoense G5 ITS MZ851802 Phua et al. 2022
A. paucianulatum Ampa0606-1 ITS KY697965 Karafas et al. 2017
ARC117 LSU MW774120 —
A. pseudomassartii AKLVO01 ITS KY697945 Karafas et al. 2017
A. steinii TIO181 ITS MZ359142 Luo et al. 2022
SM17 LSU AY455673 Flo Jorgensen et al. 2004b
A. theodorei (as A. theodori) il\:[nig(‘):%g_zf ITS KY697942 Karafas et al. 2017
Amth1303-1 LSU KY697986 Karafas et al. 2017
A. thermaeum CS-109 ITS JQ6647426 Murray et al. 2012
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Accession

Species Strain Gene No. Reference
A. thermaeum ARC386 LSU MW774176 -
A. tomasii Amtol412-1 ITS KY974334 Karafas et al. 2017
Amtol1412-2 LSU KY697984 Karafas et al. 2017
SKLMP_Ve072 ITS MK590194 —
A. trulla K-0657 LSU AY455671 Flo Jorgensen et al. 2004b
A. uduigamense 176 ITS MZ851800 Phua et al. 2022
Ankistrodinium armigerum — LSU AB858350 Watanabe et al. 2014
An.semilunatum LSU AY455678 Flo Jorgensen et al. 2004b
Bindiferia boggaya CAWDI164 ITS MW722976 Borchhardt et al. 2021
Gymnodinium catenatum GCCW991 LSU DQ779989 Ki and Han 2007b
Gyrodinium rubrum — LSU AY571369 Hansen and Daugbjerg 2004
Gyrodinium spirale — LSU AY571371 Hansen and Daugbjerg 2004
Heterocapsa arctica CCMP 445 LSU AY571372 Hansen and Daugbjerg 2004
H. niei IFR10-193 LSU JQ247713 Nézan et al. 2012
Karenia mikimotoi KMWLO1 LSU EF469238 Salas et al. 2008
Karlodinium micrum — LSU AY245692 Litaker et al. 2003
Kirithra asteri H-1-46 ITS MW267275 Gottschling et al. 2021
Noctiluca scintillans — LSU GQ380592 Ki 2010
n o nodiniun Vnd299 LSU  LC516500 Yokouchi et al. 2020
P. inerme JGD LSU LC516502 Yokouchi et al. 2020
Togula britannica K-0658 LSU AY455679 Flo Jorgensen et al. 2004a
T. compacta K-0659 LSU AY568562 Flo Jorgensen et al. 2004a
T jolla CAWD 58 LSU AY 568561 Flo Jorgensen et al. 2004a
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4.3. 2%

4.3.1. Amphidinium fijiense 2] J 4 57

A8 dol= 13.0 — 15.0 gm, YB]= 10.0 - 13.0 p¢m °]9, Zols}

yule] Bl&S 0.8 — 099t A¥e 938 == ggdoly updo|A
AG st (Fig. 4.1). N2 ko  $X3sta, pyrenoide= AXE T

A EH(Fig. 4.1 A, B). 184

Fad oz FAL HR7E #FATG(Fig. 4.10). AUy oz FAL HEZ}
Fetan oA BARHAT(Fig. 4.10). A¥EE UAZHQ hyaline cyst=
FAstY EE¥Eth(Fig. 4.1D). &< ¥HO df A2 AFeE dFo=

THHA Qa, o] =39 (Fig. 4.2 A - C). Ventral ridgex H1 Zom1, F

Mol |l Agatel dAEH(Fig. 4.2 A, B). FHRE AE Fd
2123k} (Fig. 4.2A). = ¢ 3FF9 antapexel| =EdHA E3tH(Fig. 2B).
v AFETY A3 BE e d¥olH (Fig. 4.2B, O), 59 4F e
o)tk (Fig. 4.1B, 4.2B). A2 e NZE5H7F 328t (Fig. 4.2B —

D). w3, AXE ZwolA

flo
o,

2O body scaleo] #E A, FAF Ao
YA F ot (Fig. 4.2B, D). 3v|dt tv}z}3 9] amphiesmal vesicles©]
HZAG (Fig. 4.2E). Cyst FH9 #9 HNIE= 7182 2899 (Fig.

4.2F).
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Figure 4.1. Light micrographs of Amphidinium fijiense (culture strain AF—
1903SY—04). A. Ventral view showing the nucleus (N). B. Dorsal view
showing the pyrenoid. C. Ventral view showing transverse flagellum (TF). D.
The temporary hyaline cyst including two non—motile cells. Scale bars = 10

pm.
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O Rexy
N

3 c:?

Figure 4.2. Scanning electron micrographs of Amphidinium fijiense (culture
strain AF—1903SY—-04). A. Anterior view showing the ventral ridge (VR)
(transverse flagellum; TF and longitudinal flagellum; LF). B. Ventral view
showing the sulcus (S) C. Dorsal view showing coiled transverse flagellum.
D. High—magnification of the right of hypocone. Protruding Body scales (BS)
visible on the surface of the cell. E. Pattern of polygonal amphiesmal vesicles
(AV). F. Cell divide as non—motile cells in hyaline temporary cyst stages.

Scale bars = 5 pym (A — C and F) and 2 um (D and E).
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4.3.2. Amphidinium fijiense 2] #E=AA| %84 A

ot

= Hj9kF AF—1903SY—04 9] SSU, ITS, LSU rDNA %9 1,773 bp, 463
bp, 1,247 bp & 971449 A X+ Genbank ° Accession No. OP555754 =
SE5th SSUrDNA @714 g2 7| By 392 (Fiji) T A. fijiense
(EU046336) &+ 99.8% ©l’d9] =2 FAMEE Hvh E39H ITS 9 LSU rDNA
AN DL A (Fiji) WiSF A fiiense (KY697937, EU046329) <9} 747t

99.3%, 99.8% % H& FAIEE KT

ITS 2 LSU rDNA <714 dde] AEREA Az}, sk ks 1% (Fij)
wloFE A, fijiense & 713 FA3AU. ITS rDNA AlESo)A k=t njoks

717s 3481 (93%

M
o

AF—-1903SY-04 & X3tst A. fijiense + 1<
bootstrap value), W2 Amphidinium 53 25} (Fig. 4.3). LSU rDNA

AlETFolA g wikT AF-1903SY-04 & A. fijlense (EU046329,

o
ol

65] Al

EU046330) 2} 100% bootstrap AAEE Holw FE7|T J3R 1, thE

Amphidinium &3 $€33]) 2 HAth(Fig. 4.4).
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Kirithra asteri MW267275) I Out grouop

Bindiferia boggaya (MW722976)

_| “70.30

’J"
0

Amphidinium uduigamense (MZ851800)

Amphidinium steinii (MZ359142)

Amphidinium paucianulatum (KY697965)

85

0.10

Figure 4.3. Maximum likelihood tree of Amphidinium sensu stricto using
ITS1+5.8S+ITS2 sequences. The numbers on each node are the bootstrap
values (%). The GenBank accession number was added in parenthesis.

Korean Amphidinium fijiense is marked in bold. Scale bar = 0.1 nucleotide

substitutions per site.

Amphidinium carterae (KY697954)

?ﬁAmphidfnium eilatiensis (AJ417900)
991 Amphidinium operculatum (FJ823532)

Amphidinium pseudomassartii (KY697945)
Amphidinium thermaeum (JQ647426)

= Amphidinium theodori (KY697942)
65 Amphidinium magnum (KYB97947)
88L_ Amphidinium pagoense (MZ851802)
|

Amphidinium tomasii (KY974334)

L 100l Amphidinium tomasii (MK590194)
Amphidinium massartii (KY697952)
-|-53— Amphidinium gibbosum (KY697975)

~{ Amphidinium fijiense AF-1903SY-04 (OP555754)
93

Amphidinium fijiense CMSTAC021 (KY697937)

90

Amphidinium fijiense CMSTAC020 (KY697936)



Noctiluca scintillans (GQ380592) IOut grouop

95 Gyrodinium rubrum (AY571369)
{Gyrodinium spirale (AY571371)

79 Karenia mikimotoi (EF469238) Gymnc;diniales
- Karlodinium veneficum (AY245692)

Heterocapsa niei (JQ247713)
99L Heterocapsa arctica (AY571372)

98

— 100

_ 6OAnk."srroo‘r'm'um semilunatum
Histrodinium armigerum (AB858350)
Akashiwo sanguinea (AY831412)

— Gymnodinium catenatum (DQ779989)
Paragymnodinium asymmetricum (LC516500)

Paragymnodinium inerme (LC516502)

(AY455678)

Gymnodiniales

84

| Togula compacta (AY568562)

Togula britannica (AY455679)

51

85

59

Amphidinium steinii (AY455673)

Amphidinium herdmanii (AY455675)

8l Amphidinium cupulatisquama (ABA77346)

0.70

|

0.10

100

100
L _|j Amphidinium paucianulatum (MW774120)

< |Amphidinium fiiense CMSTAC020 (EU046329)
\‘{

Amphidinium operculatum (AY455674)
Amphidinium massartii (AY455670)

100 Amphidinium eilatiensis (AJ417899)

_[ Amphidinium carterae (KY697980)

Amphidinium trulla (AY455671) i
Amphidiniales

Amphidinium gibbosum (AY455672)
10°| Amphidinium klebsii (EU046328)

Amphidinium fijiense CMSTAC021(EU046330)

Amphidinium fijiense AF-1903SY-04 (OP555754)
Amphidinium fomasii (KY897984)

Amphidinium thermaeum (MW774176)
Amphidinium theodori (KY897986)

80

Figure 4.4. Maximum likelihood tree of dinoflagellate LSU rDNA sequences

with emphasis of Amphidinium fijiense. The numbers on each node are the

bootstrap values (%). The GenBank accession number was added in

parenthesis. Korean Amphidinium fijiense is marked in bold. Scale bar = 0.1

nucleotide substitutions per site.
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4.4. £9
WA Amphidinium 2 JEHF EHo] BEFwEstal F-474 teFdo]l =of &

A7 Ad At 28, Amphidinium %9 71€%& Vw0 E FHA 54

27 2] 5} A H EAo we} ¥ Fo] Amphidinium sensu stricto &
2359t} (Flo Jergensen et al. 2004b).

Amphidinium fijiense Karafas & Tomas += BEE S AHF, dx]oAq ==
“live rock”olA A& HFTH(Karafas et al. 2017). ©] F9o EHFsHA
EAL Amphidinium sensu stricto ©l &3Ith AMXE &0 7 3= 2

gek 99, B, wf R Ax FEHE JHH A Ag sl

k71 & o g HEH AF AME Foo] 9 X3t longitudinal flagellum

of 9xe A A FTEA A AAAl hyaline

5
)
D
=
g
O
j)
i
(®]
<
—
)
jm
e
(e
=
H
ol
-
Jr

O

cyst A3 72L& 8 EAF FAETH(Table 4.2). FE3F & vk

A Ax AVl © o Asked, dd A" Alx A7) Helel

o

X &= (Table 4.2). IA| A. fijiense 2 AX el 98, etdd, vt
T AR, St wj T wiERe] FHl= BEEA gtk (Table 4.2).
wok A wjeFFo| A= body scale © #EEA] ko) Skt wjoFo M=

2k A9 body scale ©] #HZE STt (Fig. 4.2D, Table 4.2). Heterocapsa
S 22 A5 JHER T AEY 2% #7142 body scale = 7HAaL
T (Iwataki et al. 2003, Iwataki et al. 2009, Benico et al. 2021). Heterocapsa

o] AL, FHI 3 Y TF9 body scale ©° Q3 EHFI|7}

v

H QA vk (Iwataki et 2002), Amphidinium £<5 E5Fst= 723 gz E4 o)
7] o]#H )}, Body scale 9 XS Amphidinium £2 553 EAJ o] A1l
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2 27 BF3 dFEolAE body scale o tisl 7]&3skA @kl E

olg1dt @3t T FEO body scale & o8] FolA FAFSHH, AE EH0|

Agpeid=z dol 7] wiie] Wz #EHA stk (Sekida et al. 2003).
Al

, 3 Wik AF—1903SY-04 + winele A¥E Zdz ws

et al. 2017). o= wjeks zte] FEjsty zol= AAAvAG S Fl AxE

Amphidinium sensu stricto check list

Class Dinophyceae West et Fritsch
Order Amphidiniales Moestrup et Calado
Family Amphidiniaceae Moestrup et Calado
Genus Amphidinium Claperéde et Lachmann
Amphidinium carterae Hulburt #, B
Amphidinium cupulatisquama Tamura et Horiguchi #, ®
Amphidinium eilatiensis Lee
B

Amphidinium fijiense Karafas et Tomas *,

Amphidinium gibbosum (Maranda et Shimizu) Fle Jergensen et
Murray #, ®

Amphidinium herdmanii Kofoid et Swezy #, P
Amphidinium incoloratum Campbell B

Amphidinium magnum Karafas et Tomas
Amphidinium massartii Biecheler #, B

Amphidinium operculatum Claperéde et Lachmann #, °
Amphidinium pagoense Phua et Wakeman °
Amphidinium paucianulatum Karafas et Tomas
Amphidinium pseudomassartii Karafas et Tomas
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Amphidinium steinii lLemmermann) Kofoid et Swezy #, °
Amphidinium stirisquamtum Luo, Wang et Gu
Amphidinium theodorei Tomas et Karafas

Amphidinium thermaeum Dolapsakis et Economou—Amilli #
Amphidinium tomasii Karafas

Amphidinium trulla Murray, Rhodes et Flg Jorgensen #, ®

Amphidinium uduigamense Phau et Wakeman ®

Amphidinium sensu stricto += & 20 F°] HiuHgor, 1 T 9 F(#2=2
zAD el IUle] 333t (Lee et al. 2013, Shah et al. 2013, Lee and Kim
2017). AF A%k siRielA Reld AF-1903SY-04 WYFG2 2ADE
SlollA As Festa] SAel wet v75F A fijlense E A
AAZFA 14 FB 2 FADO]l AA SAoA 7|ZEHJAARE, YA 6 T A
AR = 2ol & = QY. B ZAbo| W=, Amphidinium 52 NAT=

At Hr} o7 FAE(Hoppenrath 2000,

rlr
)
R
e
o,
=
=
nj
ot
-z
<
Py

Murray and Patterson 2002).

VAP Amphidinium sensu stricto 5% FHZ 5A-AS vl oz JE sy
BR715 &8l 20F& 4 5 Atk(Table 4.2).

Amphidinium sensu stricto A%
la Antapical shape of hypocone 1S rounded......cooe e, 2
1b Antapical shape of hypocone 1S POINLEA ....ceinieinei e 9
1c Antapical shape of NYPOCONE VAIIES tiuiiuiiiiiit et 13
1d Antapical shape of hypocone is indented...........ccooevviiiiinnnnnnn. A. herdmaniri
2a Longitudinal flagellum insertion is middle of cell .......cooivvviiiiiiiiiiiiinins 3
2b Longitudinal flagellum insertion is posterior 1/3 of cell ....vvvveeeeeiiiiiinnnn. 8
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2c¢ Longitudinal flagellum insertion is anterior 1/3 of cell............. A. theodorer

3a Pyrenold 1S presSent, CONTIal. ..ot 4
3b Pyrenoid is present, lateral....c.coveeeeeie e, A. pseudomassarti’
3C Pyrenoid VaArieS. et A. tomasii
3d Pyrenoid iS abSent.......couuuuiiiiieeeiiiiiiiiiii e A. incoloratum
4a DIviding CellS are MIOTILE couuiee it 5
4b Dividing cells are non—motile (CYSt fOIM) wuueeiieeeiee e 7
5a Hypocone 1S SYMIMETIICAL. .ivuiinieii et ens 6
5b Hypocone 1S asymmetrical...ooe e A. paucianulatum
6a Cell has reticulated 10DeS ....ovviiiiiiieiiiiiie e, A. carterae

6b Cell has 6 finger—Ilike, lateral and peripheral ventrally projecting lobes....

......................................................................................................... A. eilatiensis
7a Hypocone 1S SYMMEtIICAL. uuin et A. fijiense
7b Hypocone 1S asymmetriCal....ooiv i A. thermaeum
8a Pyrenoids are present, central c..ooovveevivieieeiiieeieeiieei A. uduigamense
8D Pyrenold 1S abSeIt ...t A. operculatum
9a Longitudinal flagellum insertion is anterior 1/3 of cell.....ccccoeveevieieiiiinnnn. 10
9b Longitudinal flagellum insertion is middle of cell ..................... A. massartii

9c¢ Longitudinal flagellum insertion is posterior 1/3 of cell... A. stirisquamtum

10a Dividing cellS are MOt . et 11
10b Dividing cells are non—motile (cyst form) ........ccccovvvivieiiiiiiiinnin. A. steinir
112 Body SCAleS 18 @D SOt w iniiniiie e 12
11b Body Scale 1S PreSent.. e A. cupulatisquama
12a Cell shape 1S hump —back ..oouviuiieiiiie e A. gibbosum
12b Cell shape is not hump—DacK.....oiviiniiiieee e A. trulla
13a Longitudinal flagellum insertion is middle of cell ................... A. pagoense
13b Longitudinal flagellum insertion is posterior 1/3 of cell ......... A. magnum
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ot

Jejetg oz 74 FAMSE Al carterae $F WSS wl, MES I,

of\
¢ =l

wol 49l 91, pyrenoid 9 3¢ EAgh 9127F SAFSTH(Table 4.2).

>
4

d

R

ol HHE {AEIANE A, carterae = © YIRS AFE 7HA

Fel

o} (Murray et al. 2004). A. fijiense 7} A. carterae 8 7F& 8 EAH S A

32

o Al dAF o7 MAEE= hyaline cyst & €01, A, carterae & o=

M

A EA] eki=t}(Table 4.2).
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Table 4.2. Morphological comparisons of the Korean isolate of Amphidinium fijiense (gray boxed) with other Amphidinium

species.
AL, Afy rense, A. Carterae? A. cupulatisquama’ A.eilatiensis* A. gibbosum?® A. herdmanii®
Korea Fij1
Length (um) 13-15 10-23 10-20 30-59 13 24 — 43 20-31
Width (um) 10-13 6-15 9-13 19-43 8 17-23 15-25
d 1 . lliptical
Cell shape round or oval round, oval, round, elliptical oval criptica round, oval
pear-shaped "hump-back"
Antapex shape round round round, elliptical round round pointed indented
. b -shaped, .
Epicone shape curved curved crescent oomerang-shape triangular, flat flat
curved
Symmetry of
. yes yes yes no yes no no
anterior hypocone
LF insertion mid 1/3 mid 1/3 mid 1/3 anterior 1/3 mid anterior 1/3 anterior to middle
Ventral ridge short, straight short, straight short, straight short, straight short, straight N.A.
Pyrenoid present present present present present present present
Pyrenoid location central central central central central central central
Body scales yes no no yes N.A. N.A. N.A.
Cell division non-motile non-motile motile motile N.A. motile N.A.
Toxic N.A. no yes N.A. N.A. yes N.A.

97



A. incololatum® A. magnum! A. massartii* A. operculatum?® A. pagoense®  A. paucianulatum'  A. pseudomassartii'
Length (um) 27-38 26 — 47 6-21 29 -50 17-32 17 -41 13-21
Width (um) 17-24 14 -36 5-17 15-36 13-29 12 -35 8—-19
round, oval, . . elliptical, ..
Cell shape oval, egg-shaped oval .. ovoid, ellipsoid oval, round round, elliptical
elliptical pear-shaped
. . d or slightl flat, slightl
Antapex shape round round slightly pointed round roun O.r SHETLY ab, SUEIY round
pointed rounded
Epicone shape crescent flat crescent, flat triangular, flat crescent flat crescent, round tip
Symmetry of
. no yes no no no no no
anterior hypocone
LF insertion mid 1/3 slightly mid 1/3 lower 1/3 mid mid 1/3 mid 1/3
posterior
Ventral ridge straight long, curved straight long long, curved short, straight short, straight
Pyrenoid absent present, 2 — 4 yes no yes, two yes present
Pyrenoid location lateral central central central lateral
Body scales N.A. no yes no no yes no
Cell division non-motile motile motile motile motile motile motile
Toxic N.A. yes no N.A. yes yes yes
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A. steinii

A. stirisquamtum’  A. theodorei' A. thermaeum?® A. tomasii' A. trulla® A. uduigamense®
Length (um) 20-38 30-37 13-21 10-30 19-42 18 -31 35-44
Width (um) 10-32 24 —-30 10-17 8-20 13-25 12-22 27 —-38
. . d, oval, .
Cell shape oval, elliptical oval oval, elliptical round, oval roug .ova oval, elliptical oval
elliptical
. . inted at the left . . .
Antapex shape slightly pointed potnte siile ee round round round slightly pointed slightly rounded
tri 1
Epicone shape l(i?r%,i;r’ triangular flat tongue-like curved, round crescent, curved flat
Symmetry of .
. no no no no varies no yes
anterior hypocone
LF insertion anterior 1/3 lower 1/3 anterior 1/3 mid 1/3 mid 1/3 anterior 1/3 lower 1/3
Ventral ridge short, straight long short, straight straight straight short, straight short, straight
Pyrenoid present present present present varies present present
Pyrenoid location central central central central central central central
Body scales N.A. yes yes N.A. no N.A. no
Cell division non-motile motile non-motile non-motile motile motile motile
Toxic yes yes yes yes yes yes yes

N.A: not available; 'Kafaras et al. 2017; 2Murray et al. 2004; 3Tamura et al. 2009; “Lee et al. 2003; Murray and Patterson 2002; *Phua et al. 2022; "Luo et al. 2021;
8Dolapsakis and Economou-Amilli 2009.



ITS ¢ LSUrDNA & 7|5t

o
i
=
)
offl
¥
rlr
=

= T A. fijiense”} 4 &3]
A. fijlense 713" &3l AS glekdth(Fig. 4.3, 4.4). SSU, ITS, LSU
rDNA oA Z+zF 99.8%, 99.3%, 99.8%° HAIEE Holi, LSU rDNA

ATl IR T st Wik A, fjiense 7170l 100% AA=E

BT, ABEAL B HUT FUEG ARl AT AAFi) AEF
U BUE Fel AW W4T wMIFE Aol Wel wWold Ygeln
A4 Aok A Qg Fasth FAFDE WAE AF

serEddYela e FFS e el AT FodiRe JdHES

o,

3ko] geS vAERZ I (Fij) oA &3t A fijiense 7} dFol 23|
st=r7kA]  ol&Fsl] oyt FEFHEu 238y gl wad Al

fijiense = A A (Fiji) W% A. fijiense 2+ LSU rDNA 7| LA 97.4%2)

Hdo
>
kit
i
1%
2
ro

= WFFEY F1A Apol7E kAL, Aol s 34 (Fiji)

e A B712e FAsel, Aeen $xe] W Fa4

B
o
ofy
Hl

2Fo17F Q&S HZETH(Luo et al. 2022). olo wa}, =+ A, fijiense 9
ZHL g Fo] 23 FYrTE e Qelo] S ¢ Utk Au HE L= soF
9

gE ikl 2 dd F sthyE deEA oW, Ostreopsis $F &
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331 Amphidinium sensu stricto ©f

]
= QoF
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ATEFEY B4 T3 A&, AT 249
5.1. A&
Amphidinium 458 FZHRZFZE 2F 100 Fo] H 1% 0™ (Guiry and

Guiry 2022), A. operculatum Claperéde & Lachmanng 7]|+%°%
3t} (Claperéde and Lachmann 1859). %7]ol= MZ 9 AA =7)9 B8] z&
FFE A= oY (Claperéde and Lachmann 1859), #H+ e 9 A4

542 Jphow 3o ww AYE Wi A3 AFE AW, 457 uy

o

ZlElow dXkow ALAHI 5AS 7 FoE AgHAL, °F 20F0]
Amphidinium sensu stricto® =75 At (Fle Jergensen et al. 2004b). ©]]
we} A Amphidinium 52 TFALC R QW Amphidinium sensu lato
S5 Togula, Prosoaulax, Apicoporus, Ankistrodinium, Bindiferia®} &<
MEL 507 o|&H St (Fle Jergensen et al. 2004a, Calado and Moestrup
2005, Sparmann et al. 2008, Hoppenrath et al. 2012, Borchhardt et al. 2021).

W3l Amphidinium sensu stricto 159 £39 A. testudo®} A. corrugatums
g 2 EFRAEEA FAS VINe® Testudodinium @ 590

A4 25 9tk (Horiguchi et al. 2012).

Amphidinium sensu strictool|X #+8]¥ Testudodinium %< 23 YZ£0 2
sl AFE7E Eeo] E##be] 9l longitudinal furrow”F QX EF= Flo]

ERo|ty, '3, AEstA 99X 9A Amphidinium sensu stricto®} 33
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TEE AT webA, JEA 54 9 AlSsHE] X mep A&5S AREa,
Amphidinium sensu stricto®] £33 9 2% Testudodinium? 2.2 ©]43}A T}
2020d 34, AF AR Zztdjel MAds AMARERERF AN T OEA

AN Testudodinium™ A+ FEf o] AMHARZF{F7F F2lH o] wjd+E

iﬁ
i
A=)
&Y
N
r |
A
o,
o

Suslgih o sh@mEFL WA, FARAAEN

o3t FEld BEAI LSUS ITS rDNAE 83 B E8r7 BAS =35
e
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5.2. Alg 2 =4

5.2.1. B A= Az Bl s &

2020 3€ 11¢ A5 %A S (33° 18'38.69"N, 126° 49'34.28"E) ol A
e AR oF 50gs AT AT 2l A5 IMK #iA] (Daigo IMK,
Nihon Pharmaceutical Co., Ltd., Tokyo, Japan) 100 mL7} ©% 943l 6 oz
ZetaE Aol ga, FxFY AFS AdAs] Ya GeO: 1 mLE H71ako]

Weratgict, WorE Alg of 44g gAay] gstel ool @ WA

rlr
!

Al

Y31, Amphidinium®F AP A FHREZF AEES Fstan]d 20048

Au)
i
3
=
a
AU
i,
X,
24
rlr

oA stAEE g3S ARRst] @ Ay &
IMK #i#] 2 mL7} ©%1 24-well culture plate (JET BIOFIL, Guangzhou,
China) el ©]5 %13, &% 16T, F%F 40 gmol m > s 'ellA] 12:12 AIZF Wt
F712 wgH Y. ME 7 F7Fse] wel 12—well culture plate (JET
BIOFIL, Guangzhou, China), 50ml culture flask (JET BIOFIL, Guangzhou,
China)® x4 oz olgd F, HFHo=R HdsF PIJ-2003PS—01°]

A= A

Fedud AES e wdTFE 5L 8] = (formaldehyde) #HEF %
1%% 1453, Fsta v 4 (LM; Axioplan, Cal Zeiss, Overkochen, Germany)
4000 BN BRE QO H AxioCam ERc 5s 7HH| 2} (Cal Zeiss, Overkochen,

Germany) & 2=t}
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FARAARYE S o] &35t Axrs B sk

FZE 223 = (Glutaraldehyde) HE 5% 292 1A%F

A3} @ A~ F (0sOy; Sigma—Aldrich, Massachusetts, United States) H% 5%

1%%2 1087 35 724% wiek3= 2x4m polycarbonate ®lH el

HE] (25mm diameter, Whatman, Floreham Park, NJ, USA)E %3] 1

-

o

oA A7 F AFE ol FR4E AHgS] 1587

FAsEA T °o]% 10, 30, 50, 70, 90, 100% %2 &2 103

1%
.

PRAE O 2 100% ole=olA 1A Erakdlnh. Alxs dAA

CPD300, Leica microsystems, Wetzlar, Germany)E AF&35}o]

o,
12
ftlo

3

2
o
it

]_

32
R

ol

PN
T
AZ7] (EM

AxH 0L,

WMo 2 T8 (Q150R, Quarum, Laughton, UK.) ¥ &, FAFAAFE ] A (SEM;

MIRA 3, TESCAN, Brno, Czech Republic) 7F&Ae 5-15kVelA &z 2

FHAARYE wEe 9@ wlgF 15 mLE 2,000 rpmelA  10#3t

AAEgEe] A5 A A A & 0.1M cacodylate buffer (pH 7.3) %

F7}stol

584 FAstA . FAE A 5E FFEFE29H5] = (Glutaraldehyde) &

25%% IHE F 0s0y HAE % 192 277 T 1AL} 143

AZE 50, 60, 70, 80, 90 % FTEL ofekZoA] 20%7F g

R oEEE 20% 3

ot
(=

J
O

Propylene Oxide® 303t 23] HEESto] X|2k% 9131, Epon 812

A&

i

93, 100%
H3lel gFEAT. olF 100 s&°
5 AFE-5hod

SIojslRAch EojE AlEE 70mm FAE BAESOY cooper gridol

WX 3 E3Ax3du 4 (TEM; JEM—-1400 Plus, JEOL Ltd., Tokyo,

Japan) S ARE3Fo] 120kVellAd @z 9 #FJ =it}
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ok 2] DNA A4S 9af, vl 2 mL= 2 mL microcentrifuge tube®l
w3 AL, 3000 rpmel A 10+ F A4 & 5, e de A ol %
800 p L9 extraction buffer [100 mM Tris—HCI, 100 mM Na;—EDTA, 100
mM sodium phosphate, 1.5 M NaCl, 1% cetyltrimethylammonium bromide
(CTAB)IE #7Fst 5, DNA % A7b#] -20C Ysr# sidith Y%
B#HEJE 2 mL microcentrifuge tubeE A A L9 65C FX2E ARESY
75 9 2 ol 33 wbE AAEi. oo, @A s FajA7]7] flel 8
© 1.9 proteinase K (10 mg mL ™' in 1 X TE buffer) S #7}3F & 37Ceol|A 30

7F wjekst & 20% Sodium dodecyl sulphate (SDS) 80 xLE tubeo] Y1

M

65T 241z vicksl T vl F 2 mlL microcentrifuge tubeo] Y3tk

b1

1o

chloroform—isoamyl alcohol (24:1)% 37F3F %, 10,000 rpmolA]

1

(@)
~

=]
Ak

AAESAY. AF5d2 A2 1.7 mL microcentrifuge tube®]

Eo

AR, 0.1 volume? 3 M sodium acetate (pH 5.1, prepared in ddH:0) £}

>

gAY FLs FI +=% 99% ©|49 isopropanols F7FskSitE. 2 mL

of

microcentrifuge tubex 14,000 rpmolA 20%7F ARy 3 F AL ae

AAsRAE o]F 70% oS 1 mLE F718ke] 14,000 rpmelA 208 3t

AEE AT F AREASt] 4FAL AANGAY. $HE ARE Adzd T

i

100 #£L¢ 1X TE buffer® DNAZS e Z T}
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5.2.4 PCR % 4 7144 &4

Small subunit (SSU) ¢} large subunit (LSU) rDNA S92 AR ZHF HE
primer % 18F01 (forward: 5'—CAC CTG GTT GAT CCT GCC AGT AG-
373 PM28—R1318 (reverse: 5'—=TCG GCA GGT GAG TTG TTA CAC AC—

= AFEete] S FH AT (Kiet al. 2005). PCR ¥H&-H2 32 S/ 11.8 xL,
10X Ex PCR buffer (TaKaRa, Shiga, Japan) 2 xL, dANTP mix (Z+ 4 mM) 2
«L, ZF primer 1 ¢L (500 nM), Ex Taq polymerase (2.5 U) 0.2 xL, 9

KR
.

DNA 2 uxL9 RAow HFE £%o] 20 pL7} HEE 39tk PCR =3

B

7

=

-

e

thermal iCycler (Bio—Rad, Hercules, CA)E AFg-3}lal, 94TeolA 3
initial denaturations * 94CelA 30%2] denaturation, 55Cel|A] 40%9]
annealing, 68CeolA 5&9] extension A4S 403 HHE3¢ o mpx|uro g
72CollA 103t final extension®d S F3a3th PCR AHE2 Midori™®
(Nippon Genetics Europe, GmbH, Germany)C®® A3 1% agarose gel

(Promega, Madison, WI) ell4 7% &3t &<R1sk3I .

o\

2% PCR Az QIAquick PCR Purification Kit (Qiagen GmbH,
Germany)® ZAAE U, d71d B4 ABI PRISM® BigDye™ Terminator
Cycle Sequencing Ready Reaction Kit (PE Biosystems, CA)Z ©]&3}9]
TAEAY. 2 G719 @HLS Sequencher 4.7 software (Gene Codes, Ann

Arbor, MD & #8350 & 7192 == A
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A AR gole Aok W wjdFe SSU ¢ LSU rDNA 9714 9S
719FS 2 3 NCBI (National Center for Biotechnology Information) 2] BLAST
(Basic Local Alignment Search TooD) & &3l F3HJA. 1 5, Ak i

W &=} Amphidinium mootonorum (Table 5.1) AFo]2] SSU ¢} LSU rDNAZ]

SAtE BAS 938 BioEdit v.7.1.3 ZTE 7@ (Hall 1999)°c% AH =
HA AT

o

T3t Al E4e 98 B4 W wids= 275 50%F¢ SSU rDNA
A71M D3 25% 4549 LSU rDNA @71 Q| 7tz F7bs o] (Table 5.1)
MAFFT softwareE AFg3ste] AHE O™ (Katoh and Standley 2013),
Gblocks v 0.91b =Z=EIJHE  JI 9 9 AZ Holgr}
| A = 3t} (Castresana 2000). Maximum-—Likelihood (ML) #41& RAxML
8.2.4 TR GTR+G+I EH& ARE3sto] SSUSH LSU rDNA g el

&l 535tk (Stamatakis 2014). F7}4 9% Bayesian (BI) #4&

MrBayes 3.2.7a SR T 3 of A GTR+G+I 24 At

ofo
ol

],

£

T3 % 2t} (Ronquist et al. 2012). Markov chain Monte Carlo (MCMC) 34 -&
4719 chainl @ A3t 1004t & 1719 A=" dIEZ 1,000,000 A=

AAEAT o] 24 F, Hx4 2,000 AsTF

Fl[‘

Al oA A=

2
of

&7

-

FEHEY. 24 B 4

o_>L

H AEFe AAHE TreeView v. 1.6.6 (Page
1996) ol =2 ¥ 2}, Bayesian posterior probabilities (>0.50) ¥} bootstrap

2 Al%592 ZF branch node°l] XA & At}
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5.2.6. ¥A# 2o A

SSU%} LSU rDNAS] Fx}4 zpol= A iH wid9 Amphidiniums<
Estste  Amphidiniumol X AMEFA AYRHE 4 F(Ankistrodinium,
Apicoporus, Testudodinium, Togula) @} v n3st7] §s] ¥4 At} (Table 5.1).
Togula %3 Testudodinium?;2 971490l GenBankolA Ag+&o|307] W&
°of ztz} SSUSH LSU rDNACA Alej= et dd= A7 2] |71 +114
Ag (p—distance) &= MEGA XA Kimura 2—parameter @& AFE3}o] 43
9t (Kumar et al. 2018). Nucleotide ztolofl tidt FAZ #42 SPSS

10.0.7 =223 (SPSS Inc., Chicago, IL, USA) & AF&3sto] G35

32

.
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Table 5.1. Information of sequence using molecular analyses (Abbreviation: unpubl., unpublished; SSU, 18S small subunit

ribosomal DNA; LSU, 28S large subunit ribosomal DNA).

Species Strain Gene Accession No. Reference Analyses

Alkashiwo sanguinea CCMP 1321 SSu, LSU AY831412 Ki and Han 2007a phylogeny

Alexandrium catenella ACY12 SSU AB088280 Kim et al. 2004 phylogeny

Alexandrium catenella ATO08-7 LSU KX519400 Shin et al. 2017 phylogeny

Amphidinium carterae éigg—{(l)\lz SSU AF009217 Haywood et al. (unpubl. 1997) phylogeny and molecular divergence
Amphidinium carterae CCMP122 LSU KY 697980 Karafas et al. 2017 phylogeny and molecular divergence
Amphidinium cupulatisquama HG149 SSU LC056067 Yamada et al. 2015 phylogeny and molecular divergence
Amphidinium cupulatisquama T™M-96 LSU AB477346 Tamura et al. 2009 phylogeny and molecular divergence
Amphidinium gibbosum NY004 SSU ABg63027 Yamada et al. 2014 phylogeny and molecular divergence
Amphidinium gibbosum CCMP 120 LSU AY455672 Flo Jorgensen et al. 2004b phylogeny and molecular divergence
Amphidinium herdmanii CCCM 532 SSU AF274253 Saldarriaga et al. 2001 phylogeny and molecular divergence
Amphidinium herdmanii K-0655; MFJ10 LSU AY455675 Flo Jorgensen et al. 2004b phylogeny and molecular divergence
Amphidinium klebsii CMSTACO018 SSU EU046335 Cyronak 2007 phylogeny and molecular divergence
Amphidinium massartii CCCM 439 SSU AF274255 Saldarriaga et al. 2001 phylogeny and molecular divergence
Amphidinium massartii CCMP 1821 LSU AY455670 Flo Jorgensen et al. 2004b phylogeny and molecular divergence
Amphidinium operculatum TAK-0 SSuU AB704006 Horiguchi et al. 2012 phylogeny and molecular divergence
Amphidinium operculatum LSU AY455674 Flo Jorgensen et al. 2004b phylogeny and molecular divergence
Amphidinium steinii HG220 SSU LC054921 Yamada et al. 2015 phylogeny and molecular divergence
Amphidinium steinii SM17 LSU AY455673 Flo Jorgensen et al. 2004b phylogeny and molecular divergence
Amphidinium theodori Amth1303-1 LSU KY 697986 Karafas et al. 2017 phylogeny and molecular divergence
Amphidinium tomasii Amtol1412-2 LSU KY 697984 Karafas et al. 2017 phylogeny and molecular divergence
Amphidinium trulla K-0657; MFJ2 LSU AY455671 Flo Jorgensen et al. 2004b phylogeny and molecular divergence
Ankistrodinium armigerum SSU AB858349 Watanabe et al. 2014 phylogeny and molecular divergence
Ankistrodinium armigerum LSU AB858350 Watanabe et al. 2014 phylogeny and molecular divergence
Ankistrodinium semilunatum SSU JQ179861 Hoppenrath et al. 2012 phylogeny and molecular divergence
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Ankistrodinium semilunatum
Apicoporus glaber
Apicoporus glaber
Apicoporus parvidiaboli
Barrufeta bravensis
Barrufeta resplendens
Barrufeta resplendens
Dinophysis acuminata
Dinophysis acuminata
Dinothrix quadrilobata
Diplopsalis lenticula
Gonyaulax baltica
Gonyaulax digitale
Gonyaulax polygramma
Gonyaulax spinifera
Gymnodinium aureolum
Gymnodinium catenatum
Gymnodinium catenatum
Gymnodinium fuscum
Gymnodinium smaydae
Gyrodinium helveticum
Gyrodinium rubrum
Gyrodinium spirale
Gyrodinium spirale
Heterocapsa arctica
Heterocapsa niei
Heterocapsa triquetra

Karenia brevis

DAGS
GM17
GM17
DacmO3-26
SC277

M2
K-0487
UW394

CCMP409

MUCC273
GCCW991

GSSW10

CCMP 445
IFR10-193
MUCC285
CCMP718

LSU
SSU
LSU
SSU
SSU
SSuU
LSU
SSU
LSU
SSU
LSU
LSU
LSU
SSU
SSU
LSU
SSU
LSU
SSU
SSU
SSU
LSU
SSU
LSU
LSU
LSU
SSU
SSU

AY455678
EU293235
JQ179867

EU293238
MH732694
KY688183
KT203382
AJ506972

AY277639
LC583319
DQ444226
AF260388
AY 154963
AJ833631

AF022155
KJ508392

AF022193

DQ779989
AF022194
HG005135
AB120004
AY571369
AB120001
AY571371
AY571372
JQ247713

AF022198
AF172714
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Flo Jorgensen et al. 2004b
Sparmann et al. 2008
Hoppenrath et al. 2012
Sparmann et al. 2008

Luo et al. 2018

Wang et al. 2017

Gu et al. 2015

Edvardsen et al. 2003

Hart et al. 2007

Yamada et al. 2020

Gribble and Anderson 2006
Daugbjerg et al. 2000
Ellegaard et al. 2003

Jeong et al. 2005

Saunders et al. 1997

Nézan et al. 2014

Saunders et al. 1997

Ki and Han 2007b

Saunders et al. 1997

Kang et al. 2014

Takano and Horiguchi 2004
Hansen and Daugbjerg 2004
Takano and Horiguchi 2004
Hansen and Daugbjerg 2004
Hansen and Daugbjerg 2004
Nézan et al. 2012

Saunders et al. 1997

Tengs et al. 2000

phylogeny and molecular divergence
phylogeny and molecular divergence
molecular divergence
molecular divergence
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny



Karenia mikimotoi

Karenia mikimotoi
Karlodinium jejuense
Karlodinium veneficum
Kryptoperidinium foliaceum
Margalefidinium polykrikoides
Margalefidinium polykrikoides
Noctiluca scintillans
Paraamphidinium jejuensis
Paraamphidinium jejuensis
Paraamphidinium mootonorum

Paraamphidinium mootonorum

Paraamphidinium mootonorum

Paragymnodinium asymmetricum
Paragymnodinium asymmetricum
Paragymnodinium inerme
Paragymnodinium inerme
Paragymnodinium shiwhaense
Pfiesteria piscicida
Pheopolykrikos beauchampii
Pheopolykrikos hartmannii
Polykrikos herdmanae
Polykrikos kofoidii

Polykrikos kofoidii

Polykrikos schwartzii
Preperidinium meunieri

Prorocentrum lima

GMKUSJAP
CAWDO05

KMWLO1
LMBEV136
Pim05JulC4
GeoB 459
CCPKO06
LM2D349

AmDH2

vnd299
vnd299
JGD

JGD
Jeong2006-1
PPSB27

celll _clonel4

SSu

LSU
SSuU
SSU, LSU
SSU, LSU
SSU
LSU
SSuU, LSU

SSU
LSU
SSU
LSU

LSU

SSuU
LSU
SSU
LSU
SSU
SSU
SSU
LSU
SSU
SSU
LSU
LSU
LSU
SSU

AF009131

EF469238
MG365892
AY245692
KY693721
AY347309
LC438753
GQ380592

GU295202
KT371435

GU295205

LC516501
LC516500
LC516503
LC516502
AM408889
DQ991382
DQ371294
FJ947045
DQ975470
DQ371292
FJ947043
EF205013
EF152925
Y16235
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Haywood et al. (unpubl. 1997)

Salas et al. 2008

Li and Shin 2018
Litaker et al. 2003
Kretschmann et al. 2018
Ki and Han 2008

Thoha et al. 2019

Ki 2010

This study

This study

Hoppenrath and Leander 2010
Kim et al. 2015

Hoppenrath and Leander 2010

Yokouchi et al. 2020

Yokouchi et al. 2020

Yokouchi et al. 2020

Yokouchi et al. 2020

Kang et al. 2010

Park et al. 2007

Hoppenrath and Leander 2007a
Hoppenrath et al. 2009
Hoppenrath and Leander 2007b
Hoppenrath and Leander 2007a
Hoppenrath et al. 2009
Moestrup and Daugbjerg 2007
Gribble and Anderson 2007
Grzebyk et al. 1998

phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny

phylogeny
DNA  similarity,
divergence
DNA  similarity,
divergence
DNA  similarity,
divergence
DNA  similarity,
divergence
DNA  similarity,
divergence

phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny
phylogeny

phylogeny
phylogeny
phylogeny
phylogeny

phylogeny

and

and

and

and

and

molecular

molecular

molecular

molecular

molecular



Prorocentrum minimum
Pseliodinium fusus
Scrippsiella acuminata
Takayama acrotrocha
Testudodinium corrugatum
Testudodinium maedaense
Testudodinium magnum
Testudodinium testudo
Togula britannica

Togula compacta

Togula jolla
Torquentidium convolutum
Torquentidium convolutum
Torquentidium pirum

Torquentidium pirum

SERC

IFR1100
CCCM 602
MC728-D5
HG-163
MAE-18
HG229
KOM-30
K-0658; MFJ15
SCAPP K-0659
CAWD 58
LIMS-PS-2394
LIMS-PS-2394
PHIZB1
PHIZB1

LSU
LSU
SSU
SSU
SSU
SSU
SSU
SSU
LSU
LSU
LSU
SSU
LSU
SSU
LSU

EU780639
KJ508394
AF274277
HM067010
AB704004
AB704005
LC159582
AB704002
AY455679
AY568562
AY568561
MF948385
MF948386
MH469533
MH469535

Handy et al. 2009

Nézan et al. 2014
Saldarriaga et al. 2001
Henrichs et al. 2011
Horiguchi et al. 2012
Horiguchi et al. 2012
Pinto et al. 2017
Horiguchi et al. 2012

Flo Jorgensen et al. 2004a
Flo Jorgensen et al. 2004a
Flo Jorgensen et al. 2004a
Shin et al. 2019

Shin et al. 2019

Hu et al. 2020

Hu et al. 2020

phylogeny
phylogeny
phylogeny
phylogeny
phylogeny and molecular divergence
phylogeny and molecular divergence
phylogeny and molecular divergence
phylogeny and molecular divergence
phylogeny and molecular divergence
phylogeny and molecular divergence
phylogeny and molecular divergence
phylogeny
phylogeny
phylogeny
phylogeny
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5.3. 2%

5.3.1.

784 7))

M

Paraamphidinium gen. nov.

Description: Unarmored marine dinoflagellate. The cells are dorsoventrally
flatted. The epicone is smaller than the hypocone and has faint apical groove.
The cingulum is surrounded by hypocone. Nucleus is located in the center of
hypocone. The sulcus i1s shallow, opening into a teardrop—shaped and not
reaching the antapex. There are two types of life cycle: motile cell and sessile

cell. Sessile cells are surrounded by hyaline layer.

Type species: Paraamphidinium mootonorum comb. nov.

Etymology: The name “paraamphidinium” is combination of the greek

‘para— ‘and Amphidinium, meaning next to the genus Amphidinium.

Paraamphidinium jejuensis sp. nov. Figs 5.1, 5.2

Description: The cell is oval from the ventral side, and dorsoventrally
flattened. 35 — 38 um long, 27 — 30 um wide. The epicone is very smaller
than hypocone and is embedded into the hypocone in the sessile state. There
1s a faint apical groove at the posterior end of epicone. The cingulum is almost
surrounded the epicone, but the end is not connected. The sulcus is small and
shallow, located in the center of the cell. Nucleus is spherical, located in the

center of the hypocone. Many small chloroplasts present.
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Holotype: Thy type specimen was deposited in National Institute of Biological

Resources (NIBR) as NIBRDNOOOO0O01796.
Representative figures: Figs 5.1, 5.2.

Type locality: Pyoseon Beach, Jeju Island, Korea (33° 18'38.69"N,

126° 49'34.28"E).
Etymology: The name “jejuensis’ is a collection site, Jeju Island, Korea.

Habitat: marine sandy sediments.

5.3.2. 3H4 5A

A Aol 35.0 —38.0 xm (n = 10), WHE= 27.0 - 30.0 #m (n =
10)e]th. Alxze] Zo] of uu] uj&e oF 1.3 otk AX mjdeA etgdgoln
e o2 A3ttt (Fig. 5.1). 8t5+ 21 R otk (Fig. 5.1). A¥E7F 1z
oA w, AE= el Bk, THEAA ofgF EEsith(Fig. 5.1F).

Ef
e e v Ao fgek, skl 2ol

o

(Fig. 5.1 A,B,E,F, H).

Htgolth(Fig. 5.1 A, E, H). AF38H-ol= &= apical groove 7} =438,
FAAo7 FAeH(Fig. 5.1 A, E, ). F7E AF2 Z24%A7 apical

groove 7} 91X8k= A AelA FF7F AAFA 9=t} (Fig. 5.1 A, E, H). &<
Aoz =AW, 859 FYol IAFT(Fig. 5.10). FT9 F7E Adshe
;. =S ventral ridge 7b WEAHUTH(Fig. 5.1H). FrE HT Lo

antapex ol =&38FA] 1 A|EQ] =Fote] 9 Ast}(Fig. 5.1 B, E). F&an] 7
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&
¥ vz P (Fig. 5.1G), 7Yool £A8h, 71 t42td 9] amphiesmal

pattern ©] TzE 3T},

N
be
>
\S)
)
N
oflt
fu’
=
L
oft!
=
1o
Mo
of
oflt

)= #zEd o (Fig. 5.1 A, D),
+54 FHd u, Axs gddoln

(Fig. 5.1D). hyaline layer & #2%A]

FAA80 7 ## A3, dinokaryotic & X83F UNEAQl ZulH 27}
FAE U (Fig. 5.2). 9FAE AE AA Eaxska 9lom, (Fig. 5.2A, B).
T3, AgAQ mEZ=got BEHJIG(Fig. 5.20). 2 AES W
A=2AE xsla glom, Folo X3t Utk (Fig. 5.2 A, D). Amphiesmal
layer + out amphiesmal vesicle membrane ¥} inner amphiesmal vesicle

membrane ©] #ZE At} (Fig. 5.2E). Pyrenoid += -z A QkSkt},
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Figure 5.1. Micrographs of Paraamphidinium jejuensis sp. nov. (culture strain
PJ—2003PS—01). A — D. Light micrographs. A. Ventral view showing apical
groove (arrowhead). B. Ventral view showing teardrop sulcus (arrow). C.
Ventral view showing the nucleus (N). D. Motile cell. E — H. Scanning electron
micrographs. E. Ventral view. F. Left lateral view. G. Dorsal view. H. High—
magnification of epicone. Apical groove (arrowhead) visible under the
epicone. Ventral ridge connected the cingulum and the sulcus (arrow). Scale

bars = 10 #zm (A-G) and 5 gm (H).
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Figure 5.2. Transmission electron micrographs of Paraamphidinium jejuensis
sp. nov. (culture strain PJ—2003PS—-01). A, B. Longitudinal section showing
the nucleus (N) and the chloroplasts (C). C. High—magnification of the
chloroplast and mitochondrion (mt). D. High—magnification of the nucleus (N).
E. Detail of amphiesmal vesicles. The electron opaque layer (arrowhead)
exists below the amphiesmal vesicles layer. Arrow is out amphiesmal vesicle
membrane. Arrowhead is inner amphiesmal vesicle membrane Scale bar = 10

pm (A and B) and 1 pm (C — E).
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5.3.3. BAAEEA BA

SSU rDNA @71ALE(1,777bp) 8] AE &4 A3, s djFF PI-
2003PS—01 & Amphidinium mootonorum (GU295202) (= Paraamphidinium
mootonorum) @ 93.4%2 FAFES HTh LSU rDNA %7144 (907bp) 9
FAEE Ukl b= wiks P mootonorum (GU295205, KT371435) %}

77y 79.8% %} 83.3%2] AolE H.IATh

$29 A7ILS E3Feto] 27 & 509 SSU rDNA A d3} 25 4 45 £9

LSU rDNA Adge HAs9tt SSU rDNA Aol P jejuensis 9+ P,

r_{

mootonorum < =& AAE(99% BP, 1.00 PP)E Holy RIS

A5t (Fig. 5.3). LSU rDNA A5+ E ¥ AA%(61% BP, 0.95 PP) &

ol

Hol= ®7]wrol Y (Fig. 5.4). 28y, A IF3s @2 AAEE

B3l

o

3k, Amphidiniales &3 Gymnodiniales ol 3l 59 ASEERE
ZAFeFSITE (Fig. 5.3, 5.4). SSU rDNA 7% Amphidiniales %¢] #7]¢]
T8 A FEE[AOY, A herdmanii 9 P. mootonorum ©| Amphidinium
sensu stricto 153 w8 ¥+ S BT (Fig. 5.3). 184, LSU rDNA
AFFoAMe A, herdmanii = Amphidinium sensu stricto 7]

%38tk (Fig. 5.4).
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Noctiluca scintillans (GQ380592) ' Outgroup
10011.00 Dinothrix quadrilobata (LC583319)
_': Kryptoperidinium foliaceum (KY693721)

-0.72

Alexandrium catenella (AB088280)

100/1.00 oo Gonyaulax spinifera (AF022155)
L Gonyaulax polygramma (AJ833631)

e Prorocentrum lima (Y16235)
Heterocapsa triquetra (AF022198)
———————————————— Margalefidinium polykrikoides (AY347309)
2075 ¢ soons . .

< Gyrodinium spirale (AB120001) : .

H mnodinial

. Gyrodinium helveticum (AB120004) G¥ odiniales
Amphidinium cupulatisquama (LC056067)

7 F Amphidinium operculatum (AB704006)
oos 0% o4 Amphidinium steinii (LC054921)
9208 951,00 ~ Amphidinium gibbosum (AB863027)
93099 " r—[Amphidinium klebsii (EU046335)
os! 7 100/1 °°| [ Amphidinium massartii (AF274255)
_ 100/1.00 Amghidinium carterae ‘AF0092172
— Pheopolykrikos beauchampii (DQ371294) ™ Amphidiniales; Amphidinium sensu stricto
Gymnodinium smaydae (HG005135)
Barrufeta bravensis (MH732694)

100100k Barrufeta resplendens (KY688183) ciae
Gymnodinium fuscum (AF022194) SjsBOdiRion
Polykrikos herdmanae (DQ975470)
Polykrikos kofoidii (DQ371292)
Gymnodinium catenatum (AF022193)
Paragymnodinium asymmetricum (LC516501)
Paragymnodinium shiwhaense (AM408889)
sa/1.001 Paragymnodinium inerme (LC516503)

1.00 — Torquentidium pirum (MH469533)

| Torquentidium convolutum (MF948385)

Dinophysis acuminata (AJ506972)

Pfiesteria piscicida (DQ991382)

I—— Scrippsiella acuminata (AF274277)

- Akashiwo sanguinea (AY831412)
Ankistrodinium semilunatum (JQ179861)
Ankistrodinium armigerum (AB858349)
Apicoporus glaber (EU293235)

Karlodinium jejuense (MG365892)

Karlodinium veneficum (AY245692)

Takayama acrotrocha (HM067010)

Amphidinium herdmanii (AF274253) Gymnodiniales

-10.94

00
52/0.93

Karenia mikimotoi (AF009131)
Karenia brevis (AF172714) Paraamphidinium gen. nov.
I o Pa phidinium jeji is sp. nov.
90/1.00 Paraamphidinium mootonorum comb. nov. (GU295202)

99/1.00 Testudodinium corrugatum (AB704004)
|_|:Testudodinium testudo (AB704002)

100/1.00 | !: Testudodinium maedaense (AB704005)
99/1.00 Testudodinium magnum (LC159582)

Figure 5.3. Maximum likelihood tree of Paraamphidinium gen. nov. using SSU
rDNA sequences. Additional Bayesian (BI) analysis generated similar
topology of the ML tree, and thus its Posterior probabilities (PP) were
incorporated into the tree. The first and second numbers at the nodes display
BP (> 50%) in ML and posterior probabilities (PP; > 0.50) in Bayesian
analysis, respectively. Branch lengths are proportional to the scale given.
Sequence from the genus Amphidinium in past and present are highlighted.

Species and genus in bold represents our sequence. Scale bar = 0.05

nucleotide substitutions per site.
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Noctiluca scintillans (GQ380592) I Outgroup
————————————— Dinophysis acuminata (AY277639)
63/0.97 Alexandrium catenella (KX519400)
_| I Gonyaulax baltica (AF260388)
) 100/1.00 Gonyaulax digitale (AY154963)
s Togula britannica (AY455679)
_I r Togula compacta (AY568562)
100100 Togula jolla (AY568561)
.00 [ PS€liodinium fusus (KJ508394)
L[ Torquentidium pirum (MH469535)
..1001.00L Torquentidium convolutum (MF948386)

1062 Margalefidinium polykrikoides (LC438753)
Kryptoperidinium foliaceum (KY693721)
Diplopsalis lenticula (DQ444226)
81/0.961 Preperidinium meunieri (EF152925)

—— Prorocentrum cordatum (EU780639)
98/ . s

Heterocapsa niei (JQ247713)
1 00[

Gymnddiniales

Heterocapsa arctica (AY571372)

Akashiwo sanguinea (AY831412)
- —|E Ankistrodinium semilunatum (AY455678)
57/ Ankistrodinium armigerum (AB858350)

Gyrodinium spirale (AY571371)
Gyrodinium rubrum (AY571369)
Karlodinium veneficum (AY245692)
Karenia mikimotoi (EF469238) Paraamphidinium gen. nov.
Paraamphidinium mootonorum comb. nov. (GU295205)
Paraamphidinium mootonorum comb. nov. (KT371435)
65/0.87 Par phidinium jeji is Sp. nov.
Gymnodinium catenatum (DQ779989)
Barrufeta resplendens (KT203382)
Gymnodinium aureolum (KJ508392) Gymnodiniales
Paragymnodinium asymmetricum (LC516500)
Paragymnodinium inerme (LC516502)
Polykrikos hartmannii (FJ947045)
100/0.68 Polykrikos schwartzii (EF205013)
Polykrikos kofoidii (FJ947043)
— 1 F Amphidinium operculatum (AY455674)

—— Amphidinium steinii (AY455673)
8 w'/ ; — wl ———— Amphidinium cupulatisquama (AB477346)
toonoob—__ Amphidinium herdmanii (AY455675)
TR I— Amphidinium massartii (AY455670)

Amphidinium carterae (KY697980)

Amphidinium tomasii (KY697984)
Amphidinium theodorei (KY697986 )
Amphidinium trulla (AY455671)
Amphidinium gibbosum (AY455672)

Amphidiniales; Amphidinium sensu stricto

0.10 057

Figure 5.4. Maximum likelihood tree of Paraamphidinium gen. nov. using LSU
rDNA sequences. Additional Bayesian (BI) analysis generated similar
topology of the ML tree, and thus its Posterior probabilities (PP) were
incorporated into the tree. The first and second numbers at the nodes display
BP &> 50%) in ML and posterior probabilities (PP; > 0.50) in Bayesian
analysis, respectively. Branch lengths are proportional to the scale given.
Sequence from the genus Amphidinium in past and present are highlighted.
Species and genus in bold represent our sequence. Scale bar = 0.05

nucleotide substitutions per site.

121



5.3.4. Amphidinium &< 2] SSU % LSU rDNA 171449 Fd24 Ao

Amphidinium, Paraamphidinium, Ankistrodinium, Apicoporus,
Testudodinium, Togula <2 SSU % LSU rDNA =Fo]+= Kimura 2-
parameter Ed % A4St %p-—distance® B AT (Fig. 5.5). ZF Zol
ol T §d4 zpolE vlwst A¥, Amphidinium 42 SSU 9 LSU
rDNA 324 =zo]7} 7V =9-Y (Fig. 5.5). Amphidinium® Paraamphidinium

& Abol 9] % p—distance dI5E Amphidinium % W p—distance AETH O

=S %S ROAT(Fig. 5.5). E

A

7rel % p-—distance A= ¢ &
zlolE HATY. o9 E o], SSU rDNA A A Amphidinium <3
Paraamphidinium % AFeleAd+= 1583 (SD = 467, N = 16),
Paraamphidinium <3 Avl) & Alolo A= 7.30 (SD = 1.85, N= 20)¢
A4S 49tk LSU rDNA Ao M= Amphidinium 43 Paraamphidinium
& Alole) A Gk 42.93 (SD = 7.71, N = 30), Paraamphidinium <3} Apvj
4 Abole] e 25.13 (SD = 6.46, N = 1) o= vetgth & 3+ 15

Apol= FAA O R Fo8F th(t—test, P < 0.001) (Fig. 5.5).
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Amp. between Amp. between
Amp. Para. 3 genera .
vs. Para. sister genera vs. Para. sister genera

L ]l | | ] L ]
Intra-genus Inter-genera Intra-genus Inter-genera

Amp. Para. 2 genera

Figure 5.5. Nucleotide divergences of the dinoflagellates SSU rDNA and LSU
rDNA sequences based on corrected pairwise genetic distance (p—distance),
including Paraamphidinium gen. nov. Genetic distances between each paired
sequence were calculated by Kimura 2-—parameter model. Bar heights
indicate % p—distance measured for intra—genera le.g., Amphidinium (Amp.),
Paraamphidinium (Para.), 3 genera including Ankistrodinium (An.),
Apicoporus (Ap.) and Testudodinium (Te.) in SSU rDNA analysis and 2
genera including An., and Z7ogula (To.) in LSU rDNA analysis] and inter—
genera [e.g., Amp. vs. Para. and between sister genera, including An. vs Ap.,
An. vs Te., Ap. vs Te. in SSU rDNA analysis and An. vs To., An. vs Ap., To.
vs Ap. in LSU rDNA analysis]. The values are shown as mean =SD
(Standard Deviation). Statistical analysis showed that the Nucleotide
divergence were significantly higher in Amp. vs. Para. than that calculated
between tested sister genera (t—test, *** P < 0.001, N = 36 in 18S analysis
and N = 41 in 28S analysis).
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5.4. E9

2020 3¢ #A ddeld Tee AMePARER wds PS—-2003PS—
012 & dAFoNM A& Paraamphidinium gen. nov.2] AMZL F P
JejuensisZ 71=H vt i FEH SA ol Amphidinium mootonorum
(=Paraamphidinium  mootonorum)® AR, =%  AHd =

Amphidinium sensu stricto ¢ FQ HHZH 5AQ d%o=x sl 2

o

AF7F AEEQon, 13 e W Testudodinium 49 FEHZA 537

v}

st o 7

ofN

o] Hej4 EA 2 v st (Table 5.2).

Jdo
Oll

WA Paraamphidinium  mootonorumC.% AN\ Amphidinium
mootonorume =Wl 201396 HFo 2 B EtH(Shah et al. 2013).
st Wik A, mootonorume ATFAA WA OH, 7|E T3 7AE A
mootonorum® L3 FEHE S-S 7HR oldst P mootonorume P
Jjejuensis®t FAFSE FE|E 7FA| 31 QltH(Table 5.2). d& &9, AXE7} 1%
AEHd W, AR Wi sEE AS5S FolAle AFTE sk el =Eisteld,

2 #2 apical grooveZ} A5 shE- YAsta Ao FAHE T (Table

‘1

5.2). T v weEWe FHE HolY, & Alx T

B

2

| 9133, pyrenoide=
#&2E % =t} (Table 5.2). 28y ZA & wjekF P jejuensis$t P

mootonorum> 5 F72 YA e Mo Heko 7 FHET(Table 5.2).

Paraamphidinium 48 Testudodinium €2 AX7} 12 Aed wj, A7}

Olt
—_

st iAol I

)

E o] F-AFet}(Fig. 5.6). 18y, Testudodinium®]
T8 Fed 59 AFo| E=A3F= longitudinal furrow”} Paraamphidinium
Sold FEE A ki, pyrenoide TEEHA] ¢Fth(Table 5.2, Fig. 5.6).
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Wl 2 Testudodinium 490X Paraamphidinium®™ 32] QXA  x}o] =

B At (Table 5.2).

Amphidinium herdmanii= A. mootonorum3 Amphidinium sensu stricto=
R E AL, A mootonorum®] & EH 4 W, AF2] FE7F [fAFSEAL apical

groove¥} ##E = AV FE|E 5 QlOv, Paraamphidinium %3 A 32

1o
ko
o
0,
=
N
S
%)
fuj
=
“

7], a2 sH- EO fF, T4 9A, pyrenoidd

T T FEHA Ao]®= FFEEUTH(Table 5.2).

Amphidinium operculatums Amphidinium® 7|50, Amphidinium
sensu stricto® %3t} Paraamphidinium® % AH AES vlwstd S o,
dEo 7 ot #A> AFE 7H 5ol fASHAIRE, a1z AHCl AT}

T T —

=AEA ear, ;e 9A, T fAACNA FEA R AolE B (Table

A Heerx o7 Paraamphidinium-< Testudodinium ul

Amphidinium F89& #1st, oleld Fusta o2 Fa AHom
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Table 5.2. Comparison of the morphological characteristics of PFaraamphidinium jejuensis sp. nov., Faraamphidinium

mootonorum comb. nov., 7Testudodinium and Amphidinium species.

P.
P. Testudodini Amphidini A.
Character Pamt.m'tp htd.mlum mootonorum 2 eommeo mmgn T. maedaense’  T. magnum4 T. testudo’ e mlfl.sm 6
Jejuensis Koreal mootonorum  corrugatum herdmanii operculatum
25.0-32.5 20.0-27.5 37.5-55.0 27.5-35.0
Length (L, um) 35.0-38.0 38.0-52.0 30.0-50.0 (29.3) (24.8) (45.6) (30.8) 20.0-31.0 29.0 - 50.0
. 15.0-25.0 15.0-20.0 27.5-52.5 20.0-27.5
Width (W, pm) 27.0-30.0 28.0-42.0 24.0-44.0 (22.7) (16.6) (43.0) (22.5) 15.0-25.0 21.0-28.0
. . . Ovoid or
Cell shape Oval Oval Oval Oval or circular Oval Subcircular Oval Ovoid or Round L
ellipsoidal
Err_lbedded Yes Yes NA Yes Yes Yes Yes No No
epicone
Presenge of No NA No Yes Yes Yes Yes Yes No
pyrenoids
Apical groove / . . Longitudinal  Longitudinal  Longitudinal ~ Longitudinal .
longitudinal furrow Apical groove NA Apical groove furrow furrow furrow furrow Apical groove NA
Position of sulcus Center of cell NA 0.7 of Center of cell  Center of cell ~ Faint sulcus One-third of Below end of - Lower one-third
cell length cell length the cingulum of the cell
Shape of sulcus
(LM) Tear drop Tear drop Tear drop - - - - - -
Position of nucleus Center of Center of Center of Posterior end  Posterior end  Posterior end  Posterior end Posterior Posterior end
the hypocone the hypocone  the hypocone
Shape of nucleus Circular Elongate oval Elongate oval NA NA Kidney shape NA Crescent  Crescent or oval
Sessile cells Yes NA Yes Yes Yes Yes Yes No No

NA; not available; '"MShah et al. 2013; 2Murray and Patterson 2002; *Horiguchi et al. 2012; “Pinto et al. 2017; Murray et al. 2004; SLee et al. 2013
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AG "

Figure 5.6. Line drawing of Paraamphidinium jejuensis sp. nov., Genus
Testudodinium, Amphidinium operculatum. A. Paraamphidinium jejuensis sp.
nov. There is an apical groove (AG) at the posterior end of epicone. The
nucleus (N) is located in the center of the hypocone. B. Genus 7estudodinium.
Longitudinal furrow (LF) is located in the epitheca. Pyrenoid (Py) is located
in the center of cell. The nucleus is located in the posterior part of the
hypocone. C. Amphidinium operculatum. The epicone is deflected to the left.
The nucleus is located in the posterior part of the hypocone. (N; nucleus, VR;

ventral ridge, Py; pyrenoid). Scale bars = 10 gm.
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2 AFeA SSUQ LSU rDNA Al Amphidinium sensu  stricto®}
Amphidinium sensu lato, Paraamphidinium <& X33t 34 2579 dAA =
AmEtdet, o= 59, Amphidinium sensu latool %3} Ankistrodinium,

2~ O EEE:]-]_

Apicoporus, Togula <52 53 7\tS WA, Amphidinium 43 s

gh

2859t} (Fig. 5.3, Fig. 5.4).

P. jejuensis®t P. mootonorume= "%~ 2}l 9% 072 sl AF7F b E ),

e

o)== Amphidinium sensu stricto?] E}Z A 2olo] %3t} (Fle Jorgensen et al.
2004b). 28, AlEFoNM Amphidinium sensu stricto®} FHAowE W
FAAAE B (Fig. 5.3, 5.4). IA ATFolA A. corrugatum, A. testudo, A.
mootonorums- FEZA SR E71F WAl o Amphidinium  sensu
stricto® 55 t}(Fle Jergensen et al. 2004b). sFA %t Testudodinium <5l
et < AFE Amphidinium sensu strictod}2] 34 WHolE =Wl
2y Fol tj$ AxAbE 9= Fth(Horiguchi et al. 2012). o]d A<}
Testudodinium®™ Paraamphidinium® @9 A% branche ¢]&°¢] FdAo=%

Mz =] AS& AlAbstt(Fig. 5.3).

LSU rDNA AESoNA Paraamphidinium 42 A%< SSU rDNA A%E49]

A A & Btk e A == B9}, A= Ankistrodinium™@}

Paraamphidinium% ~Fo19] #A}3t bootstrap #¥ % p—distance A& P
jejuensis®} P. mootonorum®] E43 £Ho7 EHI|FLS JAE £ 9gss

HoFEth(Fig. 5.4, Fig. 5.5). ®¥bdol, A. herdmanii= Paraamphidinium>}
BEI#+S At ko LSU rDNA AlEFolAE Amphidinium sensu
stricto?} 717 A EA T (Fig. 5.4). A. herdmanii® AZ t©E branch

topology7b 7bedt o= F AlETFeld w4"E AVIMEe] MR oE
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HleFEolA Qlold EAH S0 xjo]Z mels] wRel},

ol AFANN A herdmanii®t A. mootonorum® AGEF8A WA=
A TEE A &kt (Fle Jergensen et al. 2004, Karafas et al. 2017).
s o, WdT A herdmanii K—0655 (AY455675)¢F widT A
mootonorum K—0656 (AY455676) 22 7|1 = I8kl th(Karafas et al.

2017). 28y B AFoA wlekFE A, mootonorum AmDH2(KT371435) ¢}

B et

ol

A vl (GU295205) & A. herdmanii®t 32 ¥7)7-& 4

S Y, pyrenoid®] F-A o A 5= 1HdD W, A mootonorum®]

2
m

A EAL A herdmanii®. Tty P. jejuensisell Tl 7}7FoF sttt upeba], sk

[e)
T

_l

okl At w7V A, mootonorum®. 2 IFEEFGE 1, Pl K—0656S

LSU rDNA AlF<ollA] Al 2] st
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sulcus®  FH 2  pyrenocid® HA T  HEA SAHo] #AHIJI,
Amphidinium mootonoruml A% 22 53o] #ZEt. BExAEsH FA
Ay, A dH wdFe A, mootonorum i< Testudodinium <3}
Amphidinium sensu stricto®t= w2l¥ 5§ FQ0 7|7S AT A4

O 2 A& Paraamphidinium gen. nov.= AR5, AT EA A wAR

2
i

A NARZFE AF Paraamphidinium jejuensis sp. nov.Z H3}
mootonorunrs Paraamphidinium mootonorum comb. nov.Z ©]%8 718 et

gt
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Abstract

Benthic dinoflagellates are important primary producers of benthic ecosystem,
attached to algae or coral, or inhabiting sandy sediments. About 190 species have been
reported worldwide. Most of benthic dinoflagellates have been reported in tropical and
subtropical regions, and some species are toxic, rasing interest in the occurrence of
benthic dinoflagellates. In Korea, many studies have been reported on the occurrence
and distribution of epiphytic dinoflagellates, but no studies have been reported on the
seasonal occurrence and species diversity of sand-dwelling dinoflagellates in intertidal
zone. In particular, Jeju Island have recently changed from temperate to subtropical
regions due to rising sea temperatures due to global warming, and the appearance of
tropical and subtropical benthic dinoflagellates is estimated to increase, requiring
continuous monitoring. Therefore, it is necessary to study the occurrence and species

diversity of sand-dwelling dinoflagellates in Jeju Island.

In this study, the species diversity and seasonal appearance of sand-dwelling
dinoflagellates in the intertidal zone of Jeju Island were identified, and phylogenetic
analysis was conducted on two Heterocapsa species, one Amphidinium species and

one new species that appeared and cultured during the investigation period.

In order to investigate the species diversity of sand-dwelling dinoflagellates in the
intertidal zone of Jeju Island, these were isolated and established at 16 stations from
2017 to 2022. As a result of morphology, a total of 12 genera 22 species appeared, and
among them, 9 recorded species, 3 unrecorded species and 10 unidentified species
were included. In particular, 8 genera appeared on Pyoseon Beach. From March to

August 2022, samples were collected at 12 stations at Pyoseon Beach to study the
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seasonal occurrence of sand-dwelling dinoflagellates. The abundance of sand-dwelling
dinoflagellates was the highest in June, and the number of species was highest in
March. In addition, in June and July, there were more number of species in the lower
part than in the upper part. Amphidinium carterae, A. operculatum, Prorocentrum

concavum and P. rhathymum, known as toxic species, appeared.

Two Heterocapsa species were isolated and incubated at Hado beach in April 2018
and Pyoseon Beach in March 2020. As a result of morphology using LM, SEM and
TEM, the morphology of H. pseudotriquetra and H. horiguchii were consistent with
those described. In addition, molecular analysis using ITS and LSU rDNA showed that
H. pseudotriquetra and H. horiguchii had identical phylogenetic positons and were

distinct from other Heterocapsa species.

In March 2019, Amphidinium species were isolated and incubated at Sinyang Beach.
As a result of morphology using LM and SEM, morphology was similar to those of
Fiji strain A. fijiense. As a result of phylogenetic analysis using ITS and LSU rDNA,
Sinyang strain formed the same clade as sequence of Fiji strain A. fijiense and were
distinctly separated from other Amphidinium species. As a result, Amphidinium species
isolated at Sinyang Beach and incubated were reported as unrecorded species A.

fijiense.

Finally, cells that are morphologically similar to Zestudodinium were isolated at
Pyoseon Beach and incubated in March 2020. Morphological analysis showed that
unidentified species isolated at Pyoseon Beach were found to morphological
characteristics such as the absence of pyrenoid and the teardrop-shape sulcus, and the

same characteristics were observed in the Amphidinium mootonorum. As a result of
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phylogenetic analysis, Pyoseon strain species and A. mootonorum group formed and
independent clade separated from the genus Testudodinium and Amphidinium sensu
stricto. As a result, new genus Paraamphidinium established, the taxonomic features
of new species P. jejuensis were described and 4. mootonorum was transferred to P.

mootonorum.

In conclusion, we identified the sand-dwelling dinoflagellates and confirmed the
appearance of sand-dwelling dinoflagellates in intertidal zone on Pyoseon Beach.
Based on this, new genus/new species and unrecorded species were discovered and
morphological features of the two Heterocapsa species were re-described. Some
benthic dinoflagellates have been estimated to be affected by sea temperature, and the
appearance of subtropical species of toxic species may show potential risks to human

health. Therefore, continuous monitoring of sand-dwelling dinoflagellates is important.
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