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Abstract: The morphological characteristics of the bloom-forming dinoflagellate

Hyeon Ho Shin Akashiwo sanguinea isolated from Jangmok Harbour, Geoje in Korea was examined
Tel. 055-639-8440 using light and scanning electron microscope (SEM), and its large subunit (LSU) rDNA
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was sequenced. Additionally, investigation was done on the effects of temperature and

salinity on the growth of A. sanguinea.The cells were dorso-ventrally compressed up to
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54.7-70.3 um long and 31.5-48.5 um wide. The epicone was conical while the hypocone
was separated into two lobes. The nucleus was positioned at the center of the cell. The
yellow-brown chloroplasts radiated close to the cell center. SEM observation indicated

that A. sanguinea has an e-shaped apical groove. Molecular phylogeny based on LSU
rDNA gene sequences revealed that the A. sanguinea strains isolated from Jangmok
Harbor were classified in the clade of ribotype A.The maximum growth rate (0.50 day ™)
was observed at 20°C and 20 psu, while the maximum cell density (1,372 cells mL™") was
observed at 25°C and 30 psu. This indicates that the blooms of A. sanguinea ribotype A

in Korean coastal area are affected by water temperature, rather than the salinity.
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1990t o] F, gk AQto|A AxE T2 HEX
5 (dinoflagellate) ofl oJofl Lol et SPHBE X F= 3
T (thecal plate) = 7}Al= FZFFHE X R (armoured
dinoflagellate) &} 7S 72| 2] ¢h= R QAR X R
(unarmoured dinoflagellate) 2 0] =&=H|, Lol F
sfepm x50l ofg {27} Wek) WA 9]

S HR 271 Akashiwo sanguineat= 19229 ‘?:'_
Kozusa-ura Gokasho THolA - H A2 E T3 &
EAo] 207 7|55 © ™ (Hirasaka 1922), ©] £
2Jolo 2 = Hx L S8 EGHGHo] D_]]/\]_?l_, o}
H27h = 5 o9 vet AgtolA EAsk itk (wa
et al. 2001; Yu and Hao 2009; Hao et al. 2011). A. sanguinea
= 7= Fo|AW 1dEE FASHA E e, vlFs} &
& (saponification) | 2]l sfZF APEI} A4 FES 1
AR A = e Aoz I A Tk (Botes et al. 2003;
Jessup et al. 2009). L |2, L2O] 72 Ariakesljoll 4] 7
O] st A4S oA Rl Fo 8 FA I Utk
(Matsubara et al. 2007). SFAIRY, =t AQYOl|A] A. sanguinea
Az WS gelo 2 3t mlaAt7) ol Rz Rud
Aol glot A. sanguinea A= HolQt oA FH L
S AL 917) ool A fofEolet # 4 %
T} (Lee et al. 2005).

Az 3= tf'd/d (HABs; Harmful Algal Blooms) <~
KelNe: = 03]0120\'—1 i7]— ﬁlﬂ _,] ]:]-0}:0]- O]g}-_ﬁj'—@ /\o 6_]—

1y A, =
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1990; Steidinger et al. 1998; Wong et al. 1998). 55|, A%t
ME a3 A 2300] Az A Ao 9lojA o
SR qEE 5P| o, ActelM ] 2 2 A
Sofl thet 2z ¥Ql Fol A A= e e
(Juhl et al. 2000).
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1. Akashiwo sanguinea 22| 9 ¥ 25

A. sanguinea®] ¥iFT SHE 95l 20163 11€ 7€l
AA 453 (34°59'39.1"N, 128°4028.8"E) 9| A ©] F-2]

128.2°E 1284°E 128.6°E 128.8°E

Fig. 1. Location of sampling site (A) and water discoloration caused by Akashiwo sanguinea (B) in the Jangmok Harbour of Geoje Island,

Korea.
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Z A A9 sllE AR ST (Fig. 1). AR AlEs
= 73 ofollA] Pasteur pipette= ©]-8-5to] A ZE &
2|5} 11, 96-well plate (Eppendorf Hamburg, Germany) ]|
f/2-si BjZ1E 7Foto] HERt &, 2= 20°CollA B
Ak

SHE Nz= Fotdn g2

ol
o

Eofl Az AHE =l
11, 6-well plate (Eppendorf, Hamburg, Germany)©ll 3%
o] 25 20°C, A& 30psu ¥ 9 2k 100 pmolm s oA &
A Wi st Rb=afi st ] A I B AT
of Y1xI%t HFAEELAE 7S EEE7 ol LIMS-
PS-2587, 2588, 2589, 2590, 2591:3_ SEoFA

vy

]_

ol

O

X
=2

=

2. Akashiwo sanguinea2] HEelX

r=

A. sanguinea®] FENH EA2 FtAT]7 (Primo Vert;
Zeiss, Germany) ¥} T=AFAZFA W] (JOEL Ltd, Tokyo,
Japan)= o]-g-5to] TSI FAPAAE R & FoF Al
I ZEe A7 A o] HjFEE HEE T 29591 AFALSH
QA5 (osmium tetroxide; OsO,4) I E&oto] 1417 &<t
TAT T of|ek2 A]2] 2 (10, 30, 50, 70, 90, 99, 99%) & 15
A graeoto] QAR (critical point drying method)
Soll Ax AFE AZXH A RE aluminum stub©f] 1
Stal W55 9 (platinum) Shof 2 9 Z g2 SHAT

_‘

3. Genomic DNA #£=, PCR&5Z 4l
=4

DNA &71Mg

A. sanguinea®] 7058 £/ 1}2FS 915} Large subunit
ribosomal DNA (LSU rDNA) 17+ 45 3o}t 2
Ae fs) 8 2A 9] HlYgF 1 mLE 1.5 mL tube
off 255t olF dHENZ F5 R e AA

sto] -20°C 9] We ol BTt Genomic DNA 5
= 9o DNeasy Plant Mini Kit (Qiagen, Valencia, USA)
0|85t 1, LSU rDNA 552 forward primer: 25F1
(5'-CCGCTGAATTTAAGCATAT-3'), reverse primer:
25R1 (§-CTTGGTCCGTGTTTCAAGAC-3") S A-&3}
AT (Kogame et al. 1999; Yamaguchi and Horiguchi 2005).
PCR §F-g-H9] 79, 5 uL 10X Ex Taq Buffer (Mg’ plus),
1.25 U Ex Taq polymerase (Takara, Japan), 1 uM primer %
1yL DNAS 5t 2F souL”t ==5 51914, PCR
432 Eppendorf Mastercycler ep gradient (Eppendorf)

1 O

Bloom-forming dinoflagellate Akashiwo sanguinea

O =2 pre-denaturex= 95°COllA] 22, denature= 95°C°]|
sseCcolM 14, 72°CO]
Al 142, post-elongation= 72°COllA] s&7F AA|SHAT
=3 H]-_-__,] 742 303 HHE A]5Y Pl © 2, PCR AELS 1%
agarose gel©ll 7R} Midori Green Advance (NIPPON
Genetics, Co., Ltd., Tokyo, Japan) = FA5}to] Uvsto] A
DNA HHEE S<I5H3ATh 4 A%E PCR product cloneS2]
DNA sequencing+> QIAquick PCR purification kit (Qiagen,
Hilden, Germany)S ©]-&3}] ABI PRISM® 3700 DNA
Analyzer (Applied Biosystems, USA) 2. = =345} 3]t}

A 20%, annealing% elongation2

5} A. sanguinea®] F71A DS o]-&sto] FO| A
S -147_4% mpetstint. 71 A HIWE fls] A

25 A7|A<E A HE NCBI (National Center for
Biotechnology Information; www.ncbi.nlm.nih.gov) & ‘&3l
A5k, & 35709 A7 o] Megav. 7.0.26 271
W (Kumar et al. 2016) 2.2 HE 2 HA 5 04\1]' S H = Hj
&5-2] LSUDNA 412 &3l €2 871492 Genbank
ol Accession No. MK571205~9= 5555 ‘—4' AR RU
o] 626kbe] HEH A7IMYE AR (dataset) & = &
AL Prorocentrum micans (KT860563)} P. rhathymum
(HFS$65181)+= out group2 & 5}] jModelTest version
214 Z2 080 2 BAHSIGth (Darriba et al. 2012). A
5512 B2 TN+ GEY (A:C:G:T=0.2491: 0.2052:
0.3020: 0.2408; p-inv=0; gamma shape =0.8720)< A}-&
ShITE. TLe| 0 AlS A {AA EACA Hlo] = &
(BI; Bayesian Inference)~> MrBayes 3.1.25 A8, ]|
AR (ML; Maximun-likelihood analysis)t RAxML
< ©]-85FtH (Ronquist and Huelsenbeck 2003; Stamatakis
2014). ZH-FAREA A AT9] ZF branch®] A2 k=
1,000%] 2] bootstrap= ©]-&5t Tt 40| R E o] %o
+ 2AEINE BB o g St 7 F 7] Al RAuAE
Hole RAATES Ao, 2AAEES] Sl
Tree-View 4.5 T2 17 0 2 S=8j5}3Ict.

A. sanguinea®] /37 W3S melobr] Qo 2= 22
5,10, 15, 20, 25, 3O°C-o’] 6]%_}_7:“; o\::l]li‘ z71e 15§, 20, 25, 30,
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Fig. 2. Relationship between cell density and in vivo chlorophyll
fluorescence of Akashiwo sanguinea.

35psul] SHAE X3t 30%74194 Z27, 2283 FFE
100 pmolm 1o 2 o] A

47374719 A. sanguinea's £/2-si ¥l 30 mL2} 27
HjFEHof| HZMEUET} OF 1.0x10% cellsmL™'0] H &
= AFSIH o] ¢ N EEE HekE Estr] 98] o]
E M 02 FY ARl 33 =A| (10-AU-Fluorometer,
Turner Designs, USA)E ©]-8-5}9] in vivo chlorophyll B3
= S A2 e AuEe T AHd7l
otd el AHAAE S kAt (Fig. 2). 4
A4 (growth rate) = H47dS Hole 7|7t 52t
AZD =S o]-gsto] ofgfo] Ao tiYdsto] A4tstAtt
(Guillard 1973).

1 N

e N
u: 9L (specific growth rate; day ™)
No, Ne: T/ 71014 2719F A7 (day) -] Al ZE =
At: HE374719] 7171 (day)

22 9 o

1. Akashiwo sanguinea2| HEj™ E%

A. sanguinea®] M| EE= RO = —'—7‘H6]'U1 LZFg ol et
(Fig. 3A, B). A1 Z£.2] Z 0] 54.7~86.5 um, &2 31.5~62.2 um
2 UERE (B Z0]: 703 pm, Bk = 48.5um, n="50),
Azl Zojet £9] H= 1.39 T (average: n=50). Al

o] @e AE ] $410] 571k Ok 4% (epicone)
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Fig. 3. Light micrographs of Akashiwo sanguinea. A. Ventral view.
B. Dorsal view. C. Ventral view median focus showing the posi-
tion of the nucleus (n). D. Dorsal view median focus showing the
position of the nucleus (n). Scale bars: A-D =10 um.

2|4 1X5H T (Fig. 3C, D). G&A= S22 A
I Ao WA A (Fig. 3A~D). g WH-F ol
HEY 0|30, 5T (apical groove)= FFA 1] 7 /]
A Holz] &kt 515 (hypocone) = 17+ 557H4] A
Ao 91, 2712] A (lobe) 0.2 W At XA ]
7d 02 TSt A sanguinea®] A= sulcus ] 7H-$ A5l
7 A7 52 dfZofl intercingulum region©] 53k
CF (Fig. 4A). 35} 515-9] Zol= frAst Tt (Fig. 4B).
AFTe Gl e RO 2 RE Yl (Fig. 4C, D).

A. sanguinea®] FE|= ribotypeol THt 27] Zpol= Q)
= 7 AN FHE 540 s FEHA] et (Luo et al.
2017). &R0l A SHE eF HjFS= Hirasaka (1922)°1 ©]
s Med =l dT2] FH 543 Cho et al. (2008)°]
ofsf A& = W] FEiA 543 frAksk AL, 2
71E 71E A wldTE Aol & Ko7k ik
2HA, A. sanguinea= Bl FT0ll what A|ZLo] Zojell= ozt



Bloom-forming dinoflagellate Akashiwo sanguinea

Fig. 4. Scanning electron micrographs of Akashiwo sanguinea. A. Ventral view showing the finger-like projection of the epicone (arrow). B.
Dorsal view. C, D. Detail of apical groove showing e-shaped feature (arrows). Scale bars: A, B=10um, C, D=1 pm.

2. Akashiwo sanguineal] |5 278X EM

o wopr @790 A8k fATAL 4749
ribotype &= == 2T} (Fig. 5). 4709] ribotypelAl =
e A, Aotzelrt S, wEME A 715
2] (isolate) 51} 7 ribotype Al &5F3ITt. 12|12
ribotype Bolli= A7IEE, 3h= (114]), HIA . SO 25 H
71558 2877t ZE ] /110, ribotype COll= Hl=
3119 9] 2], ribotype DOfl= ZFsliol A 7154 E2]F
o] a3tElo] Aqieh

Luo et al. (2017)°] Aol ©|5HH, A. sanguinea Wl A

ribotype A= X AAIH 2 Bxotal QI3 BAHAE WA
9] 71gto] x|7] wfjiZof|, ThE ribotypeE-> ribotype A°lIA]
Y= AE 4 AUTE =Wl B A, sanguinea T 5
oA A= Foll A Bl gt BT 5 ribotype Al &5}
R, e 3174 9] S0l A Z2]_t Bl ribotype Bl
%513t o] Aik= =] AQtoll A ThgRt ribotype©ll &
5= A. sanguinea7]' Zdolal Q1AL o) k2 A E
430] ribotype AT 7F54o0] ke AL Uhehdick

3. 259} HE H3loj| U2 Akashiwo sanguineal)
G

2L o Po] Hale] W A. sanguinea] MEZILL H
2}= Fig. 69 HEFH AT A. sanguinea= 5°CE A <2t &
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61/-| Akashiwo sanguinea MK571206 South Korea Jangmok

89/0.78 Akashiwo sanguinea KF793277 China

99/0.92

100/1.00

100/1.00

75/1.00

98/1.00

Akashiwo sanguinea AY831411 South Korea Jangmok

Akashiwo sanguinea AY831410 South Korea Jangmok

Akashiwo sanguinea AB232670 Japan

Akashiwo sanguinea KY817602 East China Sea
Akashiwo sanguinea KF878933 China

Akashiwo sanguinea MK571205 South Korea Jangmok

Akashiwo sanguinea MK571207 South Korea Jangmok
Akashiwo sanguinea MK571208 South Korea Jangmok
Akashiwo sanguinea MK571209 South Korea Jangmok

Akashiwo sanguinea KY817603 East China Sea
Akashiwo sanguinea U92253 New Zealand
Akashiwo sanguinea AF042817 South Korea Haengam Bay

Akashiwo sanguinea AY243964 South Africa
66/0.90 Akashiwo sanguinea AF260397 Canada
— Akashiwo sanguinea DQ779988 USA
Akashiwo sanguinea AY831412 USA
Akashiwo sanguinea DQ779987 USA
Akashiwo sanguinea KF533112 USA
Akashiwo sanguinea AF260396 USA
—— Akashiwo sanguinea KF533111 USA
Akashiwo sanguinea KJ655530 USA
Akashiwo sanguinea KF533113 USA
Akashiwo sanguinea KF533114 USA

|_Akashiwo sanguinea KP790171 Mediterranean Sea
68/0.94. Akashiwo sanguinea KY817606 Mediterranean Sea

——]

0.0050

Ribotype A

Ribotype D

Ribotype C

100/1.00| Akashiwo sanguinea KY817601 East China Sea
Akashiwo sanguinea DQ156229 Singapore
Akashiwo sanguinea KY817604 Malaysia

Ribotype B

Akashiwo sanguinea KY817605 Malaysia

Akashiwo sanguinea EF613348 South Korea Goseong
Akashiwo sanguinea JQ616840 Mexico
Prorocentrum micans KT860563

Prorocentrum rhathymum HF565181

Fig. 5. Maximum likelihood (ML) tree showing Akashiwo sanguinea phylogenic position based on partial nuclear-encoded LSU rDNA se-
quences. The newly acquired sequences in this study are indicated in bold. Prorocentrum micans (KT860563) and P. rhathymum (HF565181)
was selected as the outgroup. Ribotypes were labeled according to designations by Luo et al. (2017). The numbers on each node are the
bootstrap values (%) and the Bayesian Posterior Probability (PP). Only bootstrap values above 50 and PP values above 0.7 are shown. Scale

bar = number of nucleotide substitutions per site.

= 25 HelolA S B, -2 30°CollA ’é’é}
Algto] AR, 10~25°Co] 2= H{loA = BE
oA gdS BTt ﬁm/\ﬂ;&g‘i(maximum cell
density)= 2 25°C, AE 30 psuoﬂfq 1,372 cellsmL™'2
LrERA T

A. sanguinea®] 73730 FFE T 2= D A& AAE
5ol 75 Aol tiet contour plotting% Fig. 79 Y
Eioltt. 1 A3} M4 HEE (maximum growth rate)

r{m 2
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£ 22 20°C, A 20 psu 274 0.50 day ™' = YERLT,
HAAZZ=zA (optlmum growth condition, QAT EE
©] 80% O 7H2 2% 15~20°C, = 17~23 psu H <
At

A. sanguinea®| 2| JFEEL}E 230 AT 2 A2
et ol AFAO] vl W H-8-Z Table 10 HEFH ST
AA = ZFEol A FHe vifT= =l k2 s YellA
w5 FFET HHE A ZpolE =],
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Fig. 6. Growth curves of Akashiwo sanguinea under different combinations of temperature and salinity. The different curves in each tem-

perature panel represent experimental salinity.
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Fig. 7. Contour plot of Akashiwo sanguinea growth rate (day ™)
under different combinations of salinity and temperature.

Aol A Z2et MigT (H 9= 25°C) Rk
A 2o A, S Gl et BT (A2 x: 16°C)
H

The 1204 H g x270E H Tk (Lee et al. 2008;

d Oh 2014). SFAITF, Baek and Joo (2012)7} 5
FollA et #jdT7t el A 2 A
FAT} A5 L% 20°Col A HRAAFEES 2
ok S EE ST SollA =5 Wit
0.5~0.54 day ' 2 7P =2 AL E Bt eluioF

-9} H|WolH, Y] Hakata THol| Al FHHE v 2
vijfsE ot 129 2Hgo) A v A whE 1.13 day 'O ]
AL E H I (Matsubara et al. 2007), 5= Sishili
ghe] B fT = 2 Hi TR 120 o)A H A =
2 0.41 day_l O] HPAAFELEE R AT (Chen et al. 2015).

A. sanguinea+= ribotype Fole] whe} XAz 0] tf
At} (Luo et al. 2017). Luo et al. (2017)< F55=5]°]
@t ribotype A9} BE] HI T2 2=l whE AE
t}. 71 A3} ribotype Bi= A°l| Hlo 11-29] 2H o
e HAAL, 15°C °I5te] Aol A= ARt
oF. whebA ARt wj et thE s oAl 2t
kol gzl Aol & Hol= Z2 ribotype©]
o] whet efubE 220 et 4-8o] o2
oo 2 wehe o] 5 &]lsh] flsiM= o= #i
S 5N A. sanguinea®] "3 Z71 Zpol7p A Apolz
Q= AR, s whE 2polzm 2= AR of o
b F7H A7 Daoith & AT AaES T
, A AR SR BIESH= A. sanguinear= FENZ =
AFSERIRE s o] wet fdotA o g ofd AlFoR
QL olell whet A x B3 o2 Uehe 2o R
T

Z| s FRF A sanguinea®] A EUtEt Aol

oS, o o 4>
32 ro 3

[
2

<
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Table 1. Comparisons of growth rates and conditions of Akashiwo sanguinea recorded from previous studies

Growth condition

Ribotype Source Growth rate (day ™) (temperature, salinity) Reference
Ribotype A Jangmok Harbour, Korea 0.50 20°C, 20 psu This study

- Jaran Bay, Korea 0.28 25°C, 30 psu Kwon and Oh (2014)

- Tongyoung, Korea 0.26 16°C, 30 psu Lee et al. (2005)

- Jangmok Harbour, Korea 0.54 20°C Baek and Joo (2012)

- Hakata Bay, Japan 113 25°C, 20psu Matsubara et al. (2007)
Ribotype A Sishili Bay, China 0.41 25°C, 20 psu Chen et al. (2015)
Ribotype A Xiamen Harbour, East China Sea 0.44 12-30°C Luo et al. (2017)
Ribotype B Xiamen Harbour, East China Sea 0.52 18-33°C Luo et al. (2017)

Table 2. Akashiwo sanguinea blooms recorded in Korean coastal water from 2014-2018 (https://www.nifs.go.kr/redtidelnfo)

Date Area Cell density (cellsmL™") Temperature (°C) Salinity (psu)
2018.12.04 Tongyeong 800-1000 15.5 32.8
2018.06.04 Busan 1500~ 21.7 273

Busan 2500 20.9 304
2018.05.30 Busan 14 179 314
Busan 2600 179 314
Busan 1800 214 273
2018.05.29 Busan 2000-3000 18.8 30.6
Busan 6000-7000 171 32.0
Busan 8000-9000 179 30.4
Busan 8000 177 316
2018.05.10 Masan 50 16.9 -
Busan 45 16.9-16.3 -
2016.12.22 Tongyeong 300-1500 13.8-14.1 -
2016.11.23 Masan 20-100 15.4-16.5 -
2016.11.16 Tongyeong Geoje, Jinhae Bay 100-200 15.0-173 -
2015.05.18 Jinhae Bay 300-1200 172 -
Masan Bay 800-2500 173 -
2015.05.13 Jinhae Bay 110-340 15.0 -
Busan 130-7500 170-18.7 -
2015.05.08 Busan 1-325 12.9-172 -
2015.04.30 Changwon, Geoje, Jinhae Bay 5500-6000 14.4-15.4 -
2015.04.09 Tongyeong 400-500 12.8 -
2014.08.07 Goseong 600-2100 272-28.0 -
2014.06.16 Ulsan 10000-15000 19.0 -
2014.05.08 Jinhae Bay 1000-2000 15.8-16.5 -

A FJiF 7R Sk, F2 deleh AR oA
TEEF TSI (Table 2). AZ T 5
2O & 15~20°C W2 = YEHL(Table 2), & A
AL 209 GRS Aagiet shAn ¢
27.3~32.8 psu H| UlellA 2= HHgo] B
of, & Addl o] HAHE 2120 15~20 psus} 2o
t}. o] & -2yt Atoll A A. sanguinea®] 213 H
T H = Aol At 2 o thefet 5 e
F= 1l 5 da= HERAT

QM| A. sanguinea®] 737¢-2 T EF (diatom) 2] A3
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