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Abstract: In recent years, macroalgal bloom occurs frequently in coastal oceans
worldwide. It might be attributed to accelerating climate change. “Green tide” events
caused by proliferation of green macroalgae (Ulva spp.) not only damage the local
economy, but also harm coastal environments. These nuisance events have become
common across several coastal regions of continents. In Korea, green tide incidences
are readily seen throughout the year along the coastlines of Jeju Island, particularly
the northeastern coast, since the 2000s. Ulva species are notorious to be difficult for
morphology-based species identification due to their high degrees of phenotypic
plasticity. In this study, to investigate temporal variation in Ulva community structure
on Jeju Island between 2015 and 2020, chloroplast barcode tufA gene was sequenced
and phylogenetically analyzed for 152 specimens from 24 sites. We found that Ulva
ohnoi and Ulva pertusa known to be originated from subtropical regions were the most
predominant all year round, suggesting that these two species contributed the most
to local green tides in this region. While U. pertusa was relatively stable in frequency
during 2015 to 2020, U. ohnoi increased 16% in frequency in 2020 (36.84%), which might
be associated with rising sea surface temperature from which U. ohnoi could benefit.
Two species (Ulva flexuosa, Ulva procera) of origins of Europe should be continuously
monitored. The findings of this study provide valuable information and molecular gene-
tic data of genus Ulva occurring in southern coasts of Korea, which will help mitigate
negative influences of green tide events on Korea coast.
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Temporal variation in green-tide causing Ulva community on Jeju Island
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2| 7)1k ZHESkR Qlel A AlAl Zhx] o] At
oA HZF tHEAY (macroalgal bloom)©] F1HSHA LAY
Skl RTh(Ye et al. 2011; Smetacek and Zingone 2013; Xiao
et al. 2021). S22 5, AFERY SV s 22 &
7 Wotz Qo SR ool Wik, i B Frh A
5] S7FEAOl LTt (Ye et al. 2011; Zhang et al. 2019). &
, = Z5F (Chlorophyta) & Z}#<; (genus Ulva)©l &5}
= Uha$o ti A 0= IRt =52 (o)) o2 A (green
tide) A2 A ZBAETE of et At AejA o &= |}
et ojsiE =1 QAT (Valiela ef al. 1997; Wang et al. 2009;
Teichberg et al. 2010). atef Ay o] ¥l F2 Aub&
o] &3l FozA dutH oz gl Aalshy 7t
o] 9 G2 oA % A AISHTE (Fletcher 1996). 25
(NH,"), B4HH (NOy"), oFEATE (NOy ) 22 77184
7b SRt gt Aol i HAs =
ZFollet wrofl A bt go] dojdtial deA gl

o

2020/ 05/ 05 Site.1 =

g d

2020/ 05/ 06 Site.10

W (Valiela et al. 1997), Ztoll= AT Al T2 of| 4] HFAY
skl Qiek Zdutell R 718l F2telA] il Aso] 7k
St A - e d E4 wfEofl (Schramm and Nienhuis 1997;
Hiraoka et al. 2004a; Wang et al. 2018), GAA|7} F-5-510
depo R FAske] RS AT AL BE T
So] 241 74-S -GSt (Bolam ef al. 2000). ©] 213t AYE]
o] g HstE Qlal Ajtoll AAlet= Hm] F11 A
™ 2| (Zostera marina) Tt 22 ol % (seagrass) 7NA| 4= T4
(McGlathery 2001) 9t B0 A A& %0 HeE
op7| A1tk &l A Q). 21t (Norkko and Bonsdorff 1996),
oo} preAsl whefjodtgo] AHEEl Aol m x| = AYEA]
Pl dizt o @2 A7 st

S uete] 3% 20009 U E AlFE FET St
SA o8 ool % A& 02 WAEW (Fig. 1),
F|Zoll= Follet Foll Aol SA A2 HEET
At} (Park 2014; Kang et al. 2019). T3 = F5 o]
A free st oAy S22 Seuet gAe] dtow
FU=71 % oFITH (Kang et al. 2014). o] 2|2t =] s

2020/ 05/ 07 Site.15

Fig. 1. Green algal Ulva mats (local green tides) observed at Sinyang (upper left; Site. 1), Jongdal (upper right; Site. 3), Bangsatab (bottom
left; Site. 10), and Geumneung (bottom right; Site. 15) study sites on Jeju Island, Korea. Photos were taken in May 2020.
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A oAy @ Eshe 2uEiRel tiet 2T

Z (community structure), & Z/J (species composition) 2!
F8 AT, T FFA (species diversity) Tt 2] 2|4 L

et A= uf-g- BES A o]t (Kang et al. 2019; Lee et
al. 2019). E3h st S Ao 7)= duilR 5o
AIZHA] HSEE ofsfish= A2 F 7] HekE IRt gt
2o ARt Hste] whE o] of¥A vhesh=
7He F85ke Ul 7]oe 4= 3ls Aotk
ZutelR= 7 st what FejA] wado]
5, 5 FEA TR 7ta/do] w2 AP A/ (phe-
notypic plasticity) Wzoll A2 TS FH5I= A
o] A9l E7}H551t} (Loughnane et al. 2008; Ho
2010; Wolf et al. 2012). @A DNA 7]5t B2} 574514 713
o) ATl 112} 02 5 Aol RO Aok
Bl -9 B2 (molecular marker) & ©]-8-3F 22t
]5 A4S Asto] F 5740 o] Fo1A gith(Destombe
et al. 2010; Saunders and Kucera 2010; Kirkendale et al.
2013; Steinhagen 2021). A A|A A 2 &2 tf=F 1000 F-2] =}
#Fol HAE]l, o] F k=] ZAuilRE 18F0] 715
et 2AAEH 242 A8t E2d e (Ulva
flexuosa) 2} Ulva rigida °] 2014'A TH=1 dofiQtoll Al A
02 715 (Lee et al. 2014), Ulva torta 3= SolIStll
Bish= o] %2 7]54H vt 9ot (An and Nam 2017).
I &5t Aol HE o817t & wE 7N &
atefl i A EAFA = ol A ui-g- rl &Rt A o]k
w2 el A o2 olsfistal votrt o Ae
A= o] A= dovle 7o T ES AT
ot 242 Fote] AesHA stefste Zlo] OHO]‘:}. °
A A% AtollA 2015 4 TfHEAS dor=
92 F oiehs 915 S DNAITS (internal transcribed spacer)
9} ¥=4] DNA tufA (chloroplast elongation factor Tu) 7%
AS ol-gsto] EAAE S A7 4R E el e, Dt
7 & 58N tufA F7AA0] T Bl I EA Y
Bt B §-85F3T (Kang et al. 2019). T3 ThE A2
A tufA 3247 B2 9 DNA A o] vl &
ZolH O B2 S Uehiis 2ot B v 9]
(Saunders and Kucera 2010; Lee et al. 2019).
2 ATl = FEA DNA tufa 84S o837t 22
317;-]1 T,b_l_/u_o_ /\oﬂo]—O:] Jq-a]pﬂm—/\ﬂo] 0:1 LHLH I:ﬂ-AH
A= AFE A Ate] 34 (2020 5Y) w7

—_
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%, % 24 R 2R 99 wetel A sgick £,
A Aol A ATk 20159 49 o A=
oF Az o7 TAUt B AL (20209 59)9] ot +H
TZE v A5t SIATEY] AJXHA Wste] whet 7+
T29F % A 59| Zjo|2 Hrlstrt B AT Avke
ekl AT AetellA F% WSk skl
FHo] H= ZdutelF stefiFol dieh FAAd AEE Al
Foto] 55 o] ®of Ao AEe w7 Ao 7]
St 51 Al QAo oA A &0l Hr|Hoer
BUHRT 2 J1 5] e Hedael wEY

g ool 4 QL& Aotk

M Y

oE

1. A7 X1

AFWIA = AT Aol sfiaidgo] Ba==
Shel oAl s Tt 247he] EAPEAE A
1:]'(Fig. 2; Table 1). o] 43§ A (Kang et al. 2019)%} H]
oA 87l AA q(z, St Agsl =4, o det gHash &2
S}, AHaEdd)o] & Aol A AEA F7H= 1AL, Kang
etal. (2019) A2 237 ZAPEA F 1670 HHE 285
(ﬁ‘:]'(Fig 2).

Stz S5 22 A gzl s A WollA
At g0l A Ao ® A-H A, AF sl U
5 %o] T8 <, Aot Ze| TG Yo B T
o}, ol & &°1, E7]4 (Tokki-seom; Population ID: 6A, 6B)
< et zof ofsf FRE o site2E FH LR inside
Tokki-seom (QF) T} outside Tokki-seom (H}) 2.2 &5}
t}. 9Fd (Hamdeok) &= F-AFRH B4 © 2 SLESHITH (Table
1). - A A B = Table 1°]] 7] A5,

2, FHR 2HE A% AR MH 2 WA

o] A3 A (Kang et al. 2019) 141 2015 42 A
FE A At 237 AMCERE F 215704 EEA
DNA tufA Al'&w40l o] 85ttt & Aol = 2020
59 5~8% 717t 247 AL Aol A AukeF Al=E A
Aotact. e A e @A Setom PR
B3 (morphotype)d 5704 o142 A stR oA, T2 A



Temporal variation in green-tide causing Ulva community on Jeju Island
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Fig. 2. Map showing 24 collection sites for Ulva species along the coast of Jeju Island, Korea. Sampling sites for 2020-year are indicated
by red circles and those for 2015-year are shown by green triangles. The sampling site IDs and their names are given in Table 1. The num-
ber within the parentheses shows the number of Ulva species identified in 2020. When collection sites are the same as in a previous study
(Kang et al. 2019), the number of species found in 2015 and 2020 at a particular site is displayed side by side. Numbers inside the brackets

indicate the number of Ulva species identified in 2015 (Kang et al 2019).

Aol oA 2~3m FAH 02 AmE AFste] {44
o= FA} A7t QR EE A GRS T 51470
Al AmE gEstH e, QYHHE AlEE 4°C olotz 2%
£ Ak ddd= 96k3a, B Al DNA 5
Z Ao ARlE Zgotgint. Fho] garH Naes H5E
o2 3] Akl A2of 1248 0 &2 s AAXAZ o H
AxH AES AX7)E o]8sf 60°CollA 24 24417 0]
A 5] AxAZA 2 6] X H A== TissueLyserll
(Qiagen, USA)E Agsto] Bt Bajd B %]
A& 2.0mL FH| A7V oA Hystgl e 4
AR ZA7A] AE Al 71601 s HAAolEof| Hatst
<I1]:}- 1/([—1414133 c;ﬂEHaD]‘ 2~37H7\-ﬂl>7\] O 7 -]1]— E‘/HQ_ _)'}_
PotAal F 15271 ARE 2 A7 AT fHAF 240

ol-g-5ttt.
3. Genomic DNA FZ 9 HEH| DNA tufA PCR

Genomic DNA (gDNA) %< i-genomic Plant DNA

Extraction Mini Kit (iNtRON Biotechnology, Korea) S At
85l DNAE &0t 5% gDNA9| 5=+ Qubit
2.0 Fluorometer (Inv1tr0gen, USA)E o|-85to] SA4o5itt

S| DNA (cpDNA) 9] tufA (Saunders et al. 2010) %12}
= THEAAMTES (Polymerase chain reaction; PCR)=
Z=f5to] S-ZSHATh AFE-H primer A H+= T 2k

TufGF4 (5'-GGN GCN GCN CAA ATG GAY GG-3')
TufAR (5'-CCT TCN CGA ATM GCR AAW CGC-3')

PCR ¥h-3-2 10 X Dream Taq Green buffer (Thermo Scien-
tific Inc., USA) 1.5 L, 2.5 mM dNTPs (Bio Basic Inc., Canada)
1.5 uL, 10 pmol forward/reverse primers 0.5 pL, 0.2 units of
Taq DNA polymerase (Thermo Scientific Inc., USA) 0.1 L,
template genomic DNA (~15ng pL™") ¥ B S/
9.9 [LLE =3tste] = 15 y.L—J Ba]2 2720 thermal cycler
(Applied Biosystems, USA)E ©]-&5}o] Aa5t3ict PCR
ZZLO g4°Cof|A] 4527 7] HA (denaturation) 3 94°C
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Table 1. Detailed geographic information of sampling sites of Ulva species along coasts of Jeju Island, Korea in May 2020

Population ID Sampling site Latitude Longitude

1 Sinyang 33°26'5.30"N 126°65'22.79"E
2 Ojo (Seongsan harbor) 33°28"13.87"N 126°5520.90"E
3 Jongdal 33°2822.10"N 126°54'45.15"E
4 Jongdal (cultivation) 33°29'58.93"N 126°54'40.82"E
5 Hado 33°30'42.01"N 126°63'53.60"E
6A inside Tokki-seom 33°31"17.25"N 126°53'59.70"E
6B outside Tokki-seom 33°31"18.58"N 126°564'0.29"E

7 Gimnyeong 33°33'28.36"N 126°45'29.69"E
8 Gimnyeong harbor 33°3318.01"N 126°44"1719"E
9A inside Hamdeok 33°32'63.75"N 126°39'20.21"E
9B outside Hamdeok 33°32'54.79"N 126°39'22.53"E
10 Bangsatab 33°32'68.91"N 126°38'51.04"E
il Jocheon 33°3219.38"N 126°38'4.48"E

12 Aewol harbor 33°282.89"N 126°19'13.77"E
13 Hallim harbor 33°25'22.63"N 126°15'43.30"E
14 Hyeopjae 33°23'43.36"N 126°14'24.36"E
15 Geumneung 33°23'23.61"N 126°14'6.44"E

16 Sinchang 33°20'3741"N 126°10'29.09"E
17 Moseulpo harbor 33°13'9.00"N 126°14'59.50"E
18 Hwasun 33°14'23.27"N 126°19'58.08"E
19 Daepyeong 33°14"13.56"N 126°21'42.02"E
20 Seogwipo harbor 33°14'21.34"N 126°33'31.84"E
21 Wimi 33°16'8.94"N 126°3920.34"E
22 Pyoseon 33°18'34.58"N 126°49'52.98"E

gEskgct 4%

e}

ZAS Q5| A1) AfofA

oA 187F A, 45°CollA 3027t A% (annealing), 72°C
A 18ZF A% (extension) B2 353 HHES} o0 o]
T 720°C 7R RE AT A S 47 ’o‘}‘*‘ﬁ‘r PCRAHE
2 2%9] agarose gelolA] A7|¥ 5= 5ol 5F IFRE
QI5I 0™ Eolx PCR AMES 1,000 U mL ™ Exonuclease
I (New England BioLabs, USA) 0.4 uL2} 20,000 U mL™
Shrimp Alkaline Phosphatase (tSAP) (New England BioLabs,
USA) 1.6 yL, PCR 4H= 8 uLE 28tsto] 37°CollA] 154,
85°CollA 158 &<t AA (purification) = A &
Macrogen Inc. Sequencing (Korea)©ll ©]2|5}o] ABI PRISM
3730xl automated DNA sequencer (Applied Biosystems) =
H71M 8 A4S RSkt

4. DNA G7|ME ¥ & 2XAIS+ 24

DNAE F&ot1 9549 1527 71482 Geneious
prime ver. 2021.0.3 (Kearse et al. 2012)< ©]-8oto] HYSH
fom, T2 758 Y Clustal Omega ver. 1.2.25 ©]-§5}t9]
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tufA Al'sS w42 SOl B o%’ﬂ Zatefto] 175 sl &
5e BRI 1% vleel 2ntele e B

o] ZgH=]9] E]‘(Kang et al. 2019; Table 2). tufA A5 A
ole oS metete] & s871e] H7]AE NCBI o] €]
E FAxE Aot o Fau R JHE Table 20f LE
W3tk 21+ (outgroup) 2 2= 2719] Blidingia sp.2] €714
d& AE5FATHGenBank accession numbers: MK992087,
HQ610240).

Add G7IAES A 2dS T3] 915h jModel-
test ver. 2.1.75 AF85}] JC (Jukes-Cantor) ndz AAS}H
At L2 S (Neighbour joining; NJ) £41-2 MEGA
ver. 7.0 (Tamura et al. 2013)= ©]-85}%] JC (Jukes-Cantor)
2E2 1,0002] §HE7F (bootstrap)= A A|5HA T X Ty
5% (Maximum likelihood; ML) #2412 PhyML ver. 3.1
o2 WS AMESHe] JC RE R 1,00038] HHE P55t
sttt
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Table 2. Detailed information of species names, GenBank accession numbers, and relevant references for 58 tufA DNA sequences used
for molecular phylogenetic analyses for Ulva species identification (Fig. 3)

Ulva species Accession no. Reference Ulva species Accession no. Reference
JN029335 Kirkendale et al. (2013) HQ610290 Saunders and Kucera (2010)
MK992043 Kang et al. (2019) MK992195 Kang et al. (2019)
Ulva compressa
MK992140 Kang et al. (2019) MK992200 Kang et al. (2019)
Ulva ohnoi MK992173 Kang et al. (2019) JN029292 Kirkendale et al. (2013)
MK992157 Kang et al. (2019) Ulva howensis JN029312 Kirkendale et al. (2013)
MK992139 Kang et al. (2019) ) o JN029320 Kirkendale et al. (2013)
Ulva intestinalis
MK992218 Kang et al. (2019) AY454399 O'Kelly et al. (2004)
Uhva lach JN029306 Kirkendale et al. ( 2013) Ulva lobata HQ610375 Saunders and Kucera (2010)
va lactuca
HQ610359 Saunders and Kucera (2010) AB561079 Matsumoto et al. (2011)
HQ610428 Saunders and Kucera (2010) . MK992082 Kang et al. (2019)
Ulva arasakii
Ulva laetevirens HEB00178 Wolf et al. (2012) MK992103 Kang etal. ( )
(U. rigida) JN029325 Kirkendale et al. (2013) MK992104 Kang et al.(2019)
MK992167 Kang et al. (2019) MK992044 Kang et al. (2019)
Ulva gigantea HQ610297 Saunders and Kucera (2010) MK992080 Kang et al. (2019)
MK992051 Kang et al. (2019) MK992072 Kang et al. (2019)
MK992052 Kang et al. (2019) Uha pertusa MK992045 Kang et al. (2019)
(=Ulva australis)
Ulva californica JN029283 Kirkendale et al. (2013) JN029265 Kirkendale et al. (2013)
KM255003 Saunders (2014) HQ610379 Saunders and Kucera (2010)
HQ610279 Saunders and Kucera (2010) KF195528 Lawton et al. (2013)
HQ610437 Saunders and Kucera (2010) o MK992087 Kang et al. (2019)
Bliadingia sp.
Ulva torta MK992135 Kang et al. (2019) HQ610240 Saunders and Kucera (2010)
MK992178 Kang et al. (2019) Ulva stenophylla HQ610434 Saunders and Kucera (2010)
MK992100 Kang et al. (2019) Ulva prolifera EF595334 Rinkel et al. (2012)
MK992088 Kang et al. (2019) Ulva linza HQ610368 Saunders and Kucera (2010)
MK992078 Kang et al. (2019) MK992051 Kang et al. (2019)
Ulva flexuosa
Ulva procera MK992108 Kang et al. (2019) MK992052 Kang et al. (2019)
MK992067 Kang et al. (2019) MK992131 Kang et al. (2019)
HQ610393 Saunders and Kucera (2010) Ulva sp. MK992193 Kang et al. (2019)
MK992117 Kang et al. (2019) MK992144 Kang et al. (2019)

A=A DNA tufAS HFE (barcode) FXAE 0]
& BAABEA BAE Sagetel ARE A 2470 el
of BExsh= AueiE 152704 =FE 709bpS] A71AE
L SR A £ 5AE Q6| 7|&o geA 4
wl % so7l SR P AT B4 Saste] A

o e

T4 DAS (monophyly)S FAT A 5L “F7o=
7 215192 ¥ (Kang et al. 2019), 1 A} Zulef] 752 &
Q15T (Fig. 3). 152704 & 241kl (Ulva ohnoi) 5671
A (36.84%), 821t (Ulva pertusa; syn. Ulva austra lS)
55704 (36.18%), Ulva califonica 177HA] (11.18%), U
laetevirens (=U. rigida) 157141 (9.87%), 71’52 1tef (U
procera) 370A (1.97%), w220t (U. flexuosa) 2} Ulva
arasakii &= ZFZY 27041 (1.32%), v 57 70A 270A 2 2
atef< 780] RISt (Fig. 4). P& HAIC] 9=
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U1035, U111, U1418
Ulva ohnoi (MK992173)*
Ulva ohnoi (MK992157)*
Ulva ohnoi (MK992043)*
Group 1 (N=40)
Ulva ohnoi (MK992139)*
U1480, U1481
Ulva ohnoi (MK992140)*
U1491
U1492, U1493, U1501, U1518
U328, U475, U497, U498
Ulva ohnoi (MK992218)*
(2) u1s42
(92/85) U941, U942, U943
(64170) Ulva ohnoi (JNO293365)
(54/58)|[77/4 o
Ulva lactuca (JN029306)
Ulva laetevirens (HQ610428)
6758] Ulva rigida (HEG600178)

(67/52)

)

(60/52
(50/52)

U. ohnoi

(3420) U. laetevirens (U. rigida)

u1s44
Ulva sp. (MK992193)*
(99796)| UIva sp- (MK992231)*
(981)1 y1076, u1079
Ulva sp. (MK992144)"
Ulva gigantea (HQ610297)
(67/72)] Ulva californica (MK992052)*

(96/95)| unidentified

Ulva californica (JN029283) U. californica

(67/94)

Ulva californica (MK992051)*
Ulva californica (KM255003)
Ulva californica (HQ§10279)
(97/79)| Ulva torta (HQ610437)

Uiva torta (MK992135) || U, torta
Ulva torta (MK992178)* I
Ulva flexuosa (HQ610296)
Ulva flexuosa (JN029308)
(62/73)l u1070, U1072
Ulva stenophylla (HQ610434)

0 U. flexuosa

Uiva prolifera (EF595334)
Uiva linza (HQ610368)

Ulva procera (MK992088)*

Ulva procera (MK992078)*
Ulva procera (MK992108)*

Ulva procera (MK992067)*

U. procera

(681-) Ulva compressa (HQ610290)
(61/-) | ' Uiva compressa (MK992195)"
U. compressa

(99/99) Ulva p

Ulva compressa (JN029292)
Ulva howensis (JN029312)
Ulva intestinalis (JN029320)
(997991 Ulva intestinalis (AY454399)

Ulva lobata (HQ610375)

(751 Ulva arasakii (AB561079)
(69/97)|1U1179, U1180
(99/-)|| Ulva arasakii (MK992082)*
Ulva arasakii (MK992103)*
Ulva arasakii (MK992104)*
Ulva lactuca (HQ610359)
Ulva australis (MK992044)*
Ulva australis (MK992080)*
Group 5 (N=45)
Ulva australis (MK992072)*
u1188

U. arasakii

(81/71)

(98/97)

(99/100)

(63/64)
h) u1407

Ulva australis (MK992045)*

Group 6 (N=8)

Ulva australis (JN029265)

Ulva australis (HQ610379)

U. pertusa (U. australis)

)
)

(-163)
(50-) L Uva australis (KF195528)

Blidingia sp. (MK992087)"

Fig. 3. Neighbor-joining (NJ) phylogeny based on 152 tufA sequences of Ulva and Blidingia species. Reference sequences were obtained
from GenBank (Table 2) and used for phylogenetic analysis of species identification. Among these reference sequences, samples collected
in 2020-year are highlighted in bold and shaded in light blue. A large number of specimens found within a particular clade are marked as
“Group” with the total number of specimens [e.g., Group 1 (N =40)]. Numbers on nodes indicate bootstrap values for neighbor-joining (NJ)

and maximum likelihood (ML), respectively.

470

| T .
(997/100) L——— Biidingia sp. (HQ610240) Blidingia sp.

(©2022. Korean Society of Environmental Biology.
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Fig. 4. Temporal variation in the Ulva community structure (relative frequency) between 2015 and 2020 on the coast (2015: 23 sites, 2020:

24 sites) of Jeju Island, Korea.
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Fig. 5. Seven Ulva species identified by tufA-based phylogeny. Samples were collected in May 2020 on coasts of Jeju Island. The scale bar
is 15cm[a. U. ohnoi; b. U. arasakii, c. U. californica; d. U. pertusa(= U. australis); e. U. procera; f. U. laetevirens (= U. rigida); g. U. flexuosal).
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