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Picophytoplankton, a group of tiny microorganisms of less than 3 um, play an important role as a major pri-
mary producer in tropical open ocean as well as temperate coastal waters. Until now, more than 20 and 10 clades of
Synechococcus and Prochlorococcus, respectively, have been identified in various marine environments, and its
biogeographical distribution have been well studied as well as ecological niches of its major clades. To under-
stand a distribution of diverse picocyanobacterial clades and environmental factors regulating their distribution,
picocyanobacterial abundance and genetic diversity was investigated in adjacent waters of Dokdo showing
diverse physical properties not only by seasonal variation but also by diverse physical processes. Synechococ-
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cus abundances were low in winter and then exponentially increased as water temperature increased up to 20 °C.
Above 20 °C, the abundances tended to be saturated. On the contrary, Prochlorococcus was undetected or occupied a
minor fraction of picocyanobacteria in most seasons. In summer, however, Prochlorococcus belonging to HLII
ecotype occupied a significant fraction (up to 7%) of picocyanobacteria. In spring and early summer, the steep
increase of Synechococcus abundances were resulted from growth of cold water-adapted Synechococcus belonging
to clades I and IV. In summier, diverse Synechococcus clades including warm and pelagic water-favoring clade II
tended to replace clades I and IV with maintaining high abundance. The water-column stability as well as tempera-
ture were found to be important factors regulating the Synechococcus abundances. Moreover, inflow and mixing
of distinct water masses with different origins exerted significant influence on the composition of Synechococ-
cus in the study area. Thus, physical processes as well as natural seasonal variation of environmental factors
should be considered to better understand ecology of planktonic organisms around Dokdo.

Key words: Diversity, Dokdo, East Sea, picocyanobacteria, Prochlorococcus, Synechococcus

M

A& 3 um °J3le] AVE e AN EEHAES A &
u] Al (picocyanobacteriaj?t B3 20| A EIAE (photosynthetic
picoeukaryotes)Z WA R T) v AT F Synechococcus S}
Prochlorococcusi= 3%FelA 718 733k, alled 2l A]7]of uf2}h
2tol= UAIRE, 3k AefAlelA Fast XPIARERE ofn] 2 U
A ITHLi, 1994; Liu et al., 1997; Teira et al., 2005). Prochlorococcus
= Ao 9 ol widH 2ok el APt 5 71 -
At At G el M= ALY vERA &= SAS Bt
(Partensky et al., 1999; Choi et al., 2011). RFA Synechococcus=
W9k 9]9F ol M= Prochlorococcus®l B3l 100078l 7FA]
2 57 ue- stot, 85 dfjejolt Akl Sk W F-k @l
AoA] 2 T2 Yehr] AERE FA]0) o2 B2 #[Y
FEsk= 54J0] Slth(Partensky et al., 1999; Zwirglmaier et al.,
2007, 2008).

SRS Fsl|ofol|A] ZnlavdAlare] a2 AR 20004 &
Hholl flowcytometrys ©]8-3to] AlZEgl oM, ZuAgdAlde] &
AHEEHA B o] 88t AlEA T AT 2000t SRk
B2 07 AAE I THNoh et al.,, 2005; Choi and Noh, 2006, 2009;
Choi, 2012; Choi et al., 2013). °|5 975 Fl T3l &
oA B2 Synechococcus 752 AlEA thHd A7 &
3 2.1 (Choi and Noh, 2006, 2009), XFAIt] tzk G714 QG &
A 2] ShUR] pyrosequencing WS o]-83t] SHA| Fa Tl &
89 g FEasiel sl 2rAidAl g AdA
EXS ek 4= AATH(Choi, 2012; Choi et al.,, 2013). °]& <
=3 skt EE) ol TRokst claded] Sdls ZulAEAlT
Fatal, T W U ol v £EE sk S
LQ214E ghalyllt), ok A2 thE =2 -3ehs 545 2k
&F wh= shbe FsEelA 29 f4le
5 2|2 Tgo] zm| Al teld el w3t ke 4

2} B3tskRol o3l FAE= =49
, A e WA A8E0) BA Y o)Fef 9 SR

’d S Hh= 707 2#dz] 9ItkMitchell
9] 22 W GRL AHe| wet $9)
FEorel W oFale] AL {3 el 9

Bt
et al,, 2005). T3 A= =

She b

005). 5= R3] F-HAE2
Higo] w2 523184 &
S B okAbol| o)) W3)Ek
oMo AEZHAE 7

ZA weat =uA el dist Aae A FREA sk
2 e 5 Pl ErladAlte] il et 16S-

23S tDNA 71M <D HAe &l S 79 ] 5ol =

vagAlRte] A gl adel] mhE EaE 543 of2st visle] o

ATt o, A7 R 7=

2 A7E 558 555 ol =AM A9 570 AHelA 2010
W 2€97 10€, 2011 7€, 20129 57 8¢ 12]al 20134 4
A7HA F 630l AA AT oo F o]&ste] Tk
(Fig. 1). A= %53} SCM(subsurface chlorocphyll maximum)®]
oA sl FTh SCM S CTD(conductivity-temperature-depth)
Aol 7 2tE FBE7E ol8ste] Argter s3]
3, Ag= 2R F2E YAl AQ7)E o] g3ith 552 €
o] ghislo] sSCMBol WaahA] ok 293} 4¢80= 24 20 m

o ARE 2483

HEA o ¥ E=0IAAMSEZAE A

HEA a= 90% SHELRE FE3 & FHFEA|(AU-10,
Turner Designs)yE ©]8-3t] 5743131 cH(Parsons et al., 1984). ¢
=2 a 545 $18) @l 500 me 2] AlFE GFF 9124125 mm
A5, Whatman)ell o3}st 5 o2& Ao H@sigict.
ZVAZHAES G54 0 FEE Y WO 3ume Z27t
Hjo|E ofZX]e|| ofZst sl|l=5 o]g-3te] S7g33itt.

ZH| 2 ZEFTES] MATE flow cytometer(Accuri, BD
Biosciences)E ©|-&3to] A8t 954 a2 HS A%
phycoerythrin®] @A G M7|Z SynechococcusSt 3343
AN Z-S LE3510] AG=3IATY. Prochlorococcus= 2¥st 333}
2 JRAEE flow cytometer® AlGSHA] B3l on ) 74
TS Fal dox Synechococcusﬂ— Prochlorococcus®] 714
A H&3% Synechococcus AT ol-&3to] T3t
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Fig. 1. Map showing the study area. Contour lines denote water depth.

DNA FH| % PCR &F

DNA FZ& 913l 2 9355 d3delA 0.2 ume] Supor 17}
Z](47 mm A&, Gelman Sciences)E ©]4-5}0] o{¥}3F & o{IA|E
1m0] STE 991100 mM NaCl, 10 mM Tris-HCI, 1 mM EDTA;
pH 8.0)0ll W] 9z Aol HASISICE DNAS] 55 W HAl=
lysozyme, SDS %! proteinase K= A ZE 434171 F DNeasy
blood and tissue kit(Qiagen)yS ©]-&3IATHChoi et al., 2015).
HAIREE] FA T3S 16S-23S ITS F71M4E #4915
F3ll A A8 F A 87 479 iyt Alse) o Y
Sl A Pyrosequemcng(GS-FLX Junior, 454 Life Sciencesy2 ©]
83l °37lf\1°é‘—% Ao, YA AlEE MiSeq (Illumina)
SYES o] L3It Fig. 3 FaL). Pyrosequencings 913t zjo]
2 PCR 5 42 Choi et al.(2013)2 W} $=34519T). MiSeq

2ol = pyrosequencing®} A3 Zu| AT SolAQl e}
o7} ALgE G on | oIS} Q¥ A= MiSeq "I (llumina,
2013yl AAE A7 LE ARSI MiSeq 415 f18l 5ol
2 azto]mE o] g3k 3 MA| PCR F-Zolli= pyrosequenicng}
Y TF S wskon, o]$2] PCR A 9 T A 1Y
2 PCR 8L MiSeq "1+ (llumina, 2013)S wsith, F #A)
PCR AH&2 AMPure XP beads(Beckman Coulter Inc.)E ©]-83}¢
ﬁx A1 3L, nanodrop 1000 (Thermo Smentlﬁc)— o] g3}

Zalsint. 2k AlEvrich EUE = F3 2 $, MiSeq 2x300

EE o]g3at] 971X4-s F4I8F3It). Pyrosequencingt MiSeq

v‘f"“% HAHE)eIA FFsisit.

EAUES
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Aoj7 7192 mothur Z =72 (Schloss et al., 2009y ©]
45} B89t} BIF= (pyrosequencing) B Q1El (MiSeq)
MEE o]43te] ‘mismatch=0"2] 2271 3lollA] Hofxl 7ML
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714 %7}2 AA= AT 71 "] PCR W A7 #7gollA]
WA= ofl2] 9 chimera A7 58] #7-> Choi et al.(2013)2]
H”ﬁ& wgteh #EAom dojxl f7MEe] HE 2 cladeE T

= W, AREE dlolEMo] A T12]aL 7} clade Ake]] AlE
Wi = Choi et al.(2013)°l] AXESITE, 2437 4] 9l o}
%3954 PASW Statistics 18 EJB“Q o513 TH(SPSS,
2009). $HH, SCM FollAl 7% T SCM 412 5 m o}
o} 5 m 9] Aok sigmate] AOlE 1002 Vhr ks o83t

Akttt
Ay E9|
2 U HE BE
AT 717 B 7 2AF ALY BF T SCM TolA 2
8.2~28.0 °CZ A&l wje} & Hol5 YehlQlth(Fig. 2). 48] &
gho] gllslo] rokZo] WslR] ¢k 297} 4ol = 47
9.4~11.1°C&} 82~11.0°C W= Ho] A7 4l S=24lof b2 wHolr}

A A9kt 59l Aol Ao AT Ao, 7
A} ggell= gk Aol VERY 259 SCM T Ale] & A}
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Fig. 2. Contour plots showing temperature and salinity in surface water
of the study area.
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7t o 7} vwA FA] veReH, 44 gollie 25T SCM 5
Afolel] 2°C JE2] & Zfol7} el & 3184 AJ7lo] ot
B F50] A o] EAT-S AT

QIS 32.5~34.5 HHS] ®lolE YERTHFig. 2). 2€7 4¥
o= 50 m o9 F5ollX] 34.1~34.2% AR Ha1 U3k ¥
o] 8-S yehllon, 59oli= 34.3~34.5% A7|H o R 7P
2 S Bt ¥5 G982 7€) 33.6~33.9% A4 oW,
8Loll= 32.5~33.47H4 "ojfnt. 1€)== 23539 SCM T &
FollA 33.2~33.5 WH9 w2 AtS YeRT shAlel FA6l
BT W AR Tl GRS Ad5Tr F
2A|99) 3 F& dl97kA] 9E AR o AZICHKORDI,
2005).
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Ol=E A = K

B a _|'__:‘l’:

PEA o= 0.1-23 pg 1 919 Bl WolE YERNITHTable
= o4 1.0~1.9 g 0!

). A7 2= 49 53 SCM BE
2 Eokor g¥oll= F2olA 0.1 pg ¢ ' 7P Sl SCM ZollA
1.0~2.3 pg 0= o} FAlol mpet  ApolE BITE 78 X
Zoll vlE] SCM oA =& AF4 a F5F B0, A0l
oksh 1197} 28l F SOl AR $5E B3t 9454 a
% 3 um ©J8}0] Zu]|AAEEFTE] AXFHE NS H 51%
(21~94% H$hHE vehfo] Ha Aol 2| AAEEd =] o
APPAAEA F s ATS TS AARIITH(Table 1). Al714 .2
25 790l B 65%%E 7HF =8kom, 49l B 40%E 7HF

S, 5 23l o8l YR Tl st EAldleE o
24 ool OISt 202 EEFTES] 7o) Wko) A5
W 30 U Il Aldke 789 89 nFolA A

Table 1. Chlorophyll a (chl a), perentange of pico-sized chl a, Synechococcus abundance (SYN) and percentage of Prochlorococcus (PRO)
among picocyanobacteria in surface and subsurface chlorophyll maximum (SCM) depths

Surface SCM

Month, Year  Station Chla (ug (") SYN % of Depth Chla(ug (™) SYN % of
Total  %ofPico (x10*m¢')  PRO’ (m) Total % ofPico  (x10°m{™) PRO

Feb, 2010 12 1.1 46 0.2 n.d.f 20% 0.8 54 0.3 n.d.
8 0.5 55 0.1 n.d. 20% 0.5 57 0.1 n.d.

22 0.5 44 0.1 0.01 20% 0.6 34 0.1 n.d.

47 0.5 55 0.1 n.d. 20% 0.5 69 0.1 n.d.

49 0.4 59 0.1 0.01 20% 0.6 47 0.1 n.d.

Apr, 2013 12 1.7 36 1.9 n.d. 20% 1.8 38 1.6 n.d.
8 1.8 29 0.8 n.d. 20% 1.9 27 0.7 n.d.

22 1.4 24 0.9 n.d. 20% 1.3 43 0.9 n.d.

47 1.0 51 0.8 n.d. 20% 1.0 56 0.5 n.d.

49 1.1 49 0.5 n.d. 20% 1.1 45 0.6 0.10

May, 2012 12 0.2 57 2.3 n.d. 45 1.1 26 3.0 n.d.
8 0.2 33 2.3 n.d. 45 0.9 24 1.2 n.d.

22 0.1 72 5.2 0.05 45 1.3 59 10.8 0.02

47 0.2 38 1.8 n.d. 37 0.7 65 3.4 0.18

49 0.2 34 3.1 n.d. 49 0.8 35 7.7 n.d.

Jul, 2011 12 0.2 35 0.2 0.02 45 0.8 72 1.3 n.d.
8 0.1 79 0.6 n.d. 30 1.0 66 2.3 n.d.

22 0.1 73 1.7 n.d. 40 1.0 56 2.5 n.d.

47 0.2 82 0.5 n.d. 40 0.7 38 1.7 0.25

49 0.3 94 2.4 0.08 28 0.8 59 3.4 n.d.

Aug, 2012 12 0.1 34 0.8 0.15 38 1.7 66 23.9 n.d.
8 0.1 50 0.4 2.17 45 1.5 55 6.4 n.d.

22 0.1 50 0.9 0.21 30 2.3 21 6.3 0.02

47 0.1 63 1.9 1.88 40 1.8 25 1.7 n.d.

49 0.1 56 2.5 7.09 45 1.0 26 1.3 0.26

Nov, 2010 12 0.7 49 4.6 n.d. 20 0.7 62 3.7 0.03
8 0.6 69 5.6 0.01 50 0.6 78 2.6 2.25

22 1.0 44 3.8 0.02 10 0.6 60 33 0.72

47 0.8 70 8.4 0.24 30 0.9 64 6.8 0.23

49 0.8 55 42 0.72 25 0.9 47 3.5 0.18

*Data were obtained from 16S-23S ITS sequence analyses (see Fig. 3).

"Not detected or less than 0.01% of total cyanobacterial sequences.

‘As SCM depth was not developed due to active water mixing, samples from 20 m were collected instead.



o

196 HE3 - ek - F
Aoz w2 g wol feElst 2 ANEZHAEY] 719
T} S7FsE Ao = o AFITY

=AM THRIS

A 71ZF 52F Synechococcus IWAT+E E53 SCM FollA
Z}7} 0.1~8.4x10* cells me!' 2} 0.1~23.9x10* cells m¢! H 9] E 1o,
T SolA FAREAL SCM FollA] tha & e YERISIT
(Table 1). TE =N} ETEA NN FHE 7] AolA
Synechococcus 7WAHIF= 20 °C oJstel|A] =20 F715tel] we} 4|
FHoR TR &, AxkE EslEE A3e vERA ¥ QlTk(Choi
et al,, 2013). 12} FABHAl £ A7) %5 AlFAE Synechococcus
WAFE 10°C W2le] w2 -5 K31 29l 0.1x10" cells ml'=
koL, 18~19°C FEe] 725 Ve s¥elle Bt 3.0x10°
cells mi' 2 oA 4=2-2] A50] Symechococcus 7NAG S71l
ZQ3 29198 & 4= USItK(Table 1). Z1eu, 783} ¥ %
% Synechococcus NAT= 0.2~2.5x10" cells m{! HEZ HolX]
b 1€l ThA] 9 5.3%10° cells ml' 2 Z7F30lEH, o=
SHAlel g 2 kel Qg TR YUY Fwol F=3)H
o3 Synechococcus®] 73740] A= 7] wiEo 2 oJAZITE SCM
SO E 2958 5E7HA] o] et 10°CelA 14 °CE 7t
stof| w2} Synechococcus WATFE Hit 0.2x10° cells ml ' ol A]
2.6x10* cells ml'= 10818 = F7kekolvh. 22uh, 793 8¥ell=
748t 45 0% SCMT 2] F720] 9~16 °C M= WSol= &
T8l Synechococcus /WG 1.3~23.9x10° cells ml'% 1§~ 32
W29l ks YeRo], 2 o]l Synechococcus NATY
7tell 2.8 a1o] S-S ARSIt shAle] HEokse st
of = YPAH= SCM T2 302 HE FAitel o Fr]oF
o] FuE, sAll vlal o] g Ao]7] witel ol S
=3l iAo w o] A&AQ1 o] TFsE A o= oA
Atk AAZ SCM F Al FZANAM 22 Synechococcus 7N A2}
FAASE Fogt kS TAE B o P g2 0.192 WokTth
(Table 2). Z12]u}, SCM 4 FRICIA o] 5= W& &
7t sl AR lA 2 ol 0422 FA] SV, 5 Hd
’do] Synechococcus NAGF 71 FAIsh= 5238 Q102 1}
ERStTE. o] 20 °C o]3ke] b2 oM T 243t Pt %
ol AlgHha Aol A8t Synechococcus?t WEA A44E
T S BoErhFig. 39 5€ Akm Hx). ¢, HE 8
AX Prochlorococcusi= 2] Al7]e] YeRA] AU 2
vl 2RO 1%k ARk 2102 YRt Table 1).
a2, 8ol EZFoA 02~7% FEE 2HAEH 11~1,900
cells m¢' JE2] /MAGTE B Aoz FHY=HSGIET, ol 8ol
55 51 F|delld 8 thE Treli] qPCR(quantitative PCR)
WH O 2 Prochlorococcus HLIT AAEE 2] 7AIFE Al o
©11 80~1,300 cells m¢" 1<} ARSI O (iR, S

|
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Fig. 3. Percent contribution of sequences belonging to each clade among
picocyanobacterial sequences obtained from the surface (left bar) and
SCM (right bar) depths of each station. Asterisk-marked and unmarked
samples were sequenced by pyrosequencing and MiSeq methods,
respectively. The minor clades (< 5% in all samples) were not shown.
PRO: Prochlorococcus, SYN: Synechococcus.

W A Prochlorococcus®] AJENZ &0 Synechococcusl
Hlal] 24 ¢S AlAKEE

ANIALNZE] TR

Pyrosequencing ¥ MiSeq 4]0l 23l HF4 02 F 1657t o
7We] f718e] AolFtE. Pyrosequencing el oJsixl= AlE
31t 8877112 A7IMde] Bojxlom MiSeq el 2Jsiixii= Al
=9 W 52,70000709] 71Ge] Pojr] AmrE @y
4] o] w2 Aol % eItk 12U, pyrosequencing
Mow Aad ol d7IMA o] AR 48u7l= AA) ¢k
Yo AR A ellx MiSeq el ofall @oixl w4 A=
Zpo]E HolA] 9o} 3009719 clades® LFAAIE XU A A
] A A Aol w4 e Alele) &gt HxR= T4
2o FeEQh(Fig. 3 =), 3H8, B Al Lozl 947)
42 GenBank®] SRA H|o|EH|o] Aol T5EITHSRA, http:/
/www.ncbi.nlm.nih.gov/Traces/sra; accession number SRP065056).

o

;0

r

Table 2. Results of regression analyses conducted using the data from subsurface chlorophyll maximum depths

Y-variable X-variable

Synechococcus abundance X: Temperature
X: Temperature

Synech bund
yynechococcus abundance X,: Stability

Regression Equation r p
Log Y =0.074 X +3.229 0.19 0.015
Log Y =0.063 X, + 13.32 X, +3.11 0.42" <0.001

“adjusted-
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Synechococcus= 4% clade 17} 1V7}F 71 9481901, W=
Aol tFE2] djdol|A 71 - 3= Symechococcus?) clade
I} 823 118 %5 4 SCM Tl Hsh= s Rtk
(Fig. 3; Zwirglmaier et al., 2007, 2008; Choi et al., 2013).

8E ¥ 11¥ell= clade 11 ] €]l WPCI, X, XVII, XVI, III,
CRDI1 % VII 5 T3t clade?} #4 3 AR o dollA 5% o)d2]
HIEZ veht vl s =2 gefdS el 8edle 43
225 A|2I7E 15.0~16.6 °C W19 =22 HERd SCM SollA A
27391 clades 12} TV7} 783 7128 W4 clades 112} chromatic
adaptation®] 7}&3t clade XVI©] 10~30% =2 HIEZ 7 L}
ERtT}. ol deEE Aol ET8t 57 SCM T Aol
HRAES kel Y E Tl s dolwAY, W 4
2ol %= B8}l chromatic adaptation® 2 TRFSH 2710 258
T 3= Symechococcus”t SCM S04 THE clade K.t} AAH o=
et A s 7Hsd& AlAFSTHFuller et al., 2003;
Ahlgren & Rocap, 20006).

Sko| A & w9} 7Fo] Synechococcus WA= FAL &l
skt sl Al F7ste] o]F ElEE oS eSS
), ZFolxE sHAlel FHasta ASelA tha STk s
ER S TH(Table 1). AT W 731 249 Hes & o,
=i 7 el EAll AR Synechococcus AT 57t
7F A2/391 clades 17+ 1ve] 473} SRk, 015 SCM FollA
5 o]59] A3%oe] MAGE FA 0l FRF WFA, clade 1FE 3
SFet WA Symechococcuse SHAlO EFolA 25 AEHA o
& S & T Sl wEbA, o] E clade?] AR -R-AE 543
o] oJal7} e =S gt 2o M) Synechococcus®] Ay
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