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Effect of LED (light emitting diode) light on coral, Montipora digitata (Cnidaria:
Anthozoa: Scleractinia)

Yoo Sang Joon

Department of Aquatic life medicine,
The Graduate School, Pukyong National University

Abstract

Montipora digitata is a major species that forms a reef builder as well as having high
ornamental value due to its wide variety of colors, its ecological value is very high.
Recently, the number of natural populations is decreasing due to climate change, and the
need for more efficient artificial production system is increasing. In this study, we tried
to derive the light condition that induces the optimum growth of M. digitata using LED
light. A control group irradiated with white composite LED light using M. digitata
fragment (average weight of n = 30, 22.63 g + 0.87) and 4 groups of 4 wavelengths (405,
465, 520 and 640 nm) growth test was carried out by dividing into experimental groups.
M. digitata had the highest growth rate of 3.1% (p <0.001 compared to white LED
irradiation) at 465 nm wavelength, The density of the symbiotic algae isolated from
M.digitata and the total amount of chlorophyll (Chlorophyll a + Chlorophyll ¢2) also
showed the highest increase at 465 nm. In order to determine the optimum light intensity
required for the growth of M.digitata, we have experimented with LEDs with a
wavelength of 465 nm with four kinds of light intensities (60, 125, 250, 400 p mol
photons m2 s1). Growth was proportional to the amount of light, and the highest growth
rate (4.16 %, p <0.001) was induced at 400 p mol photons m™ s%. The density of isolated
Symbiodinium sp C15 and the total amount of chlorophyll after light intensity
experiment also showed the greatest increase at 465 nm, indicating a very high

correlation with growth.



In conclusion, 465nm was the most effective wavelength for the growth of M.
digitata, and the higher the light intensity, the higher the growth rate. This seems to be
related to the characteristics of heat resistance and light resistance of Symbiodinium sp
C15 symbiotic to M. digitata. The light condition of LED derived from this study can
be used not only for display of coral, but also for growth, and it is expected to contribute
to the increase of coral productivity by utilizing it in mass production system in the

future.
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A A5 9} A #A A= FH A A A F Hlow, 27
Metal halideE ©]83 ®HUSFe west Ad 2 FF AFo=EHE
AlZEte] B35S o] g3 FdY A wE Az Y W FAXRF

StAY Symbiodinium sp. BY 59 %A
(465 nm)e FEAolY, AA F (640 nm)el 23t "Ji A
(Symbiodinium motile cell type) 8] FAFEE A E ttE A+ (Wang et al.
2008) %ol 54 Fxdold Atzs FAxXTY A 2 AYH ®IE
ojgfste]= ThFE A 7F & Hu vk Yy AsFe Ade 9
A FxA AT AE, At FQ1 AT TN A adE Al ke
a3 ew, 465 nm JJr;“oﬂ/ﬂ 2t 8] Aol 2 dojdthes VS AT A3s}
dEA A 23 5F9REY e AES Hole 5 oddE d
FxAe EEs7] of#dd (Wijgerde et al. 2013).

e Ay Al AT 20149958 AFEAYS (Alveopora  japonica;
Rodriguez et al. 2014) & A& o 2 W3E=AS (Montipora trabeculata; Choi
et al. 2014) 22 du AiAsFY BuE AFor v AFY B ¥
A T HAdo]l Ba Hel| e, AT T8 U Baush A4 B AL
o=y gk (AR 2016). 3 FYFANREY Abs)
ngFAATFAH (HAAE et al. 2011) o A5 33} ofFolEEY

‘

~
e

(o]
O

FAE 2016) M RAMEE ol g £, A, P2 A% BF
27 AF D AD o] AW B2 Bal Bg HEY AF AS 872
5% goR AE AF WA o O AT Ax Ht sAw
2AAEE BEE J1ES FAPAS B OFd 2604 AA Aol
b ez HAvsh SR 71xAe AE 84 7% sheld oy
dddow Qe A4 Hol B Hum Y Yotk wA TFd 27
Aol dlat ame] AYA AT mrks @4 dFe] 1A Ut FEow
gtk AEe] U@ AT ok sz Al HEY YselE $
seje olv] Ang W] WAste] AN PEe 2ol WA shgor



(B3 et al. 2007), 2017dl= NOAAOIA W3l A Ha A

] Wl =2 AYgoez o5 Ha Jth(NOAA. 2016). = a9
Hirlots T2 MEFor Agiyt, %02 E 379 GRB (Great
barrier reef) 9} 87 Coral Triangle® A= ofrlo} Als Ae] 117 9]
At 23l 1A sk, W3t Aol v 2 FE] Coral Triangle®] mpA|%}
Y2 F2 AHE 7HAE AYa JATH(WWE. 2016).

HoAFo s wWeldAdel dinld 4tz Add wEs Fn gl #i
AMY "l o EAY BATEE ol HE g v Qe aRTE VA
Azl g Holn aIAl 4tE %
FxAS &R o 53], =
7Fe3F LED(light emitting diode)
Atgel A dZde] diEl AE ser, <
yefgolm e 742 W A} X7 %= M. digitatas Bt AFE
Aersto] Hakz o] Adgel =

o

FAN 2T AT g



1 AE AE 8 £

1.1, AellA ARG At
Montipora digitata
Montipora digitata(Fig 1. a)+ “At& & (Scleractinia), Acropora¥}
AFs R QIEYAJore] k2 BRG] 1 m)ellA &f2lel &l AArE o] (Dinar
farm, CV, Indonesia) 4% RS T3] AR . M digitata 5738 (3¢
Ao FHt A 116.6 g + 29.20) & 7L &Aste] b Al H ALEE
Z7}3}t (fragmentation) 3t < ¥ 9. Als =24+ 1 g +
1.072%2 Y (nipper) & ©]&3sto] At 3 Fel|l cyanoacrylate HZAE
o] =¥3te] A5 B (3X 3 cm, ¥ 207 54 HH FA 22.01
+ 0.63, T A&l A& st (Fig 1. o). o]F 7Y T
(Fig 1. e) ©llA fragment®] FHZ = & 9 Y3 FHE < Fof
Aol ARg sFaith.

(o2

1

.

OHTr
(0]

Caulastrea furcata
ol#] LED #3499 ZAbel o8 M digitata® a7 ¥

i
o
:‘7,1,_“

Caulastrea furcata (Fig 1. b)E A2 3t C furcata= <JQESFol A
M 2leh= AAFS & (Scleractinia), Merulinidae 3¢ Ats 2 212 =4 tf
(5—-18 m)ol A2l wet Mdgitata®tel 278 F A vlaE 93
AFg3Ith @lE Y Alo} (Dinar farm, CV, Indonesia) oA A1 k2] (4
8 m< T3 FHE AMAE 3FGE A WA FA 82 g £ 4.58)%
Tt FY olF TA £X zoA Y A H ANE
ZZ} (fragment) = W=tk AFEA BFL (3 X 3 cm, &9 2070 54 FA
19.36 g + 0.46, S/ AH)S AHE ston dAdk & s 2742



(29 207 =74
ol EZ ko] AT A
TZolA fragmento] 2 ] gl @ Qs AdHE &l Fo Al

g B9t

1.2. A8 Ak5 o] £

X442 E (110 Ly 5-894% Leglass 600, 7F=2 60 x A& 35 x 9]
38 cm + o3}z 7}E 20 x AZ 35 x ¥0°] 40 cm) (Fig 1. )¢ $4
JEl= Table 1o YeRdQITh A&AA F=Ho AHE Flstr] 93
drdel 238 SAstdon, of W AR WS Fo HYARS 165 W
539l LED & 12413418 ZAF slF30th(Fig 1. e).

Table 1. water condition of acclimation tank

Salinity 35 %o Artificial salt, Kent, USA
Temperature 2605 T 2Lzx47], ey, s
Hydrogen ion 8.2 pH pH test, Tetra, Germany

Total Ammonia 0 mg-? NHa/NHa test kit, Tetra, Germany
Nitrate 0 mg-? Nitrate test, Tetra, Germany
Phosphate 0.015 mg-I* Phosphate test, Nyos, Germany
Potassium(K) 450 mg-I*t Potassium test, Nyos, Germany
Magnesium(Mg) 1400 mg-I? Magnesium test, Nyos, Germany
Alkalinity 9.0 dH Alkalinity test, Tetra, Germany



& T e [FSSa— -5 =
Figure 1. Coral used in this study (a) Montipora digitata colony branch. (b) Caulastrea
furcata colony branch. (c) Montipora digitata fragment. (d) Caulastrea furcata fragment.

(e) Coral acclimation tank.
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FETEEEEE S
2.1. M. digitata=%¥ ZRZHF &

A REE O FAZXF #El= NaOH #2 WS (Zamoum et al. 2012)
ol &3t M. digitatas H 1.67 g + 0.289 FA=R HAddste] Hit
A FAAdFE 0.2 yumBEHH 3 F autoclave) = AF 3 Hel 1.5 mL
Fro] ¥ NaOH, 2 mol L™'& 1 mL %7}k heat—block (37 °C)ellA]
IAZE REGAI AT HEgAIZE 5, w15+ttt 1384 vortex oFglom, Hb&-
% 70 ym nylon mesh(Falcon, USA) 2 A& wWhE AA 3 F o 3000
golAl 5E 7+ P4 Egdte]l NaOHE A|A &gtk o] ¥ extraction
buffer (0.05 mol L™ phosphate buffer pH 7.8, 0.4 mol L™ sorbitol) & 50
uL/g 7} sto] vortex® FE A[A THA] 3000 gollA 5 A4l shod
B NE AA s Mo E NaOHE 23] AlH aklvh. FEH 2= 12000
g oA 38 A B F A AS AASEL ©HA] extraction buffer 1
mL& H7F & dYAA 4 Teol B st 298 # X7+ 23
A v (Olympus BX41, USA) 0.2 ##3} 29 (Leica DMC 2900, Watzlar,

Germany) = 38F3ith



2.2. M. digitata=%-¥] +213 #4279 FAa84 54

AR 4= fl@ll NaOH el o8l M. digitataZ %€ 3275
2y &t Byd FAFRFE 2x10°ell/ml HEF extraction buffer
Imly 37 A8 FEA Yol 4 T B#t gtd ZS 3000gelA 54
A B8 3ste]  extraction bufferE AA R Y. Ep—tubeo] HAX
TAZF Ao FHE DNA FEL AA 3o, DNeasy Blood and
Tissue Kit (Qiagen Corporation, Santa Clarita, CA) & AF&3FA ). Geller
et al. (2001) 9} Rodriguez et al. (2010, 2014) & A= #1 3o lysis
S 1 Arer 58T AS AY st AxAY] Wi FdEHA

SAZFY clade % sub clade 42 $#38] nuclear ribosomal RNA
fr42kel chloroplastell Sl Y% FAE FFsto] E4sta sl
Nuclear 5.8S ¥ Internal Transcribed Spacer region2 (ITS2) 181l
2852 dH(LSU of domain V)& 7}AE primer set 1(Pochon et al.
2001; Its—DINO, L_O) ¥ primer set 2(Pochon et al. 2010; ITS I, LSU I
rev)= ©]&€3o] PCR3Ft;. X3t Chloroplast rDNA®S] 23S large
subunit® Domain V% primer set 3(Pochon et al. 2010; 23S I, 23S I
rev)E o]&3te] FF &tk 2 PCR %72 Table 20 Yelg o,
Thermal cycler system(Bio—rad, Hercules, CA) & AFE-3lo] PCRS 4
et TFAZ FAEFE DNA Alsv 7 1y oA 1%l
293l Mpid—2 plus(Takara, Japan) oA 258 #7]9% 3d}o] band=
gl Frh AlE9 maker Apo]=g} W= AV dXA|skeE AEES
sequencing 3t¢loem Az Y2 A7|AA-S NCBI/BLASTE &3l clade
2 sub clade? A& A% st oW 13 29 A EQ primer markers
o] &3 A7/IMLEE MEGA6 (ver.6.06)ellA FHsto] HAAE FEATS2
region) & A7 stal Agste] Aol ARE-stlth

Tk Aol AME H FAERF AMES T 97144, Nuclear rDNA 5.8S—
28S (set 1+2) 1080 bp<}, Chloroplast rDNA 23S, 528 bp < A}g35}o]
clade ¥ sub clade?] Al&EAYTA FAS A3t (Pochon et al. 2006).



NCBId] SA® FAZFY A-I clade®t ZF clade°] s13d3F+= sub clade
7149 % Nuclear rDNA 5.85-28S ¢}, Chloroplast rDNA 23S #$] i
st A Vﬂoﬂ*o* FHBAY. M digitata $8ZF WEZ9 I7IMLE
FRE 743X clade ¥ sub clades®] F #4599 dVIMDe 744
MEGA(Ver.G.OG)% Argsto]l JdE (alignment) §F FHell (5-) FH(=3)
HAA] k= A7IMde datste] 1% 037]/\1°ﬂ4 ZJ_O]E A= AlZ o
clade %! sub clade® Nuclear rDNA 5.85—-28S +4d 2 Chloroplast
rDNA 2359 F+d795 vlu & F Sle ATEE MEGA6E AHE-38H
A2+ skt AlE %+ Neighbor—Joining method® Kimura 2—parameter
model (ML bootstrap 1000) & base® A&} = St}

Table 2. Primer sets and PCR conditions used in this study
Set

No Target Sequence Cycling Profile Reference
GTGAATTGCAGCAGAACTTC (95°C for 2 min)
1 Nuclear LSU/SSU rDNA (94°C for 30 sec)(50°C for 30 sec)
(600-bp, 5.8S5+ITS2) (72°C for 120 sec) x 40

GCTATCCTGAG(AG)GAAACTTCG  (72°C for 5 min)

Nuclear 28S rDNA GCTCATTGCACCCTTGG (9509 for 2 min) 4 Pochon et
[(95°C for 30 sec)(46°C for
2 (973-bp, ITS-2 ~ nr28s 455ec)(72°C for 1 min)] x 30 al.,2001,
D1-D3 Regions) 2010

ACACCTTCAGGCTTCCCA (72°C for 5 min)

(95°C for 4 min)
GCTCAAATGATATGCTGTAGAAG [(94°C for 30 5)(50°C for 1

3 Chloroplast 23S rDNA min)(72°C for 2 min)] x 4
(464-bp, Domain V) [(94°C for 30 s)(55°C for 1
GAGCACTCCTATCTGGACACTA min)(72°C for 2 min)] x 30

(72°C for 5 min)



3. Symbiodinium clade C152] A& ujjk

3.1. F/2 wjckdS o] 83t Symbiodinium clade C1528] A&
vk A9

AAS 2 RE BY3 IR (Symbiodinium sp. C15) 2] wjeksS & /2
MAL vl %] (AlgaBoost™ /2 2000 x, AusAqua, Australia) & AFE sF$ T}
AzALe] AWAE L ste] ¥ TRy T Kent, USA, 35
g/distilled water 1 L) 1 L & AlgaBoost™ /2 2000xE 500 uL AF&3}% T}
ol RS AxE wjkE T25 Z2+AA(Corning, NY USA) Oﬂ 20
mLA 5 3% S, KAS antibiotic cocktail (Soffer et al. 2008):

ug - mL~! kanamycin, 100 pg-mL™' ampicillin and 50 pg - mL™!
streptomycin E+, KA antibiotic cocktail (Yuyama et al., 2014): 20
ug - mL~! kanamycin, 50 pg - mL~! ampicillin) 2 50 yL - mL~' & #H7} &t
% 7z} ZYAFo Symbiodinium sp. C15& ZF A¥ s% ¥HE HE 3
el wiek skl

Hjek7] (Forma Series11 incubator, Thermo, USA) oA &%= 26 T +
207, ¥Y& WA LED(SMD 5050 LED, 6 chip/bar, 2 bar, Samsung,
Korea)E 162 p-mol photons'm 2-s™! 3FgFoz 12L: 12D FA}s}o]
Symbiodinium sp. C15% #jeFat ).

v ke Symbiodinium sp. C15% 3] pipetting & ¥ ZetAT A 1
ml& 5% % 10 yL® Neubauer haemocytometers A&, T 13
MET 33 HHEste] dx ®stE 54 shqldh

10



3.2. Symbiodinium sp. C152] LED 3+ ¥ A|gd 3 wjek A1 d
=09 /2 WA ZetA=9| Symbiodinium sp. C155 7zt Z&8A39 2.0X
10° cell/mlE AZE sttt vlek”] (Forma Seriesll incubator, Thermo,
USA) oA &%+ 26 C 20 =%, WAZF(SMD 5050 LED 6 chip/bar, 3 bar,
Samsung, Korea) < 3% 243 y-mol photons'm 2-s™' 7 2z 405 nm, 465
nm, 520 nm, 640 nm &S HAFYE APE = A (HE A,
LMCC—-AO1, ¥Ahstw LED AlE)E ¢k 250 y-mol photons'm 2-s 1O &
ZAYsto] 49U 7E Bk SESLT.
vi ¥ Symbiodinium sp. C15% 3Y
USA) AelA 24 2w T glsigion 15U s, Ed2aE
Cl5& &4 A2 # 1.5
mL Ep—tubeel ImL & &4 ©A] vortex st ¥ 10 pyLA Neubauer
haemocytometer® 33] RWEE3lo] WEE =74 3t ¥ chlorophylls H%

sheieh

Z53] pipetting 3o R Symbiodinium sp.

11
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4. Montipora digitata®) LED 338 A A

4.1. AE Fx 44 94 A%

7F2 60 X A& 45 X ¥°] 45 cm +E] ©lF (1215 L& 7122 A¥
TZE AF Y. HxE = PVC # (BT formax board, Dong—jin
profile, Korea)& ©]&3sto] AH 3 o3& A st oem 7t AHL 7t=
30 X A& 45 X o] 45 cm (60.75 L)Z A =k 72+ A4 with
FHEE (10w wave—maker 7500 L - h™!, Sobo, China) & ©]&3}o] <%
FRE A s9on, LED 7|#2 F£x 10cm Fole A ssith
Az 72 90X AlZ 20X o] 55 ecm (99 L) 2 A& A2 return
sectionl&= FFEE (UT—-100 water pump, 10w, hyopsihin, Korea) =
o]-&ste] 7z} AHE sFE £ AFOoH F o= Protein skimmer
(DT-2520 20 w 1400 L - h™!, JAD, China) ¢} o3 24| 3 L(Siporax 15mm,
Sera, Germany), 121 4% 0.5 L & A4 sttt

12



Figure 4. Diagrams and picture of a six-compartmented water tank designed and
used in this study. (a) Each compartment shared sea water through the 1 circulation tank
that contained a skimmer and filter materials. (b) The plane figure (c) Actual picture of
the tank used in this study. (d) Each compartment was irradiated by one wavelength LED
light.

13



4.2. Montipora digitata H2 434S 2

M. digitata (Fig 1. A) fragmenti AF$ 4] 3 X 3cm, 29 2070
=4 FA 2201 ¢ £ 0.63, TFF Al Atz 27} 1 1.070%
2

g =*

Y3 (nipper) & ©]&3sto] Ak 3 H SHFAAE woo] Zxste]
stk (Fig 1. D). o]F 74 % (Fig 1. F)ellAl fragment]
A2 e gl D ks AHE < Fo FA 54 F
3071, 22.63 g + 0.87) Al AR k3]

DPE (Day post exposure) O0°f, &=3]¥ 3070¢] fragment T bLH/l&
F29 2 AW st 3T (Symbiodinium sp. C15) 28& 9d LS
AAS H FAE 54 & M digitata 27+& (2.07 g £ 0.22) B 35
AlA 3] 5 mL Ep—tube®] Y€1 NaOH, 2 mol L-1S 2 mL 3 7}38t°] heat—
block, 37 TelA 1AIZF WEg s3ith. REZAIZE Fell= wf 152wttt 124
vortex 3FTE WHE ¥ 70 um nylon mesh(Falcon, USA) 2 ZA#F F el
3000 gollA 5% A4 HEg sl NaOHES A4 kTl extraction bufferZs
50 wl/g A7} st vortex@ dE AlA AFH 3 FH thA] 3000 gollA 5F
AAEE st A AA st WHOE 23] AF sF3iTE 12000 g ol A

357 A4 BEEst [ NS A AL thA] extraction buffer 1 mL&

~~

fragment o+ =

o

= NE 27 FAR U], g
W (Symbiodinium sp. C15)2] WEE 4 3t Fol= chlorophyll
2] 8keith. DPE 428 84¢l4 7t sk ¥ fragments A 57
| DPE 0 3} 22 WHo = o FAZF(Symbiodinium sp. C15) 9]
5 T3} 3L chlorophyll % Al&S AA st

U =] 25702 A4S fragment+ DPE Q¢ Al&4x ZzF A A fragment=
57014 W] & F A4 M= 9A3(SMD 5050 LED 6 chip/bar, 3 bar,
Samsung, Korea)< 3% 243 py-mol photons'm 2s '3} 7z} 405 nm, 465
nm, 520 nm, 640 nm ¥3}FS HAFYE APE =W A (HETAIAH,

LMCC—-AO01, ¥4 & w LED Alg)E o]&3ste] ¢F 250 y-mol photons-m~

il
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Tz 3 AL Table 3. 3 o]
] e, 15 Zﬂ =4 0}%\39_‘31 14 30L 3= 3k

= Anemia nauplii(Sep art, INVE,

(@]

AF H3h= HA @ Dol e 1

[‘

L& ¥ Az oA efefelo] date] 24 WJ F R
A. naupli & T 3ow, 1 FU EoF o], £Ho] AXE= Azt

XX O|EFE Target feeding 3% TH.
At3 Fragment?] FA+= v =4 4 7= g9ttt 24 #HE basketol

ol 2715 "ol golxzE= Al 5

Hel Aol &8 54 2 7|5 glom A specific growth rates

(SGR)E W=9 A= ARgste] F3lth(Wijgerde et al. 2014; W: =

Mz dol A 8 FA, Wi DPE 00149 FA, At AEH EQE-

A=),
SGR (day—1) = (Wy — W-1)/At

Table 3. water condition of experiment tank

Salinity 35+2.0 %o Artificial salt, Kent, USA
Temperature 26+05 T =247, s=dHad, dsis
Hydrogen ion 8.2 pH pH test, Tetra, Germany

Total Ammonia 0 mg-? NHas/NH. test kit, Tetra, Germany
Nitrate 0 mg-? Nitrate test, Tetra, Germany
Phosphate 0.015 mg-I* Phosphate test, Nyos, Germany
Potassium(K) 450 mg-I*t Potassium test, Nyos, Germany
Magnesium(Mg) 1400 mg-I? Magnesium test, Nyos, Germany
Alkalinity 9.0 dH Alkalinity test, Tetra, Germany

15



5. Montipora digitata /37 A4 3F& T= A Y
- le)

M. digitata (Fig 1. a) fragment= AF&4 B (3 X 3cm, 729 207
574 54 20.05 g £ 0.37, 557557 AR A5 x7F 2 g + 0.660F
H2AE W] Z=3zste] FZ

2
U3 (nipper) & ©]&3sto] A 3 H <=1
sttt (Fig 1. o). o]% 79 &9t =% =% (Fig 1. e) oA fragmentd
A2 dE gl 9 M3t AEHE & Q1 o FA 54 % (fragment F
% 3071, 21.98 g £ 1.78) A&l A& 33t

x AA 4 A

7k 60 X ME 45 X o] 45 cm #2 & (1215 L)<
7N2Z2 AY FZ2E A ¥y W k= PVC ¥ (5T formax board,
Dong—jin profile, Korea)= ©¢]&3s}o] =% o AHE Az o z}
AL 7tZ 45 X AR 225 X ¥£9] 45 cm (60.75 L) & A& =HAh 7}
A4 with £33 EE (10w wave—maker 7500 L -h™!, Sobo, China)Z
ol &3ate] Q¥ FiF YW AM £3S A sgloe, AFfxE= 7R 60 X
AZ 20 X o] 55 cm (45.6 L)Z A =How Fok gkl Protein
skimmer (DT—-2520 20 w 1400 L -h~!, JAD, China)9 o34 3 L
(Siporax 15 mm, Sera, Germany), 1% &g 05 L < A
31 o (Fig 5.) 2 %712 Table 33 #o] 33t}

1
>
o
LY
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Compartment 5
Sl 22 -

15cm 45¢m

Figure 5. Diagrams and picture of a two-compartmented water tank designed and
used in this study. (a) The plane figure (b) Two compartment shared sea water through
the 1 circulation section that contained a skimmer and filter materials. (c) Each
compartment was irradiated by one light intensity of LED light.
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5.2. Montipora digitata ¥4 7374 9%+ LED ¥ =& A3
DPE 0°] +#8] 9 fragment 3071% 5/ME F2YE AdHsle] FAXF
W% =74 9 chlorophyll A%& AAl At YA fragment 2570+
APz 24 A4 571 do] F ¥ sectionE WA LED (3chip/bar, 10
bar, Samsung, Korea) 405 y-mol photons'm 2-s”! 78]31 465 nm LEDZ
250 p'mol photons'm ?-s”! F&s& 7|07 1/4 (60 y-mol photonsm~
2.5, 1/2 (125 p'mol photons'm™2-s™1), 1 (250 y-mol photons m 2-s~
!/m), 1.5 (400 p-mol photons'm™*s ) H|&= AA3}e], 12L: 12D & A}
Ak olu FHE 9% 35% + 2, & 26 C £ 0.5, pH 8.2, T gELo}
Omg - L7 A4 Omg - L7, ¢4k 0.015mg - L7 K450mg - L™, Mg
I Alkalinity 9.0 dHZ 4 d3o9, wid 30 L g5 3
A F FdTas A Hol W= Anemia nauplii(Sep art, INVE,
USA)E Q¥ F3 sto] go] sttt A% F3h= vlAGBL) el ¥+ 1
LE Y1 Axss 20g 2o 28T oA olof#oldste] 2443 F7E A
nauplii < T 3ston, 1Y FF 7o, ol AX= AR
Y O|ER Target feeding 3% T,
AFS Fragment® FA= w5 54 2 715 siolvy. 44 #HE basketol
ol E7]5 "oy go]Z=E&E ALSA BHAY IFE S5t wHeobd
Holl A&l &8 54 2 715 stk 4% specific growth rates
(SGR)& o9 A& Abgste]l F8k3ltt (Wijgerde et al. 2014; Wi =
AZY Fo JiA H FA, Wi DPE 09149 FA, Ate MEF ¥EQEZ]
)

N

1/
5

SGR (day—1) = (Wi /W) /At

4

|\
o

DPE 70°] HFAZ 9, FRZF(Symbiodinium sp. Cl5)E
Bedte] A% =4 2 chlorophyll =S A A 9o}

18



6. Chlorophyll A& A&

IAZF QI U Mdgitata 4EA Dol EElE FAZRFY H
=743t % Chlorophyll® A& 24 Pk 12000 golA 387
g sto] Hatslg T /2 wiAE A Y. Ep—tubeel &3 A
pellete]l 90 % acetone 1 mLE& Y1 S5535] vortexdste] 5% pelletS Hr
Al F . ©]% sonication(level 4—5, 1%, 33])3lo] cellE Y. Ep-—
tubeE S o #A L& 9”*5] 2k gk Fel 4 T oA 24 AZF A Y
ol EFEA 2dste] FEFEE SR

F3 5 =4 Spectrophotometer (Ultrospec®3000, Pharmacia Biotech,
USA)olA A7 © AEE cubit(Styroform rack—Art No.2712120,
Ratiolab, Germany)©°l] 1 mL =7 630 nm% 664 nm IHS =4 3519
Chlorophyll a8} c2 & == th(Jeffrey et al. 1975).

L IN e b
o Ju mx

Chlorophyll a = 11.43 Egs4 — 0.64 Eg30
Chlorophyll c2 = 27.09 E630 — 3.63 Ese4

7. FAEA

LED 3% 2 F2k AHoA FAEZF(Symbiodinium sp. Cl5) HxE
W3t} Mdigitata 378 Al dAA =59 A&E, 183 chlorophyll® &A%
AldolA 2 2Tk Al 3He] oA #A vlmE Sl IBMOSPSS
Statics Version 20 (IBM, USA)ES o]&3toy ANOVA(Tukey HSD?
Duncan®) &4 &tlew, Z+ Aol iz 8 A+ = ZF gpgd
Al el F=F AlEdT 7] P valued =2 Excel (MS office 2016,
Microsoft, USA)¢] T-#% (&4t 7 FHdd) XS ARgsto] 74
o4 vuE AA skl

.

)

-|_l
S
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1. 43

|
okl

DY

Mz

)

1.1. Montipora digitataZ %€ FAZFL &
B FA 1.67 g + 0.28° M.digitata Z5€ NaOH, 2 mol L™t & 1 A|gF
HhS-alo] Best FAFFY UEE 556 + 2.94 x 10* cell/g ©] Stk

L3 T o )
a b**® Sk gl -
L8 s ° . $ oe
° ~ a
9 : B .3* | "o
o L% ¢ . L)
il f' b o™
.
° r ° s $
i . T :
. L3 g t L3
® e .
°
® e lﬂ > - 'B‘ e
) o, L, . ® un °
e ° Ji " o' B B -
a % ' 3 3 100 ym
‘e P ® L J

Figure 6. Symbiodinium isolated from Montipora digitate used in this study. (a)
Symbiodinium under magnification of 400 x. (b) Isolated symbiodinium on hemocytometer
under magnification of 100 x. Arrowheads indicate chloroplasts in the zoothanthellae.

20



1.2. Montipora digitata=5¥ %23t 3 ZF FHd34 54

M. digitata ¥3 §8%FF2 & (nuclear) 2 5.8—28S rDNA, 1080 bpo}
o =2 (chloroplast) 2] 23S—rDNA, 528 bp2 97| 4L 7}z BLAST 3+
A Symbiodinium sp. C152F 100 %28 A=A S H it

W

Sk %
- 1

1.3. Montipora digitata®=5¥ #zlst TAZF A

o

=

NCBIZHE 3 nr28S DNASF ¢p23S rDNA 4 4

Symbiodinium sp. A-I clade Q7| LES ol AT =

Symbiodinium % Q@71MEFY AEEE LA A3} Symbiodinium sp.
9

C159(clade C, sub clade 15) 7}& 717t2 AE A 9= 29t (Fig 7.).

M -z

& 1o
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r nr 285 rONA Sample < (mm—

€ 15X2361 [JN558042]

64| C 489 [AJ311944]
'|-c 4900 [AJ291515]

L C 1675a [IN558044.1)

98| - caax ase72075

C 1466X [AJ620945]
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CUa31 [AF427463]

C458X [AJ308887]
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F 1334X [AJ621145]

F 1350 [AJ621147]

gor F 188X [AJ308895]

F 1635 [AJ291525]

|z

le

86| F 5243X [AJBT2076]
F 5244X [AJB30816]
o5 F 1320 [AJ830914)
F 1335 [AJ830912]
F 215J[AJ830911]
F 206, [AJ830808]
75~ F 650J [AJ291535]
F 1593 [AJ291529]
FO71X [AJ872077]
1990 ¢ s unsssorz)

B PK702 [AF427459]
B P13 [AF427458]
100| B HIAp [AF427457)
B PurPflex [AF427460]
— 55 | nri1 [FNS61550]
10712 [FNS61560]
To0] | v i3 [FNS61561)
| nrié [FNS61562]
H1286X [AJ621148]
70| 7] 1653x [AJG21131)
H1382X [AJ621129]
100| H 751J[AJ291513)
H 16784 [AJ291520]
D 63X [AJ308900]
100} D 542X [AJ308902]
! D 16554 [AJ311948]
D AOZ4 [AF396627]

G 1582 [AJ281537)
58-G 1584J [AJ201539]
G 1645 [AJ261538]
ECCMP421 [AF050899]

AZS [AF427456]
100)
AT [AF427455)
71| AFLApH [AF427453)
% 52L— ACx [AF427454]
s

simplex [AF060900]

1

100

8

> (OO0 I —~ w

—p Cp 235 (DNA Sample
C 15cp [FN298473]
C 15 %2361 [INS57972] [ 64
C 489 [AJB72084]
C 4904 [AJB72085)

C 12cp [FR773858]
€ 84X [AJ872086]
€ 1466X [AJa72082) |99
€50 [AJ872080]
€ 1478X [AJB72081]
€ Ua 31 [AY035425]
C458X [AJBT2078]

C 1673X [AJ872079] —
F 838J [AJ872102)

F 1334X [AJ872098]

F 1350 [AJ872100]

F 188X [AJ872087] |55

F 1635, [AJ872086]

F 5243X [AJB72094]

F5244X [AJET?DBS]

F 1320 [AJ872081]

F 1335 [AJ872090] 190 [5q

F 2154 [AJ872092]

F 2064 [AJ872093] |38

F 5504 [AJ872105]

F 1593) [AJ872104]
FoTix(aseT2103); |%
FMviAY035422] lgg
B PK702 [AY035419]

B Pk13 [AY055231]
BHIAp [AY035421]

B PurPilex [AY035420] [ 91

I nr-i1 [FN561563)
| n-i2 [FNG61564]
113 [FNS61585) [0

1 nr-i4 [FNS61566)
H 1286X [AJB72111]
H1653X [AJ872113]

H 1382) [AJB72112]
H751J [AJ872109]

H1678) [AJ872110]
D 63X [AJ872089]

D 542X [AJ872087]
D 1655 [AJ872088] [99

D A024 [AY035429]
G 15682J[AJ872107]

G 1584 [AJ872108]
G 1645J [AJ872106]
ECCMP421 [AY055240]

AZs[AY035414]
AT[AY035412]

AFLAp#4 [AY035404]
ACx[AY035406) 181
Gymnodinium simplex [AJ872114] ——ff4——+——

002

Figure 7. Molecular Phylogenetic analysis by Maximum Likelihood method of the
genus Symbiodinium showing the position of clade C based on the previously published
(A) nr28S and (B) cp23S datasets. Black dots represent values of 100% bootstrap support,
Alphabets, located in middle of figure are indicating Symbiodinium Clade A-1. Each cord
names and accession numbers (small texts) are meaning of sub clade.
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2. Montipora digitataz %€ 2t dAZF AT vfF A

5]
“

r

2.1. F/2 v oA A/ Alda wiF Ag

M. digitata® SZ275 stz A /2 wAe] HA w5 Al
(AusAqua) 9 3% FEHT 2 FEZ 39S w ayd o]}, Hj
FTEE 2-8 vlZ Fo uwjekst A3y 282UXH(DPC, Day post culture)
xR WE7F DPC 0 thd] zhzh 2.2-2.3 wi7kAl F7F, w713t
Ao UEE 71539 DPC 2804 2} X s oA ke HoUt=
o (A4 AFF5) 9 vl & o F27F 2575 9401 uA s
2 H; p<0.05, ¥WiAEE 4 #Hl; p<0.0001, # A %% 8 H; p<0.0001).
g8y A EE 4 diel 8 v ko] FARF HEE F94 Aol7t (il

W W %] FE 1/2 oA DPC 28 ¥AZXF WEZF 1.6 Wi S}
Fom wixsE 1 wel vla] FoHom A& F7HE BEATH(p<0.0001).
A AH w1 e sEE 2= AFEE o 7P a3F R RS gRlskalth

DPC 28¢ 7} %<& 34xF HES7FE EQ FH DPC 497HA
£ B A" Hu 559 /2 vjekel 8wl DPC 4994
%7} DPC 28 oiH] 15. 73 % 74 3tiew, /2 ujeke 4n)
A= DPC 28 thH], 15.06 % 72, 2] %= 19.76 % 74, 181
I 555 27. 39 % A STk AlE HA FEQ 1/2 %9 (/2

M= 34, 50 %9 W% ZAE BHJow =2 Hiy WUk
) |

>
A

A

=
,g

T2 L
1o
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—2—X 1 X 1/2 —a—X 2 X4 —4—X38
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d c
45 cd o d
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Day post culture (Day)

Figure 8. Optimal concentration of f/2 medium to culture symbiodinium sp. C15
isolated from Montipora digitata used in this study. The alphabet above each spot of
day (a, b, c, d) are showing the significance level with ANOVA analysis, the lowest
concentration group was indicated ‘a’, and another group, like ‘b-d’ have significant
difference.
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2.2. Montipora digitata %3 sAZ72° LED 3% H Al
Hj ok Al E

465 nm LED FAF ol 6 3+ vieF @ M digitatad 3 sAZFE
H 3.8 x 10° cell/ml & 1.91 v "W%7} Frlskgion WA LED ZA}
T(1.7e) e vl S W §Y9F0=Z (p<0.01) AFS ZAAIE Ao
vebsktl, 221 640 nm LED FAF Frol A= oF 1.4 v WE7} S7k3lon,
WA [ ED ZAFESF vl wsle] W% 2717 ml$- Atk (p<0.001). 405 nm
LED ZAF oA Ho WEE 3.2 x 10° cell/ml, 520 nm LED FA} ol A
3.15 x 10° cell/ml= Z}7}, 405 nm LED 1.6 8] 520 nm LED 1.58 Hj
A7k S7F gov WAl LED AR 7o vlnd w §oF Aol
A A H(Fig 9.).

BControl 8400nm ©®465nm ©520nm B@465nm

45
d
z 10
= d _C_b
= 3.5 b
5 3.0 d ath) Ia 7
v .5 ~ b
y e ﬁﬁE i I]é E INEZH LNEZR [NER
0 7 14 21 28 35 42

Day post culture (Day)

Figure 9. Growth of symbiodinium isolated from Montipora digitata for 6 weeks. The
alphabet above each spot of day (a, b, c) are showing the significance level with ANOVA
analysis.
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3. Montipora digitata®l LED 33 A2 A&
3.1. LED ol ZAFY Montipora digitata®l sAZ5F HUx W3}

#HZ=(DPE 0)o M. digitata fragment (2.07 g =+ &+
FIAZFF UrE 27 AFs 1g9 2.02 £ 0.11 x 10° cell/ml G ow
LED XA} FollA] DPE 42 ©| 5.44 + 0.35 x 10° cell/ml & 2.69 # 47}
S7F 3tttk 465 nm LED % AF 7= 6.41 £+ 0.30 x 10° cell/ml & 3.17
o] WxyF F7F gom WAl LED FAM thH] wl$ = Wn SIS
B3tk (p<0.0001). ¥k DPC 4214 640 nm LED ZAM+= DPC 0%
vl dte] 4.30 + 0.16 x 10° cell/ml & 2.13 ¥} W7} 7} a0} oA
LED %A} o] Blsto] Ux Z7F= 3okt (p<0.01). 405 nm, 520 nm LED
ZAF 5 1%rF FF oy 9 LED AN diH] F942 ST

DPE 847F4] Al%¥ Adold RE LED 4o 4% F71E 2oy
DPE 429} 217 Atol= gl (Fig 10).
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OControl B405nm B465nm B520nm B640nm

10.0
E 9.0
Eﬂ 8.0
;’ 7.0 ¢ )
.}; o0 ib ab % ab m %
Z 50 SEBp - =
T 40 § = g = g
£ 30 § = ? = g
2 20 N E ? =1%
£ NE 7 =1
;10 NE/ =
0o U L] Bl L
42 84

Day post exposure (Day)

Figure 10. Increase of symbiodinium density for in vivo experiment 42 days and 84
days. During 42 days symbiodinium density increase seems like in vitro experiment result,
which 465 nm was the most effect to growth and 645 nm had rather growth effect. At the
DPE84 was no significant change of symbiodinium density and there were a little increase
except 640 nm. It had induced result that low growths were limited saltation pattern like
fore 42 days by overcrowd of symbiodinium in coral tissue. The alphabet above each spot
of day (a, b, c) are showing the significance level with ANOVA analysis.

27



3.2. LED 3% ¥ Montipora digitata® 737 A3

WAl TED (Control light) ZAF oA M. digitata® ¥+ A+ fragment
B} (22.01 g + 0.63) >3 DPE 0°f 23.184 g + 1.11 ¢o]%loY 6 + &
(DPE 42)°fl ¥+ 23.93g+ 14122 2.07 % 4% sqon 48 JFES
0.049 £+ 0.007 %/day)°lt}t. 465 nm, LED ZA}F F-ollX M.digitata
fragment®] 442 Hx DPE 0, Hd5FA 22.55 ¢ + 0.59 A DPE 429
23.24 g £ 0.64°% 3.08 % AFES HJom d¥ HAHFELS 0.073 +
0.007 %/day <7} &to] v LED tfH] vl f-a& sttt (p<0.001). 405
nm, 520 nm IF FAE B LED ZAF thH] {82 2po]E HolA]
Hi=g
vl DPE 42004 640 nm ®AFE, 144 + 0.16%(0.034 +
0.004 %/day)®] &&= WA LED ZA iyl 7Hg %2 (p<0.001)
4% a3E BHStH(Fig 11. a).

o] DPE 847FA A&EHE A EE LED 3AolAM M digitata®)
Jo] A&E o™ 465 nm FAFTlA 5.9 + 0.65%% M =S
tasts Btk Tev 9 AFES 2W DPE 42 o|F AZEY
7he HETH(Fig 11. b).

N

O
o

ofN oX oX
oN
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Figure 11. In vivo experiment, LED growth effect of M. digitata for 12 weeks. All of
LED sources shown the effect of growth, M.digitata was the most increased under 465
nm, blue light LED wavelength. At the DPE42, daily growth rate stopped increased and
kept staying in same level. The alphabet above each spot of day (a, b, c, d) are showing
the significance level with ANOVA analysis.
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4. Montipora digitata ’372] LED A4 ¥ == A3

WAl TED ZAF ol M. digitata®l S+ FA+= fragment EFY (20.054

+ 0.38) ¥3F DPE 0°ll 21.686 g + 1.20 °Iloy 6F3% (DPE 42)01]
He 23.118 g £ 14127 3.05 £0.12 % A# o A AZE
0.0728 + 0.003 %/day ©l}t}t. M.digitata®l 3+3E A3 Ao A Z‘jiﬂ
FFor HA YW 250 p-mol photons'm 2-s” ! (1H]) FFolA 1057
2 0.0860 + 0.014 %/day A& EZ 3.61 £ 0.577 % A& st
LED XA tiH] 97 zto]lE ®ATH(p<0.05). 1.5¥ FZF 400
u-mol photonS'm_Z' “lo] FEkoM = 657 (DPE 42) 9% 0.0955 +
0.014 %/day? AFEZ 4,16 £ 0.595% A & 714 & AAES
RATHp<0.001). ¥WFA 1/2(125 p-mol photons-m 2-s™ V)37 1/4(60
u'mol photons'm™2-s V)3 LED XA} FollA Mdigitata & A%<
DPE 42¢f Z+z} 1/2 #eFolA 2.75 £ 0.220%(0.065 + 0.054 %/day) ¢}
1/4 FeFe)A 2.36 £ 0.208 % (0.056 £ 0.004 %/day) 2 4373l WA
LED tjH] @2 JAES 71533t (con: 1/2 #%, p<0.01, con: 1/4 F,
p<0.0001).

o]% DPE 70714 Al&E Algold BE ZHANM M digitatal 737o]
A&HJqo™  1.68 FAROlA AdFEC] 7.06 £ 057 %(0.100 =+
0.008 %/day) 2 7F& %S A3 (p<0.0001)S Xtk T3+ DPE 7094
154 F%S 595 £0.382 %2 AFES 7153 1 Wl FFHE ZdE0A
o4 ztolE EAoH(p>0.01). 283 1/2 F=Folx DPE 495 E WA
ZATESF AAE Aol 7t FE R oW HEX O E DPE 7004 5.22 + 0.279 %
Arstor WA LED FAMAS 5.14 + 0.167% AZEYN 594 xto)7}
ARt 1Y 1/4 FH2 DPE 7074 4.52 £ 0.236% 3oz wx
LEDZAFT9 Blwsle] x&Eh oz e HAES 712590 (p<0.0001).
(Fig 12.).
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Figure 12. In vivo experiment, LED growth effect of M. digitata for 10 weeks. All of
LED light intensity shown the effect of growth, M.digitata was the most increased under
the strongest intensity, 400 p-mol photons-m2-s. As stronger 465 nm LED light had
better growth effect on M. digitata. The alphabet above each spot of day (a, b, c, d) are
showing the significance level with ANOVA analysis.
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5. chlorophyll & A&

5.1. LED 33 FAZEF dauef A& A chlorophyll A%
A3y 2.2. M.digitata 8 IAHZFY LED 3% H A wjok A3
oA FAZXF WE Z4 % chlorophyll®] F& A& AAIs A3

5.1.1. Chlorophyll a

# %, DPE(Day post exposure)0 oA M digitata® 25 H
I ZF2] Chlorophyll a9 & H 3.27 £ 0.007 pg/10°F o,
(DPE 42) 92 LED %A} “(control light)old S 3.53 =
ug/10°2. 2 1.1¥) =718tttk DPE 429 71 @& Z71Es He
640nm= ¥ 3.84 £ 0.007 pg/10°Z 1.18¥19] S71& p_gzi,o_ui
LED A9} vHlwale] 212 Z7F(p<0.01)E Rtk ¥hd, DPE 42¢9]
465 nmelA Chlorophyll ai= F7el fF24do]l ¢lled (1.018) F71,
3.333 £ 0.006 pg/10”), 405, 520 nm LED A} ++ 4] Chlorophyll a2
U Fo4 Aol o, mAF 74 (405 nm, 0.98 H] 57}, 3.228 =+
0.013 pg/10°, 520 nm, 0.99 # S7F& (3.225+£0.017ug/10°) R th(Fig
13.).
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Figure 13. In vitro experiment, chlorophyll a determination for 6 weeks. Chlorophyll
a quantity from symbiodinium of M.digitata was the most increased under 640nm, red
light LED wavelength. The alphabet above each spot of day (a, b, ¢, d, and e) are showing
the significance level with ANOVA analysis.
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5.1.2. Chlorophyll co

T -

Chlorophyll c2 + %, DPE (Day post exposure)0 ©l4] symbiodinium
A% 10° cell B Bt 7.46 £ 0.027 pgRem, 6 F1HDPE 42) #4 LED
ZARE oA H4t 10.48 + 0.027 pg/10° 0.2 1.4 wl F7hekqlth DPE 429
7V B FUbEES Hel wAS 465 nmE H 11.8 £ 0.046 pg/l10°E
1.6 we S7kE HSloew WAl LED FAM diH] =& fF94
<71 (p<0.0001) & Eth 405 nm, 520 nmv + I&7F /5224 Zol=
gilov WA LED oin] S7Fge] AAtH(405 nm, 1.39 <7k, 9.49 £
0.004 pg/10°, 520 nm, 1.26 ¥ Z7F 9.33 £ 0.006 pg/10°) "k, 640
nmo| A Chlorophyll c2 & F3kell #F24do] gllem (1.09 ¥ <7, 8.07
+ 0.013 g/10°), WA LED u® 7 HLe FI/AES By
(p<0.0001) (Fig 14.).
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Figure 14. In vitro experiment, Chlorophyll c2 determination for 6 weeks. Chlorophyll
C2 quantity from symbiodinium of M.digitata was the most increased under 465 nm, blue
light LED wavelength. The alphabet above each spot of day (a, b, ¢, d, and e) are showing
the significance level with ANOVA analysis.
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5.1.3. Chlorophyll Z/3uv]| 8} &%

Chlorophyll a®} Chlorophyll c28] ZAH|} FH2] WHIE H7] 3l
Chlorophyll a/ce ¥ Chlorophyll a+cesE T3t th. DPE 0olA H+#(n=3)
44.191 + 0.237 a /c2 #°] DPE 4294 640 nm 3g°] 46.97 = 0.164
a/co® Chlorophyll a ¢ F%o] Z7} do]| wgl Chlorophyll a 9 %<&
ZANE B, HvbH DPE 42904 465 nm 32 Chlorophyll a/ce &=
28.26 t 0.106% Chlorophyll c28] %Fo] <=7} s} Chlorophyll a ©] 74
ghel whet 717¢ @S Chlorophyll a /c2 #k& B3It 914 LED, 405 181
520nmi= Chlorophyll a 4 FAE Btk (WA 33.70 + 0.232; 405
nm 36.67 * 0.136; 520 nm 40.4 £ 0.359) (Fig 15. a).

Chlorophyll a+cs, Chlorophyll®] F%#2 465 nm 3|4 DPE O,
FH% ¢ Symbiodinium L% 10° cell & 10.68 = 0.027ug °lA DPE
429 15.12 + 0.039 pg/l10°C2 714 =& =71 ®9on 640 nm
el A 11.87 + 0.014 pg/10°2 %2 7Hd v F7HE 7]1=53k3dvh (Fig 15.
b).
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Figure 15. In vitro experiment, Chlorophyll a/c. composition ratio and Chlorophyll
a +c2 total quantities for 6 weeks. (a) is chlorophyll a /c2 quantity from symbiodinium of
M.digitata was shown composition of chlorophyll a, the most increased under 465nm,
blue light LED wavelength and 640 nm was increased of chlorophyll a. (b) is chlorophyll
a+cz, shown to indicate total amount of chlorophyll. The alphabet above each spot of day
(a, b, c, d, and e) are showing the significance level with ANOVA analysis.
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5.2. LED 348 Montipora digitata 37 A @ o4 Chlorophyll
A =F

A3 3. Montipora digitata®l LED 334 A% Al oA Ba FAXF
% =74 %, Chlorophyll®] A& Ald A3}

5.2.1. Chlorophyll a

# %, DPE (Day post exposure)0, F2Z-9 & AW¥H3 M digitata, Fragment
(n=5) S ZHE B3I FHEF Chlorophyll a8 I+ WEE 3.36 +
0.011 pg/10° o, 6 F3HDPE 42) ¥A LED ZA} F(control light) ol 4]
Hit 3.45 £ 0.065 pg/l10°C.& 1.02 ¥} Z7}stich. @A LED ZA-9
Hl&l 640nmy3}go] DPE 42 3 3.72 £ 0.333 pg/10°, 1.1 wWiZ
94 (p<0.05) F7FE Btk wbd, 465 nm 342 ¥ % DPE 03 DPE
42 Zre] Chlorophyll a Z3el F2o4do] gller (3.288 £ 0.063
ug/10”), 520 nm LED ZAF 7+ 9A] 42 A &<t Chlorophyll a2l %42
94 zol= AAW (520 nm, 3.22 = 0.05 ug/10°). thek 405
nm¥&o| A= DPE 0 th¥] DPE 42¢] 405 nm, 3.411 = 0.031 pg/10° &
Chlorophyll a9 #9974 ZF7}H(p<0.05)E HPo WA [LED FAM-9}
224 Apol= glAtH(Fig 16.).
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Figure 16. In vitro experiment, chlorophyll a determination for 6 weeks. Chlorophyli
a quantity from symbiodinium of M.digitata was the most increased under 640 nm, red
light LED wavelength. The alphabet above each spot of day (a, b, ¢, d) are showing the
significance level with ANOVA analysis.
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5.2.2. Chlorophyll co

Chlorophyll c2 + # %, DPE (Day post exposure)0 ©4] symbiodinium
U 10° cell § B 7.87 + 0.069 pgom, 6 FHDPE 42) %4 LED
FZAFE oA Bat 9.19 £ 0.186 pg/10°C.& 1.1¥] F71ekqlth. DPE42¢]
7 we Z=7bekS HWol w465 nmE H 10.03 + 0.254 pg/10°E
1.3 w9 S/ HQew @A LED AN diH] =2 {94
Z7VE (p<0.001)E B 405 nm, 520 nme= F+ 37T 594 Ao)=
silov WA LED oin] F7kge]l AUt (405 nm, 1.1¥) S7F 8.6 *
0.193 pg/10°, 520 nm, 1.19 =7} 8.4 £ 0.266 ug/10°) ¥WHH, 640 nmolA]
Chlorophyll c2 & 8.07 £0.013 upg/10°% 4293t F7ol 24 0]

Fpow WA LED tiH] 7Fg A2 S7FFS B A tH(p<0.0001) (Fig 17.).
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Figure 17. In vitro experiment, Chlorophyll c2 determination for 6 weeks. Chlorophyll
C2 quantity from symbiodinium of M.digitata was the most increased under 465nm, blue
light LED wavelength. The alphabet above each spot of day (a, b, c, d) are showing the
significance level with ANOVA analysis.
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5.2.3. Chlorophyll ZAuv] 2} =%

Chlorophylle] Z/dngl F2 Wats ®7] $8] chlorophyll a/c2 ¥
chlorophyll a+c2% T3ttt DPE 094 Hi#(n=5) 38.92 +0.677
chlorophyll a/c2 %t°] DPE 42, 640nm 3Hgel]A 46.97 = 0.164
chlorophyll a/c2® 7} =2 (p<0.01) chlorophyll ag] ZAH]E Rt}
Wk DPE 42914 465 nm 342 Chlorophyll a/ce &= 32.82 + 1.131%
Chlorophyll c29] ko] &7} 3lar chlorophyll ao] 4 g uet 713
& chlorophyll a/ce #te HFTE WA LED FAF9F 405 nm FAM:
= chlorophyll a/c2 4 FAE Btk (WA 37.67 + 0.758; 520nm
39.68 * 1.126). 405 nm 3¢ ZAMFelAE 94 LED oy &2
chlorophyll a/c2 &7 #k= R (p<0.01) (Fig 18. a).

Chlorophyll atcso® vYeErd Chlorophyll® F#2 465 nm 3%
ZAFol A DPE 0, ¥% ¥+ symbiodinium WX 10° cell @ Chlorophyll
=2 10.92 + 0.065 pg/10° oA DPE 429 13.32 + 0.248 pg/10°C.=2
7 =2 (p<0.001) F7FHs Eem™ 640 nm 3gA 11.78 + 0.281
ng/10° 22 7ba w2 (p<0.01) S7Fs 715 3ot (Fig 18. b).
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Figure 18. In vitro experiment, chlorophyll a/c2 composition ratio and chlorophyll
a+c2 total quantities for 6 weeks. (a) is chlorophyll a/c; quantity from symbiodinium
of M.digitata was the most increased under 465 nm, blue light LED wavelength and 640
nm was increased of chlorophyll a. (b) is total amount of chlorophyll a+c,. The

alphabet above each spot of day (a, b, ¢ and d) are showing the significance level with
ANOVA analysis.
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5.3.LED 3= ¥ Montipora digitata ’37 A3 |4 Chlorophyll
A
A3} 4. Montipora digitata A4 LED A4 I =& AlgoA &

sAxzF UxE 54 F, chlorophylle] d7F &}

5.3.1. Chlorophyll a

# %, DPE (Day post exposure)0, T2 2 XMWt M. digitata fragment
(n=5)°o.ZHE East FAZFA Chlorophyll a® &2 symbiodinium
A% 109 Wit 255 + 0.014 pgdlew, 10 #7HDPE 70) ¥4 LED
ZAF T (control light)ellAl B 2.746 = 0.056 pg/10°SZ 1.08 Hj
Z7Fekth. WhE 465 nm 3429 60 prmol photons'm %-s7! oAM= HE
DPEO¥ F= A/l DPE 70 Z%Fe] Chlorophyll a F3el f<]40]
ARnoem(2.59 £ 0.085 pg/10°), 125 p-mol photons-m 2-s™t FeF
ZAFTE Gl diulste] 1914 SU7HE EATH(125 yrmol photons'm”
.s71, p<0.0001). 23 400 y-mol photons-m™2-s™! ©] DPE 42 3+
2.8 £ 0.045pg/10°, 1.18]2 WA LED ZAFFHTF v]$ =2 (p<0.0001)
+7He HAth(Fig 19.).
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Figure 19. In vitro experiment, chlorophyll a determination for 10 weeks. Chlorophyll
a quantity from symbiodinium of M.digitata was the most increased under 400 p-mol
photons-m2-s? light intensity. The alphabet above each spot of day (a, b, ¢, d) are showing
the significance level with ANOVA analysis.
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5.3.2. Chlorophyll co

Chlorophyll c2 + # %, DPE (Day post exposure)0 ©4] symbiodinium
A% 10° cell & FH+t 6.01 + 0.039 pgRew, 10 F7H(DPE 42) WA
LED ZAFF oA Bt 8.34 £ 0.266 pg/10°2.& 1.388) ZF7}38t8itt. DPE
70°] A 465 nm 3% 60 y-mol photons'm 2-s7! A= HE 7.63 +
0.08 pg/10°Z 718 A& chlorophyll co Z7}HS B ow Ho A
B2kl 400 prmol photons'm™2-s7! oA H 1050 + 0.26 pg/l10°=
1.74¥) S7H5 Kol =¥ tiv] chlorophyll c28 o] F7F stk 250
u-mol photons'm™?-s! #& ZAM(250, 400 p-mol photons m ?-s™ 1) FE]
WA [ ED ZAFEY vl wake] Z7FEFo] HtH(p<0.0001) (Fig 20.).
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Figure 20. In vitro experiment, Chlorophyll c2 determination for 10 weeks.
Chlorophyll c2 quantity from symbiodinium of M.digitata was the most increased under
400 p -mol photons-m2-s! light intensity. The alphabet above each spot of day (a, b, ¢, d,
and e) are showing the significance level with ANOVA analysis.
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5.3.3. Chlorophyll /1] 2} F=F

Chlorophylle] Z/dngl F2 Wats ®7] $8] chlorophyll a/c2 ¥
chlorophyll a+c2E T3}ttt DPE 0°lA H+ (n=5) 42.22 = 0.359
chlorophyll a/c2 #ke] DPE 70, ®14 LED ZAR7-elA4 32.95 £ 1.33
chlorophyll a/c2& chlorophyll a¥] ZA¥E A5 Ht}h. DEP
7074 465 nm 3o 7} B FAME RO Fel  divlsho
chlorophyll c29 =%4A8] ZF7}= Chlorophyll a/ce #S FZFZ57)ol
el g et d9E H vk (fig 21. a)

Chlorophyll a+cg, Chlorophyll®] &% WA LED ZAl o4 DPE O,
H% 4 symbiodinium UE 10° cell @ 8.57 + 0.045 ug °lA DPE
70°] 11.09 £ 0.248 pg/10°22 F7} Fov, FFo| nldsle] Fo)
Z7} stedth. 250 prmol photons-m 2-s™! G A FE WA [ED FA}e|
thu)ste] #2914 ApolE Bt (p<0.0001) (Fig 21. b).
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Figure 21. In vitro experiment, chlorophyll a/c2 composition ratio and chlorophyll
a+c2 total quantities for 10 weeks. (a) is chlorophyll a/c. from symbiodinium of
M.digitata was shown that composition if chlorophyll a was decreased, (b) is

chlorophyll a+c2 was indicated total quantity increased. The alphabet above each spot
of day (a, b, c, d, and e) are showing the significance level with ANOVA analysis.
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iy

IV. il

LED (Light Emitting Diode) & @34 Ad & & Q& 5F wio
ool A AT & light therapyd “4% Wo] &8
31t} (Russel et al. 2005, Adamskaya et al. 2011). 3 o] FolA = o] 79

AEY A Ay A 239 (Migaud et al. 2007, Villamizar et al. 2009,
Shin et al. 2012) ¢} 54 34& o] &3 vB =L vid7HA A2 vhekst
HFolol] & ¥ AHgko] FHa X1 9o (Villamizar et al. 2011, et al.
2013, Paschoal Zhao et al. 2013), == oy A &3 AAZY=Z 71749
2% oFoAFH ofFolylw #2 Y A AATE 7HA B Aol A
A= AR =3 AHh 53] Ats Al W ARSoA ] LEDO &-§ 7FA|7F
w9 =2, AtEe mlEel A s 14091%, 500,000 A o]/do]
TFUHE T, AAZA Fo2E =okA=  (Rhyne et al. 2012)WHH
A3tz Qs AAL] JHA ok A AL FA AAAEE FiE)
Nol, AW kAol daAdo] ydo] ZolAa k. AY Ats kA TEe
o] AT syt vkE o] Faolw, oyA @& dste e
7ol Jhed LEDS #Eo] wie FTesvuy & o k. weEbq 2
Aol ©o] LED ¥ o]&sto] Assl FAAxFo A4 FAAuA 2
EAe A8kt skl

71%2] oJ8] A(e.g., Kinzie et al. 1984, 1987, D’Angelo et al. 2008)
ol ok Fed W LED Fde v el o Ase] A
Adelstd ®Wglte] st A7 JAyHIAH. AME S Al HEFoly
HFso HAF, 18l3 LEDY 465 nm 33 AR Q&) sk B34
Aol 2 &8t chlorophyll c27F 716k A& #2135kt (Kinzie et
al. 1984, 1987, D’ Angelo et al. 2008). ©o|& <AZ HY FIH a&S

T AAY T 465 nm Fdol s e fas sHoE UdeA
wnom, FAF 9 465 nm FHo]l FE Fx AP AHEHI U
(Kinzie et al. 1984, Wang et al. 2008). Z¥ 4 465 nm<e LED %S

o
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o] g3slo] ofe] £7{2 A3 (Pocilloporidae 3%, Acroporidae 3% Faviidae,
Mussidae, Merulinidae, Poritidae Z} 1£°% % 63 10%)9 AAS
Bzt A3 AlsFrtoh gAdEe] Zol7F Witk (Wijgerde et al. 2013). o]+
A Fol wet g st Aol Aol e, ol EE AAskd
el Jske dytel ddAdo] gle Ao HAdh. FolEG
axrs 2ol Tlo] 4o Tolabw EoE Fz7lo] Aro]d
& o] (Wijgerde et al. 2013), %/\]'Zo: |2} A%
%‘O]‘Jr A5 o] M g 5 oy ajlel o] w9
o] 7k Q= Ao BuE )
2 (Scleractinia), M. digitata= QAR A A O =2
(reef builder)3l= Acroporidae®] &3t F 2
shallow) |4 A &Ast= At&o]tt. EF Acroporidae
H A e Al do|Eg 7HAHARE gk 549
o] polyp &, We AN olgtwa SHORE Zhes A
F ool 52 & olth B At BlE) H& % Z—?%*é
=%, T2 g N3
+ % °l71% 3slth(Riddle et al 2008) ‘i‘ixﬂ
w2 " WA FHEF  (symbiodinium) <=
clade® Z} 37 #F AeHoly 2% AT 9 zol= Q& A
Absel F AgAold UyEAdel AR He Aer d¥A
(LaJeunesse et al. 2005). 3F° WAl FAXHF F 7 B AHdA

Ml pE 2, of
e
2
o
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o i
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kﬂx

ol
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o of oz X ) ¢
EN o2 o offl mx

£ o T
o ox I
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o>, HJI i, o2
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= 2 7 o ox

>
feel)
2
~
>
ofo

e o

o2 ¥
o

ofs
o
&
o>

B
me
rlo
ol

o

Y ox
o
o
ME
k)

ro
_sé

o
0_>E4_\|‘_4
1o

T =
:?L_‘,
N
N

T ogt o [0 A
o b1 %2 ot & ju

52 o

(i,
N

=
-

ﬁ%’éﬁ% LS
HE

_lZi

By Y= & Symbiodinium sp. C1o2 ey}t tha ke thekst =4
A A2 sk= Mdigitatadlx LAEY Y A2 XS HYo u)
oerst Fxe] &g & 9o, UE claded FAAXRFO vlE =&

WgAdo] 9= Zor A A v}, Symbiodinium sp. C73 82 FAXHF=
FHIE S 0.5m olule] @& AU AA ArFoAA Ao w

Hi Fol wE /1 o gd, YBAS EFor zl=t) (LaJeunesse et
o

o,

al. 2004). Al HA T & AdoAM B2 st Symbiodinium sp. C15 0=
ANEF A2 Ats s T2 UAsty, & + T3 vlu & o F3t @J_ﬂ
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Uy, W38 es 5doz zhet €39 WE ¥ (variation) 022 L&A
ow  Mdigitatar= 1-3 m¢ 4 ool A4sh= Tl sk, 5-
20mollA MA sk AbS (Porties lutea) oA &8 ¥7]1% $th(LaJeunesse
et al. 2001; 2003).

Symbiodinium sp. C159 =4& ¢34 Nuclear rDNA 5.8S, ITS
(Internal Transcribed Spacer) 2, 183 Nuclear rDNA partial 28S&
A Y}, Symbiodinium sp. C157F 43t C clades cnidarian® 7%
Ao 7 IS =FE (Baker et al. 2003, LaJeunesse et al. 2005)
°F 1007 ©]%9 sub clade’} H3 FHQ 0w, ZF sub clade? type T+
haplotypes+= 97|44 vz F&# %W 4 312 Qt(Pochon et al
2004). #A symbiodinium clade ¥ sub clade® i % FAHNE F=2
Nuclear rDNA SSU £t} Nuclear rDNA 18SE AFE Hlou aid #3
218 Symbiodinium &b ®Wo|7F A ¢kop FEet FAo] o
SHAI R FHFofl= F3F Wol7F 2 ITS2 9 Nuclear rDNA 2885 F35F$
AFE Sholl whel 4 &3k clade 2 sub cladeE 4 8 4= A HATh
symbiodinium®] chloroplast & domain V + +38XF9 zZt1

FAE TEe olgdty] AfgAeR 4 & F JoEE IAXF F
o145 3 1th(Pochon et al. 2004, 2010).

Aol A= LED(light emitting diode) 2] ol Wit M. digitata®)
aHE ot B 98, 7HA3A e o8 @b (405-645 nm)
o] oy #Fe LED #S ZAbete] M. digitata®l 37 wE
TAS =7 FAZEH (symbiodinium) 2 X W3} chlorophyll?]
Hals Fal ZF FZY FEol Mdgitatadl ‘37l T IYFES

o ¥0 8
2 of | =

(e

1o o 2 Jn oXx
ol folr ol o rlm

LED w34 A AdoA M digitata®= 465nm 3 FAolA 71
o AEEGBGY9 £ 065%) = HIAW AFEIN FUdsA 465 nm
ZARFOlA FAZFO Wyt 84YUzE 3.2wl® s wWol Ut dHelow,
Chlorophyll®] &% (chlorophyll a+cz) A 4247+ 1.22 ® ZF7}, 465

o

nm ZARPAA F7kgel b T AE AU FAXF UE 9
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-

chlorophyll ¢ S7F= wet X/ Aol o3t Fo&=9 7=
A= ol AdAd Ats AR WHE dAdHol Avn EEA
ATH(Wijgerde et al. 2013). o] b4 A3 465 nm go] Ats Ao
frastt gt A e dAeke Adolw 465 nm 3FelA FAEO|
Z7F 3= B9 (Mass et al. 2010), blue(465 nm) light7} A&
Aol FAEF UEE =4 (regulator) 3t #S 2 (stimulatory)
3t Wi ® red (640 nm) lighty 42 94 (inhibitory) 3t}
Wijgerde(2014) 9] A7 A#8 %= dA gt 465 nm el e Fadh
A a et 640 nm oA Ao R YW Mdgitata®l HHER E
ol&= LED7} ZAlste & o] Ats el JFFE o= Zlo] &<l
= 3t

L
(
<

LED =& A¥ 42 A (DPE 42) ol% 84 A7HA 9] dEBYHLES 50l
HE S & F A (Fig 22. a), ol #AXRY 9E x3-9 Ao
e AoE Bt FMEFEY WEE X3 AH oo E FUF AR o
o= S AE F7F sHAAN, FoAES AEo] FE Lipid ®
T QloerEE As+= Amino acid 9 E AES 47 93
SZFE A3 (heterotrophic feeding) stAY o & AtE et FAZRF
THE Sl AR vy FARFE O WE st Aoz d4HA
A tH(Osinga et al. 2011). 465 nm oA 4293 84Ut FAZXF UE
Z7kel #-97 Aol7t oS DPE 425 7|3 o2 A7 Uwrt £3HS
o|FSlom M digitata®l 4H MXLEJ] Aol HEdsds dEAFES
At Aol A&HdE Zlow & w DPE 42 ol% Uk 3AxXFE
Abge A3 e A9 wEd Z\EE o

Tt A AGENA BE e vlE W AES B 640 nm oA
84 Uzt AAEL ol A&EHe ek (Fig 22. o) AMF = 640 nm
gpgro] Abg o] RS A st o] A9 Wijgerde et al. (2014) &) A4

Wang et al. (2008) 9] d4-9t+= U& Y dy= R Wijgerde et al.
ol A& 640 nmellA FAZXFEY DrExdo]l g4 Ho wet 6 5 7He] 640
nm FY =F A FelA Bt d A AFaks e A v 3 ST
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Wang et al. oA 9A], 640 nm 7} ¥AXFO ARG S oA go=w
Aeete] WPS "ol FAXFE FTE =Uo=E Qe A

ZefjEo] W3t o] W Aok E AlY AA T, vlaE 98 7041, M
digitata®t FL3 7oA I} “:'é' Fd =F A
A, 465nm ZAolA 7S AdAEC] = dstlott, 640 nm
M= I AAEY TAE HGow, AFE 2 Atz FA, 181
TAZFY U 9A 640 nm =& TN FATO=E (Fig 22. b), 640
nm oA Aol A At Wijgerdett Wang@ A+ Aupel A x]slgc).
Mass et al. (2010) of MEH AFie Ate Alse FAFow AAay
(640 nm) 3o =& ¥H7] wito] A3 3 A A wdo] lon,
47 A e A w8 FAERFE sub claded WEAd
WgAdel EAe s FolAle ZAo=x: dHA Utk Algel AEE M
digitataw= %2 T4l Al AbSolm ydAdy W3Ads SHoE 2=
Symbiodinium sp. C152}2] FAAAA ot} ¥vA | C furcatad 7% vl A

Fl
.

ZE FAGB-16 mel AAskE FO=2 465 nm oA 7HE B2 AEES
BAom 640 nm FAFTFANAM = AR 8HR] E3UY}. Cfurcataol A #2]3t
S ZF+ Symbiodinium sp. C32.2 FAAE O] 4 FX7F 0-90 mo. =

Wades 44 5FHoZ SdEZ(Riddle et al. 2016) C159] WdA 7
Ue S4e Za Qv B9 7 F9 3 At A AP 640 nm
wE7oA chlorophyll a9 Ao zpol7b wow, M digitatad 73
chlorophyll a 9 ko] A<53sld vk (Fig 22. ¢, d), ©<=3] M. digitata®)
Axzvlk 23S w chlorophyll a 7} M digitata®l 4] JFS FH
oo A7 g o Wijgerde et al. (2014) Y Mass et al. (2010) 9]
AelA chlorophyll a 4] Atse] A7 Az AFEH lom AA
650 nm < A EFF FFo =2 3= chlorophyll a2l EA4 640 nm
ZAbell A chlorophyll a2l <o F7te 3 AFEF s8x7FE E=
Aol A& | Ao Bojxit

T

EN

53



——Control —#—400nm ——46bnm —*—520nm —8—640nm

0.10

H (a) (b)

:é-.

<

b

2 005

o _

g

: _

o

© 000 of

0 7 14 21 28 35 42 63 84 0 14 28 42 56 70

3.0

(e

; 8 2.8 I

% .6 2.6

= 3.4 5

i N - 2.4

— 3-2 \ "

G NH 7 2.9

D 3.0 n s 7 - I]

2.8 NE 20 | vz
0 42 0 70

Day post exposure (Day)

#Con @405 @465 B520 @640 m5TV

Figure 22. Graphs of daily growth rate and chlorophyll a concentration. (a) is daily
growth rate of M.digitata under 5 LED wavelengths. (b) is daily growth rate of C.furcata
under 5 LED wavelengths. (c) is the increase of chlorophyll a symbiodinium that extracted
from M. digitata, cultured under 5 LED wavelengths. (d) is the increase of chlorophyll a
symbiodinium that extracted from C. furcata ,cultured under 5 LED wavelengths
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Montipora digitata= o] wlg theFsto] =& #FE 7HAE A
Wl ofugl, 2%4t% (Reef builder) & ©]F+= F2 FOo=2 A 7}x]7}
w9 ok T V)% wistE A JNATE o BHo a&FQl Ay A4l
A 2AES] T ool EE FoE vk 2 dATFelA= LED H&
o] g3to] M. digitata®l HA AFE FEIFE F2UES EE3HA A
M. digitata 27t (n=30 H FA, 22.63 ¢ + = o]&sfo] WA =9t
LED3S AR diza3 47] 3 (405, 465, 520 2 640 nm) = 2+
Fxol s 4708 AFFE UN A AES AA ST M digitata
465 nm ¥goA 3.1 % (MM LED FARE tfH] p<0.001) o 7H¢ =2
ALES 71555 oH, o] AtsolA Fest ¥AZXFE UEe chlorophyll
(Chlorophyll a, Chlorophyll c2) ¢ ¢ 9A] 465 nmeolA 71 wo] =7}
skk. EE M. digitata®l Aol Aot HA FES dotrRy] )l
465nm ¥4 LEDE tha3 o] 47FA (60, 125, 250 % 400 y-mol
photons'm—2-s—1)FF o= Adst A3 42 F=ZF7 v 2H 400
u'mol photonsm—2-s—1 oA HFgAozE 7 w2 AHAHAE(4.16%;
p<0.001) =8ttt F=F AY = FE¥ Symbiodinium sp. C159]
W9} chlorophyll® F% T3+ 465 nm °|A] 7} @o] Z7hste] Al
9 w2 A¥AS YEhle ZAoE YeEth AEA o R 465nm7b M
digitata®] 37l 7b¢ anA<l sgoljglon FFo] =S5 AFEE
Eolxth o]&= M. digitata®l 3A3F= Symbiodinium sp. C152 WL}
yWgAde EAy duy Zow HT B AFox EE¥E LEDY
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