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Abstract

Cichorium intybus, a leafy vegetable belonging to the Asteraceae family, is known for its potential
health benefits and the inclusion of various bioactive compounds and indigestible oligosaccharides
that improve liver function and aid in fatigue recovery. In this study, we evaluated the effects of
light-emitting diode (LED) light qualities on the growth, vegetation indices, and photosynthesis of the
C. intybus cultivars ‘Asia Sugar’ and ‘Rossa Italiana’, grown in a closed nursery facility. LED light
treatments included seven types of monochromatic, composite, and white LED:s (i.e., red, green, blue;
purple; 3000, 4100, and 6500 K white LEDs) applied to these cultivars. The results showed that ‘ Asia
Sugar’ reached its largest size under the 3000 and 4100 K white LED treatments, whereas ‘Rossa
Italiana’ exhibited the highest growth under the 3000 K white LED light treatment. An analysis of
monochromatic light revealed that red LED light increased plant sizes and weights compared to blue
LED light, and a higher distribution of red wavelengths within the white light spectrum positively
influenced plant sizes and weights. With regard to increasing plant weights, both cultivars performed
best under 3000 and 4100 K white LEDs, similar to the results for plant sizes. In contrast, ‘Asia Sugar’
showed the most favorable vegetation and photosynthetic indices under 4100 and 6500 K white
LEDs, while the ‘Rossa Italiana’ showed the most favorable photosynthetic indices and chlorophyll
content (SPAD units) under 6500 K white LED, opposite to the plant size results. These findings
provide valuable insights into how specific LED light qualities can be optimized to enhance the
growth and physiological responses of Cichorium intybus cultivars seedlings.

Additional key words: Asteraceae, chlorophyll fluorescence, monochromatic LEDs, spectral
distribution, white LEDs
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M o

o,

R a8, nd|g, AL AR D 224 SFME(phytochemical )©] 5-5-6FH(Lampe, 1999; Slavin and Lloyd, 2012;
Jideani et al., 2021), @ Q1E] 1173571 Q1o A7t 2okl AAZ AT 7Rt 4ol thet 8171 57 Vot whet 47
A& AH|7FE7181AL QLo 7154 AZAIEAR O tiet 4= & BHj =] 37 QIth(Woo et al., 2017; Choi et al., 2022). ©]of]
w2t Q1914 0 2 Mg Edof Hlol A AY EdjHlE, vulE, HE 5 AR S ARl it o= AEH R &
ol Q1= At Han et al., 2004; Rho et al., 2013; Kim et al., 2020; Choi et al., 2022).

Z|AR(Cichorium intybus)i= =21 Asteraceae) ol &3 A7) AF0 =, A5, FUoMA oL, Folze|zlofA 7]
gt A 0= deA Ytk Wang and Cui, 2011). GAF 02 2|7 2= ¢F 40009 AF-E] T 2917} 2HQIE2 2 E 2|42
E2 o] 259 0 H(Plmuier, 1972; Mufioz, 2004), 1t o] HE QIS0 O] A AZTE, FRAIE, EE2ALE 50 24 0 2 ]
Hi =) A Grieve, 1971; Plmuier, 1972; Mufioz, 2004).

7154 A 2] 7]2]= FES(Ripoll et al., 2007), FUAE(Tursunay et al., 2009), FHFO]212(Ni et al., 2005; Ren
et al., 2008), F=3KQi et al., 2008), & (Pool-Zobel, 2006) 5ol 37} Qe Aoz H T E I}, 2|7|gle A2 e
(esculetin), X|#Z(cichoriin), 2313 H(lactucopicrin)©] FH 6t 71 =0l B2 2451 125 AStA7 |+
o] £-8-& F= 710 2 LHERGFTH Wang and Cui, 2009a, 2009b). 18} o}jg} 2] 7] 2= nju|&} ofu| 1At gHaFo] 55}
o] Z733Eoll m3-& & 4= L2 (Yin et al., 2008), X7 2lof| ek thge] Aol =4 7152 A7 L s
Pe5] T4 = £ F = A0 2 A QItk(Shin et al., 2014). O] AHH 27 2= APt 9 A7 154 FAA A
o] g 7MsAJo] dEglom 497t =2 Zlo] EXJo|thMona et al., 2009; Perovié et al., 2021).

w4 SHAEL e Aoy e Aol Hiol HalE-e] f- U A A & Qlth(Jemai et al., 2022). Al
Zro] |t Qe vldoleA, 24, e AlEgdS sl ot LREY BA, 5, L9550 ZA G| 41
o, H2h A1 2] 734 dAtego] SAE] 7] thiol] AV Ui F2E 0] o] /N Al Hlsi AtiA o2 A0, 24 R
O] &, Fir, oielgt A 5k o] -gololal o 2|7} A ofo] 219-m FA|of) 2] A4t E FAA o] ZHCIA A5t
(Al-Jamal, 1994; Gale, 1981; Jemai et al., 2022). 12U} 2 |- HALL 25 Ql=-g7to]ah= HojA & EAiEFo] Aty
A0 2 gk NPUEF GO 259 ARgo] o]97] dfiZof 52 g tho] 2 E(light-emitting diode, LED)2} 20] &
HPgRFo] Wl of 2] §-80] -2 91 33¥o] AFS-E| 1 QITK Tadahisa et al., 2004; Kozai, 2007).

LED=32 9] 24o] 47| wfZof| B2 5 gelolo] 40 T8 =oli=-8 = ARGE| 1 QIt(Choi et al., 2013). 7}
A Qpol| A SHAVNA A LEDE ZAF o A4 LEDY]| Hlaf| 2019t ERtE H.o] 54 4=2]9t TEF-S AstAZItt
11 B 1513 O (Kim et al., 2008), 35 ENFE= A4 0] 7]9H0 2 2 5P 10% 23 ZAFE 739 5.9] 2144 o]
SHETE Bt )9l (Fujiwara et al., 2003). T, 7P WAy LEDS 889t Aol A= W4 LED ] A2 &of| w2t

S-AE 0| AFSo] f-olu|sl] Higlel i th= B 1% Q1T Kim et al., 2022; Lee and Nam, 2022; Lee et al., 2022b).
oA Y AET LED 2| ol whet Aot Aukg Uehl 7] wfizol AlE & = 5ol A9kt LED FE-S 2= A2 5a%
AT}, XA 2] A el o] 79 A M LEDE S-83t et A-50] 438 =| 9L 2 U(Pennisi et al., 2019; Montefiori
et al., 2021; Orlando et al., 2022), B4 LEDS Z-85F 1= o] A|gHA] 9] A o]t

TR IO Aol = AlEo] A5t thAFARE T2 e} gkl theket Gk v|Xl= A& A drkSeo et al.,
2022; Guo et al., 2023; Shang et al., 2023). ©]m, 54 &=F(chlorophyll fluorescence) F4715-S 53l H] k] 2] Q1 HIHH
O 2 g o] FstslA At E £ 47 H7Fst 4= QLo ™ (Park et al., 2023), 0] EA7|H-2 7A of3] A5 Bt
2 A85]o] YIth(Lee and Kim, 2022; Yang et al., 2022; Yoon et al., 2022; Kang et al., 2023; Zheng et al., 2023).

olof| i Aol A= HA Y SHAVLNA XA 2 ] At FAS 17171 1ol WA LEDE 23Rt thofet Eoga i
£ U= 95 7H LEDE 218519 0 H, LED 33 9] GRS -2 2| A2 W0 st A8 24 2 3gol/dof] thet ohelet
71Z2A =5 AATSHT
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M=z Y oy

NENTE]

w4 S HALA LED 39| Fda U2 272 7o A=t AR B g e AP fls] SR

(Asia Seed, South Korea)Z5 €] ‘OFX o7V (Cichorium intybus cv. Asia Sugar)2} ‘ZA|E=]ORY (C. intybus cv.

Rossa Italiana) &

F59) S YA A8, ol vl

Holl-§ B4 E (Hanareumsangto, Shinsung Mineral,

Sout Korea) & K151, 4712 22019 2/} 242065 165 x6.5em Sl S 315t 3131

FAR=25% APSEE Bak-L e AT 282 21.3 +£3.4°C, 54.7 + 14.7%%) AE-2A o)A Wotet j7pA] 2] =] 9]
ot E2t ‘*0}% *A HdﬂH Ego] $Hs] H7h=7] 213of s he] HRHE7 | B Gopfiglom, 217 HiAad S A
2] skodet.

A2k sRst

AR E30Y FUHAESEEA] e gdtol QIxRH kst e Loatat A g4 S 912]6] §l= 712 x A2 x 0]
7} 2}2}6.4 % 5.2 x 2.4m 37] 1 H|H3 SHA(37°38'41"N 127°06'24"E ol A =Y =] Ak, g tho] © E(light-emitting

diode; LED)(TS LED, Zhong Shan Jinsung Electronic, China)= ZA(630nm), =4(520nm), 44(450nm)2] THA3

LED, X2H4(450, 650nm)& ==

= 2813 LED 11231 282 3000(455, 600nm), 4100(455, 590nm), 6500K(450, 545nm) 2]

AL 2 el sl L EDE 285190k Fig. | and Table 1). o]uf, H2H LED= 2 LEDQ} A LED7} &3 w2 El

2

A
!

=

o)

L

.

e}

o]

o

Zlo] ohd, 79 tho| 9 TojA Hebdo] Bat BatH g2 LJehfjg] o m, 27140 2 # 94 nlafo] ¢
o] AR E LED= 1.2m8] 227], 20We] AH|AEL Lfehyglo o, W§7]9} obr]=
B8 B2 AA|(SpectraPen mini, Photon Systems Instruments, Czech Republic)S £
O] =AU = (photon flux density, PFD)7FE 100umol-m™> s ' 0] =% 41237} LED Ato] 2] A

1?_;\,1; P},](ﬂ o]oh:]-' Al
14417k 1041702 443519
25101 350~ 800nm H3)
& 2ol 2 A2

==

v 717}

T

Relative spectral distribution (a.u.)
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Fig. 1. Relative spectral power distributions of different light-emitting diodes (LEDs):

3000 K white LED; F) 4100 K white LED; and 6500 K white LED.

0313 400 500 600 700 800 883
Wavelength (nm)

500 600 700 800 883
Wavelength (nm)

500 600 700 800 883
Wavelength (nm)

A) red LED; B) green LED: C) blue LED; D) purple LED; E)
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Table 1. Photon flux density (PFD) and photosynthetically active radiation (PAR) of monochromatic, composite, and white
light-emitting diodes (LEDs)

PFD (umol-m™>s™)

. PAR Total PFD Red/blue
LED lights 350 —400 nm 700 —800 nm .
. 400—500nm  500—600nm 600 —700 nm (350—800nm)  spectrum ratio
(ultraviolet) (far-red)
(blue) (green) (red)
Red 04 1.6 3.6 89.9 45 100.0 56.18
Green 0.3 7.1 90.4 1.1 1.1 100.0 0.15
Blue 0.3 94.8 2.0 1.5 1.4 100.0 0.01
Purple 0.3 204 6.5 54.8 17.8 100.0 2.68
3000 K white 0.2 12.1 429 40.2 4.6 100.0 3.32
4100 K white 0.1 184 449 32.7 3.9 100.0 1.77
6500 K white 0.2 264 47.6 222 3.6 100.0 0.84

T7FEiRE F1E Arole] Fe] wAdS WIS flof S Eejodall Pl ARSI 25420 + 1°CE YA E
o8t AFsH RFAIANHLH, ST 483 + 11.8%3Tt. = mi 13] AT sh9ict. o) Ta= HHAZE
(sediment filter), Z2]7HLHE](free carbon filter), UFHH#H| Q1 E|(UF membrane filter), ZAE7HLHE(post carbon
filter) 2] ¥ ©A| B4 215 A 5 AHESHL O H, A9l 35 o= A2t 25 AWk Sl oAl A8 Al4E
=3 =(High Grade S, HYPONeX, Japan) 3|41} 1000ppmS A H{S A 0 = FH] sh3ir.

Of7HeA- Bt

LED 2| Y& 12 2712 B o] st A4 B o] 55 Gotiy] ffsf A vzl 27, 2%, 5719
A7, 2, TR WA, G, B, B, ARG AT 2 EF, AR ok KSR Y] SRR S st on, A
Y25 vegetation indices) 2t THAE vl7iH4=Q1 1A X 4=(normalized difference vegetation index, NDVI), 33215} gt
Ar& 2] (photochemical reflectance index, PRI), 88 A543 (modified chlorophyll absorption ratio index,
MCARDE 4519t} 5712 A)A2) no] Fad 53t 424 55 2 G 24517 918 Fu/F, Ono, ABS/RC,
DI/RC, Plags, B4 S°X|(SPAD units) @ CIELAB L, a’, b” g AVt ofuf, A1E4] 3719] 542 Park et al.
(2023)—4 SePAE AT v ot A2 AW e E WP A Sole Fe 71 e S5
U, 252 B8 SlolA MR 1) 7 W2 HEE /0 2 Zsiolt 242 Rl e /1Y 1 g R0 2 2
SEAtt A ARG (Rouse et al., 1973) (1), 38 FPARE A Gamon et al., 1992; Gamon et al., 1997) (2), 80 A5
A 34 (Daughtry et al., 2000) (3)= S8 224224 ZA7(PolyPen RP410, Photon Systems Instruments,
Czech Republic)E &3] Z745131.0H 1 A2 o2} Lt

NDVI= (NIR— Red)/(NIR+ Red) )
PRI= (P531 - /757())/ (P531 + Psm) 2
MCARI= [(Pmo - PG?()) —0.2- (/77()0 - :0550)] : (Pm()/ Pﬁm) 3)
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FEA 2= Ff =44 (SPAD-502Plus, Konica Minolta, Japan)2 E-&5}o] Z45199ct. CIELAB 719 242
Lee et al. (20222)2] G4 =7 WIS 33 oto] B33 A|(CM-2600d, Konica Minolta, Japan)S CIELAB D65/10°2 4
g3t | Ak (specular component included, SCT)©] - CIELAB L, o', b” 72 A1t ofuf, g2 2], 3s}st
WA A, 4 H G224 BUTHAE, G245, CIELAB L', o, b 3 352 0 & 2]7]8] 5| & FAH oA o]
A UA] o= 22 7291 = Adsto] 8214 - 3RHE Skt ARG AlES Al skl 3A17H g2t Do El F1toll A 2F

21 ¥ Z7519.0m, AEF2 43 71X7|(HK-DO135F, HANKUK S&I, South Korea) ©1-8-51 85°CZ 124

75 AZA7 & 2AIG), 2714 0 2 AAET AEFS 2510 S-Heeke tzsle] Baslgon] 14 (et
S 7

4)

8
Il
S
|
5
N
=
—
o
S

(re TR, A AT, pe eSS HERT

Bolst 2% 2

g SHAVEOA LED Fd9| d3kS w2 AAHE Fofet 2|45 o] flsf OJIP H54 FHOIIP
chlorophyll fluorescence) S4& a5t oM, S8 54 FF =47|(FluorPen FP 110/D, Photon Systems
Instruments, Czech Republic) & AM8-510] £45] A7 9] SUHF-5 o] AUA] b= F2-& 7|50 2 S45150H. o
off, @54 FFAFE S7o7| ol AxAte] 7to|Eafele] whet F4-5-§- 2] -2 (dark-adaptation leaf clips)= 285}
of AZAIE oF 1587 AE- A CH(PST, 2023), AE F= Yol 824 F 35HE SA oLt ofuf, &4 FFe] S
T8 A=A Y S797154550m Y0 2 A S 2o YDA Fors 52517 S16H 473 B 2(super pulse)] 50%
72 211,500pmol - m™s™ =2 A7 0m, 71719 -5 AA-8-8 Bl 7] 0] SR TWEAIR] F FS ZAAA
A9 HEA FF W NTE SASIRIT o714 A=) AER| A X B2 E-8o] 7Rt thAl 712] 3 wiZiE A5t

EA5Ht. FAINe] Hd SAF & (maximum quantum yieldyS UERHE F/F, (5), 59 AP AEE &&
(probability of photon dissipated)S LFEFHE= @p, (6), -5 (reaction center, RC)F S3 % (absorption flux)-= LFEF
= ABS/RC (7), B34 24T = of 1] 2] 9] f(dissipated energy flux)-= UERHE DIJ/RC (8), S°42F 7]5(absorption
basis)2] A5 A]5(performance index, PIYE EFU= Plags (9)+= OFefet 2 42418 ARgsto] AEo9th(Stirbet and
Govindjee, 2011; PSI, 2023).

1l

0|

"

F,/F,=(F,~F,)/F, ©)
Gy =1—b,=F,/F, (6)
ABS/ RC=M, . (1/V,) - (1/®p) (7
DI,/ RC=(ABS/ RC)—(TR,/ RC) ®)
Pl 6= (RC/ ABS) « &,/ (1—0p)] - W,/ (1—,)] )
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SAIZ2|
A9 ATe] B2 SAS 9.4(SAS Institute, USA)E AF8-610] EAHELH(ANOVA)S 385t B H] = p < 0.05
g9 A719] 5% (Duncan’s multiple range test). 2= FARA 5ttt ofuf, 2] 7{ g =7t 25 g7 35k <

7] ol =] (completely randomized design).C 2 Hi|S}SATE.

AEA 37|, B, BB 2], G 24

B2 SHA oA W5 tho] @ E(light-emitting diode, LED) 34 9] ke ¥ F XA EE2] B 7] §isjol|A] ot
&R BIE UERAITH(Fig. 2 and Table 2). B3l oFAloWw7 1 (Cichorium intybus cv. Asia Sugar) @} <= AL E 2ot
~F(C.imptus o Rss iliane) 2 272 21 6500, 000K WAALED Aeiol 713 58 2o ihsteeter
9.6, 14.23cm) o[, *otxJo}7F 9] 242 SHiHmonochromatic light) 4] el 4 14 LED A2l 1e] vls) e
©2 M LED A2l el A Hokd B8 Bz, ols 348419 PE T B (cryptochrome)©] 4 sl ofaf 452
1) 2 2] i A 80| E(brassinosteroids) Lt -2-4A(auxin) ] BHIZ ZHAAA A120] Z7] A-S AT BuE A7}
SF-FAFsHTHKeuskamp et al., 2011; Song et al., 2019). R, HFU oK Petuniay= 73 LEDO| H5l| 44 LED slof| 4] ¢F
60% T ¥ 23S Yeflhs 202 B9t Fukuda et al,, 2009). &2 ofAols7b o] 3¢ w70l thsAX
(Duncan’s multiple range test) 271141 3000, 4100K ¥4 LED 2] 77} 5531 90428 71 = 71 0 & vhepytom(zt
71 16.86, 16.68cm),  ZATOTREIOILP = 3000K A2 704 20 36cme 7P WA eI} 220 27} 8.0 wjio] B3R
Well A ) ol vl A4 mhgo) RIS A H 02 58 0] Srelet Ao R Helth g, 2719] e B B
3000K #2714 2174056, 0.52em 7P F7ARE 20 2 et 28 o712 2 2719) 2173 4 2Hme) 2

.

}/5

@ Blue) 3000 K 4100 K 6500

Fig. 2. Two Gichorium intybus cultivars seedlings grown under different LED light qualities for thirty days: A) C intybus cv.
Asia Sugar; and B) C /ntybus cv. Rossa Italiana. The units indicated in color temperature (K) are white LED treatments
(3000, 4100, and 6500 K).
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Table 2. Plant sizes of Cichorium intybus cv. Asia Sugar and C, intybus cv. Rossa Italiana seedlings as affected by LED light
qualities in a closed nursery facility for thirty days

Plant sizes (cm) Leaf sizes (cm)
Cultivars LED lights s s S R Plantarea  No. of
ultiv: i
oot 0ot Stem oot (em’)  leaves  Length  Width
height width diameter length

Red 870abc* 1538ab  043d 8.67d 265.1a 52¢ 10.96 a 4.13¢
Green 7.26¢ 1342bc  035e 6.50d 195.5be 47d 9.98ab  3.06d
Blue 7.01¢ 1157 ¢ 037e 943cd  1369c¢ 43d 825¢ 3.30d
Asia Sugar Purple 7.70bc  14.83ab  0.52ab  17.90a 235.8 ab 60b 1021a 4.86b

3000 K white 9.07 ab 16.68 a 0.56a 1228bc  291.1a 6.82a 10.56 a 5.35ab
4100 K white 9.26 ab 16.86a 0.51b 12.89b 2914a 6.7a 883bc 543a
6500 K white 9.66 a 15.01 ab 0.48c¢c 1297b 2272 ab 70a 9.75ab  5.16ab

Red 1023 ¢ 16.62bc  046bc  20.17ab  307.6bc 57d 1535a 2.56a

Green 748d 1727bc  040d 941d 319.5bc 56d 13.60b 191b

Blue 9.73¢ 1682bc  035e 1542¢ 298.6 be 51e 11.11c 1.66 ¢

Rossa Italiana Purple 1423ab  15.17c¢ 0.50ab  20.32ab  2372c¢ 6.5¢ 13.76 b 2.67a

3000 K white 1495a 20.36a 0.52a 2322a 4408 a 73b 13.37b 2.78a
4100 K white 1292b 19.43 ab 045c 2136ab  389.8ab 7.8a 13.23b 2.68 a
6500 K white 12.87b 1491 ¢ 046bc  17.96bc 2473 ¢ 7.5 ab 11.90¢ 2.62a

Cultivar (A) ok % NS sk *% . *k sk
Significance” Treatment (B) ok skt ok *kok *kk Kok ok ok
(A)x(B) * * o ok * NS NS ok

“Means separation within columns according to Duncan’s multiple range test (DMRT) at p <0.05 (n=3).
YNS, *, ** #**: non-significant or significant at p <0.05, 0.01, and 0.001, respectively.

N

HetiA e & g nxe A o & gt 240 Aol A ofAlokq7p = HabA LED A el7llA 17.90cm= 71
Aglom, <2AtolE oy =3000K WA LED A 2]+ sfollA] 23.22em= 7 11 A 0 2 Vet 27, 22, 170] Avte}
AV, ZVd| o) A(Dianthus caryophyllus)(Manivannan et al., 2017)7F =18K Chrysanthemum)(Im et al., 2013)+= 24
LEDS}OA] A2 82| o] Axto] 27w 71 0 5 AeiA] QLo A|8K(Rehmannia glutinosa)(Manivannanet al., 2015)3}
Y3(Lactuca sativa)(Son et al., 2012)= 74 LED slol| ] AjulE wf Bajo] o] ArhAo 2 o EQtd 710 2 Yept 4]
& Toll w2 FH o Fol tha= & 5= Tk *PH, A1 (Ipomoea batatas)©) 71 FHHA A LED®] H]o] 43 th4]
S5 A LEDOIA H &2 T U= 73] Ao £3F HgjAl ol A4 npgo] vlgo] AthA 0 = ol d
ulet 245 vl 5le] o A0 & B UE|QItk(Yoo and Lee, 2017).

T EHA2 ‘ofAlofgr7b O] 7§ 3000, 4100K WA LED A2 ool F53t foew o= Yepktom (22t 291.1,
291.4cm’), ‘ZAtOIEE|oRb=3000K WA LED A2} o|4] 440.8cm’ & 7H B itk 3|1t <otalolgr7b ot 2Atolgk
oy F BF B 3540 2 BT A2 oA 24 LEDO] Hlsl] A4 LED slollA] lEHAo] o Woizls= Aoz
LR ow, A LED A2 Foll Al A 0 =2 A mpdo] Far7h 223000, 4100K HA LED 2| 2]7-2] w5 H 20|
W A o5 Hop XAz Ho] wEH 2 F7lofli= M upio] Hof 24 mpifo] ko] a0 & Avke= 7S o 4= et
A Aol A HEZANE FHAEH|(Petrosedum rupestre)2} ‘PAZL (P. rupestre cv. Angelina) 52 6500K 241
LEDO] B}l AJth& o 2 2833 npgho] B 7} =2 4100, 3000K ¥4 LEDO|A] O 2 T EHA-S LEfjo] 2 A3lel 4
Tet-FARATHKim et al., 2022). 4= OFAIOKT7E7E3000, 4100, 6500K B4 LED A 2]l 4] Hord 210 & Lhepst
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Table 3. Plant weights and relative moisture content of C. intybus cv. Asia Sugar and C intybus cv. Rossa ltaliana seedlings
as affected by LED light qualities in a closed nursery facility for thirty days

. . Shoot weights (mg) Root weights (mg) Relative moisture content (%o)
Cultivars LED lights - - - -
Fresh weight ~ Dry weight Freshweight  Dry weight Shoot Root
Red 1898.7 ¢* 108.8 ¢ 107.5¢ 69b 94.3 ab 939a
Green 1085.0d 57.5d 653¢ 5.1b 945a 923d
Blue 1085.0d 638.7d 118.1¢ 7.6b 93.5bc 932b
Asia Sugar Purple 25262 b 172.5b 265.0b 20.6a 932¢ 9N25¢
3000 K white 3043.8 a 213.7a 332.5a 242a 929c 9N25¢
4100 K white 3022.5a 2163 a 301.2 ab 19.6a 98¢ 92.9 be
6500 K white 2867.4 ab 210.0a 292.5 ab 21.7a N.7c N.7¢
Red 1778.6d 123.7¢ 262.5d 159¢ 92.8b 94.1 ab
Green 1120.1e 71.2d 128.7¢ 8.6d 932b 93.5b
Blue 860.0 e 43.7¢ 138.7¢ 7.6d 94.8a 94.6a
Rossa Italiana Purple 2191.3 be 148.6 b 3512¢ 244b 932b 929c¢
3000 K white 2566.1a 185.0a 547.5a 402a 92.7b RN5c
4100 K white 2385.0 ab 181.2a 506.2 ab 362a 923b N4c
6500 K white 2081.2¢ 153.8b 4462 b 293b 922b 93.6b
Signjﬁcancey Treat[nent (B) kokk skekok skekok kokk kokk skekok
(A) x (B) * ok * ok * sk

“Means separation within columns according to DMRT at p < 0.05 (n=3).
Yk ek Rk sionificant at p < 0.05, 0.01, and 0.001, respectively.

om(Z26.7, 7.0, 6.87), < ZAIIE 2oy = 4100K B4 LED #2]7-ollA 7.871=2 71 wekeh, @Al 2 2] Yol =
4 LED®] H]5fl 4 LEDOA] B -2 G5 T 4 1910 A i WA LED A 2|19t 45 ARt AkE v
BRIt 1A 283 slol| A A 5= o B2 G4, GHA, G5 7= A0 BUEGlOH(Lee et al., 2014),
ole}-FASH| HF Lok A LEDY HIf A2 0 2 24 LED olefjoll A o @& A4S Wl o}(Fukuda et al., 2009),
= A o] Aot fAkeRrt.

G2 cofrlol7b 7 AA, B, 3000K WA LED A 2]+ st A A Uepsk o m(ZH2E 10.96 10.21, 10.56cm), < 2AF
olghgjohil o] Lol =AM LED A& T 5lof| A B0 15.35em= 7 ZAict. oA Aol A AB|U-&{( Cymbidium) 7
W9 § A71= Mg ool vlsl Aaag npoll A SHiEl= ekl S A 0 & UEFsiTHTanaka et al., 1998). §HH, 2
ALl A G- <ofr]ol7P 7F4100K HIA LED A2 oA 5.43cmE 7 W 2l0H, < BAJolge|oppi= A w) A4 o]
Q]9 K= A2 FLof|A 2.56 —2.78cm HPIIA] 553 ol 0= UEPTh 1A AFollA] A= A A o] Hlgol &
Z¥etel whet 9l o] A77} Aot om AEA| 277 Eol ks Bavt ISl o R 2 A gl 9] viA =] 912 wol]
+ AE0] 15 @)1 H-g(shade avoidance response)} AR -2 LEfHo] AFE714]7F @ 2|5] Ho#(Kang et al.,
2016), A3 gAY vl -2 AAolk= Aol S8 S U = AUSITE. T, S (Glycine max) 2] 78-5-0 &= BRAE ol A 2 A4
upgo] Hl-go] F71gtel wet Aol A A 0 = Z4sk= 4.0 2 UENITH Cope and Bugbee, 2013). XA 2|2} -5 U5
=8} Asteraceae) | &oh=dF =4 A 0 = A 1 o] o] obdas Al EA| 79 v vz o A Ko A
AN AE UGl o, F wlE, bR, EutE o] E ol Z-2 -8 /0ol TR i = A wpgo] Hlgo] o}
2 uf H|5}o] EolA]= 72 0 2 LERTti(Son and Oh, 2013).
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TR LED A 2]9] Gk he 2| A= o] A5 HEF 18] 1 SR ad=goll A Rt Aap7 Herstth(Table 3). A1
B AA|%-0] Aol A <obAlol47 b= 3000, 4100K 24 LED 22 FollA 212} 3043.8, 3022.5mg 0 &2 737 Urebghomd,
‘ZAtolEE]ohp = 3000K HA LED A2]7oflA] 2566, 1mg 22 7 T et 0|2} fAFSIHA ThAag A 2]t tof A 214
LED ool A 217 2= 734 LED stell A Al 2|71 2] o]l vlof A thd 0 2 v A4 2V BA5S et glet. o]
o} st B K Musa * paradisiaca)®] 73-$-3000K B4 LED ] ZA3} 244 1]} ] w2 -GALgH8:2. 0] 24 4w} 2 A4
upgo] Hl-gof| A AA|Zo] 7HY TALH A 0 2 LERATHNhut et al., 2000). 3HH, ZAME 7E30] Q0| = cofA]ol;7p
2] 74-9-3000, 4100, 6500K HA4 LED A2} ol FAHE A 02 ZA 0 H(Z42}213.7, 216.3, 210.0mg), EAIE
glohp o] Z--ofli= T2 2 =2 3000, 4100K WA LED A e}7oll A FAKE 2 0 & WeRdTth(Z2E 185.0, 181.2mg). 57}
2 A A2 oA 2R AEF-S AT A 02 A LED A2 Hlal A4 LED A 2] 7ollA] o FAYE Ao Lyet
U, A4 1 ool seHbES] S4o] ot 315 A0 2 Bt Z|ops AAE-2 <opA|of7h o« 2Ato 2oy
EL53000K WA LEDOJIA 274 332.5, 547.5mg O 2 71 S AHE A 0 & Uref mi g tef| ] 241 0] 3 27T 2]
o2 =2 A9 7T Aol S-S FE 4= Qe AR HekHh sl 71EF<] Aol ool 7t Hapd
LEDSFA] 72 Wi LED B3 Aot 020 2 57 e o o, < 2Ato [ 2]oRt=3000, 4100K H4 LED #{2]-]
A Z¥7+40.2,36.2mg © = FAKITE RiA|ef O & 4-Fleto]lA] <ofAlolgrrp O] 79 AR} A|oHEI} 22t = A AN LED
Aol A 7P A e O (2421 94.5, 93.9%), < 2AtO R e ohuh & AV FHet A|oHE: B 24 LED Stofl A 7Hd &7
T2} 93.2, 93.5%). 2[A 2] 2] 271 X A1 F-2] el vl wolls o] 2|A 27 pet st L 9l o,
A 2] o] et At A 0 & Aok Z3eke YR RITE 1A Aol BEIE(Orostachys japonica) =" LED A
2ol A 71 2 et UGl o= cofAlofgr7 b o] AV S-atee] Avtet G ARSI ST Lee et al., 2022b).
SHH, Lee and Nam (2023)2] A2 A 6500K HA LED ol A el A28k} <Beeh (Sempervivum cv. Black
Top) 62 =2 T8 HErdT sA o A S Uil 20 = BT E|gl o, 2 Ao A= =M LED A
2lFollA] =2 et W2 s BAl ol LEfUl o] o] At At JutE] Qirk. @AY LED A 2f+te]] Hlof A4
O & Tt g S Vel Bepd 9wl LED Aol A F XA F5-2 =2 B 27| FAE YEgleom, &
] HebA LED A 2]to]| Hlsf| Jti2] o & WA LED A 2]Ftoll A 93t A5 AT LFERU QITh 31, ofA|olr7 oF ¢ ZAL
olgfg|opp £ FF B Hebl LED A2|tof| Hlol At o= WA LED Aol 2 AA1FS UEUglem, of=
A npo] B Hlgo] S WS Zlo] RlolI| A 0 & S AT @l =M LED A2 ol 2|A 2= A1EA 27
YA B 2 ZhS Ve o] =4 LEDE T80 2 ARk 22 X7 2] o] Afujiiite] Bl a2 Ql Ao 2 FrtE,
B LEDO] At Hlo) At 0 2 Wil LED H2]-ollA AS45E0] =9l 21 0 & u]fo] Hopb Wil L ED WjoflA] =4
S G g oo R A uff XA 2] WO Sl MRk o 2 FAAQ] YRS A= Ao R Bt

LED 349] &JakS vk 2] A 2| 5 0] §Z4 4-2](SPAD units)2} CIELAB A-27F EAo| A & thoket AkE Uehglct
(Fig. 3). @24 529 Aol ofrlol7P = 3000, 4100, 6500K WA LED #{2]7-of| A =] Yrelgto w22} 26.67,
27.91, 27.46 SPAD units), ‘ 2Ato|E2]ofP = HabAl 3000, 4100, 6500K B4 LEDOA 553 G040 2 Uehyitt
(Fig. 3A). o]ul, 9tA] gt 23200} nj = Aol A <ofA|olr7b=3000, 4100K, < EATEZ|ob+=3000K ¥4 LED 2]
TolA 71 =& Ao ® e, d54 A9 Anfet Bl uslkS w) AueE S (Spathiphyllum wallisii)¥t 75 2OF
(Hoya carnosa var. variegata)(Lee et al., 2021a), A5 28] S( Hylotelephium telephium)(Nam et al., 2022), &2] 7|2 %
(Sedum zokuriense)(Lee et al., 2021b)°lI4] A1Z0] W2 43 HA S Lehd off G54 2] T3 7 =oith= A2 7et
GAFSFALE. CIELAB 2187k color space)°llA] T = (lightness) S UERNE ti7]#4=¢1 CIELAB L ‘obAlolr7P 71 214
LED A2|7ollA 55.292 71 =7 Uelton, <2Alo|dejopd = A =4 JM LED A2|7tof|A A Vrehvk(Ztz
55.29,53.78, 54.44), BAE 22 sl A=At A 0 = QIO et o= 2 0 2 W]tk (Fig. 3B). o] {3t A=
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o A Cultivars (A) - ** [0 Cichorium intybus cv. Asia Sugar 80 B Cultivars (A) - =% [20] Cichorium intybus cv. Asia Sugar
= Treatment (B) - *** W C. intybus cv. Rossa Italiana Treatment (B) : *** W C. intybus cv. Rossa Italiana
S 40+ AxB:NS J AxB:
[a)] a a
E a a 60 a b ab
£ 30+ b b o g a - a a
- i ] a
= c b .
g . ot o oaglh
82 “HIN 2
z
=} 20
o 10
9
<
° 0 —. e e, 0 r—
Red Green  Blue  Purple 3000K 4100K 6500 K Red Green  Blue Purple 3000K 4100K 6500 K
LED light treatments LED light treatments
0 c D Cultivars (A) : *** . 3 Cichorium intybus cv. Asia Sugar
Treatment (8): *** W C. intybus cv. Rossa Italiana
-25+ - 40 - AxB: i
-5+ 4 a ab i b
30 b a a c c ¢ .
. —15F 4. c c
© q e de
L L 20
-10 a a a == L L]
abc be ab  babc pgabc ¢ @ pe ¢
~125} . 10
Cultivars (A) - *** [ Cichorium intybus cv. Asia Sugar
-15 L Treatment (B) : " mum ¢, intybus cv. Rossa Italiana 4
AxB: )
Red Green Blue  Purple 3000K 4100K 6500 K Red Green Blue Purple 3000K 4100K 6500 K
LED light treatments LED light treatments

Fig. 3. Chlorophyll content (SPAD units) and leaf color reading values of CIELAB (L*, &", and &) of C, intybus cv. Asia Sugar
and C intybus cv. Rossa Italiana seedlings as affected by LED light qualities. The units indicated in color temperature (K)
are white LED treatments (3000, 4100, and 6500 K). Vertical bars indicate the standard error, and asterisks (***) indicate
significance at p < 0.001. Different lowercase letters indicate significant differences at p < 0.05 based on Duncan’s
multiple range test, and NS indicates no significant difference (n=3).

24 47, AE, DBF, SHR0] Aot Al AR L}E}Lﬂ o, 9] AThE FeH 0 2 P o] W] B
o] |8 A 0.2 Sl 22 Slel A o] 2717t eleheA| 2 5 A el os = 4o Wt dolE A0 24
1k 44} 51 el o 1450] CIELAB o't o} o712 44 S, 31 LED A7l 5 el
[¢)

(Z424-9.67,-9.54,-9.50), * 2ATO IO RLY= 4100K H4 LED A2}l A -10. _;7@ oA etk Fie. 30).
a7t 5 HePdSS Qo] 5o 7719IA) = A 2uotH, g 229t A4 4220 AE Hlw BARS o’
o] gto] EoH4E G54 A7 o= A gFo] et S spoll A Afulet 2] 2] 9] 95U HA tiH] 54 UE
7F gropzle Zo 2 Belrk, wpxjuto 2 Ry S tpehlis ui7i#4=2] CIELAB b ‘Ot ols7b 71 24 LEDe|IA]
329602 7P w7 UeRt o, c2AtoldRlopp = A M LED WollA] & LR Tha 2t 28.46, 28.25)(Fig. 3D).
A AFA L3} b0 S7h= AEo] ARt -20] 4TI 71 A o2 B F]9=t|(Lee et al., 2021b; Lee et
al., 2022a, 2022b), 24, 241 F-of ehAlgat e LEDStell A Al 2]7 2] B.o] <2 | W oS f o] 2 AR 2
= e AT o]ofl -2 ot FAEE Ueh= BE 271 oAl 34 LED stofl A Afulisk= o] a0 =2 {2
St 702 ke

AEH o5 AEA| 27], 7|, G54 5], GH BAS FEH o pad o), £ 250 AA Y B gt o w2 4
A apg o] B S A Soks 2 0= BRIt} o]2{eh Avte] wiet cofAjofg7p FE-2 A O] Fag-R i tfof| A A4 m7to] R
7H A0 R =2 3000, 4100K A LEDOIA] Afliok= Zlo] Bt f2id Ao s watsd, <2Ato|dejohd F5-2
3000K =14 LEDOJA] Aok Zlo] AR BE Pt T 2 02 e,

il
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AMRISoL HEA BT D4 24

A2 T2 LED 49| G T2 A A 2= thdet AYR|0t 54 93 w72 HekE Ve Itk Table 4). A
AR 2] 9(normalized difference vegetation index, NDVI)= ‘OfA|o}7p oF < ZAto|Eg|ofp = 255 G Wil [ ED #]2]
TolA A Ut o, 3712 0 & <mAlo[dejoR) o] 739 Wb LED A2}t A e g2 8271 0.632 % A Lt
wiet. 333818} REARS: Z]9(photochemical reflectance index, PRIy= 333 882 a7 = HAUSS FATER A4 A
3%} <JSK(xanthophyll pigment interconversion)s H|u}] 40l ZAgurA o7 74517] 5l AFEHthMagney et al.,
2016). *F2fe} HIARE 2| p= 57 25 B5-4100K B4 LED A2 7LoflA] 24210.027, 0.0312 =7 sttt ghi, T A2
- 7H] Bl o A= cofA|olgrb 9] -9 A LEDO]| Hlofl A LEDOIA o =2 g2tel §iAkg Z|4=E Ve iSInt. 44
AEA S A4 (modified chlorophyll absorption ratio index, MCARI)= A4 LED Aol A T 25 5 7P =7
LFERATHZZE0.609, 0.464). 9] A= 49| BE4A 5o 2™ HEARS(ground reflectance)of] ¥F-8-6HH, QHFA 0 = 2159
=4 gk |tk (Nagler et al., 2000). oJfl, <opAlolp7b o}« 2Al[E2|opp HE 253000 — 6500K 912 A
LED A 2]7toll A sl w77 F A rehuh ohallg A2 tof] vish A 0 2 54 fleo] w31 RS 54T 4= Uik

F/Fo= Q54 3 RS 5 sh= AE A S 9H2) oF:2 1152122 74-9-0.78 —0.849] <2 LU A1 ]
o At 4 (maximum quantum yield)= e = o742 -85 17 QIthButler and Kitajima, 1975; Paillotin, 1976;
Bjorkman and Demmig, 1987; Genty et al., 1989; Govindjee, 1995; Govindjee, 2004; Yoo et al., 2012). & AL fj 7}
B4 Fy/Fre 0.78 — 0.82 9] 91 = e A 2]t E500 Adatglo] 2|t 2t &2 3 91 Ulol] = A o= EA4 =91

Table 4. Normalized difference vegetation index (NDVI), photochemical reflectance index (PRI), modified chlorophyll
absorption ratio index (MCARI), and chlorophyll fluorescence parameters (Fy/Fm, ®oo, ABS/RC, DIo/RC, and Plags) of C
intybus cv. Asia Sugar and C intybus cv. Rossa Italiana seedlings as affected by LED light qualities in a closed nursery
facility for thirty days

. . Vegetation indices Chlorophyll fluorescence parameters
Cultivars LED lights
NDVI PRI MCARI F/Fn Dp, ABS/RC  DI/RC Plass
Red 0486c¢*  0.019b 0.609 a 0.79b 0.20b 251a 0.50 b 2.59cd
Green 0.506c  0.022ab  0.577a 0.78 ¢ 021a 2.65a 0.56a 2.18d
Blue 0.529bc  0.023ab  0.551a 0.80a 0.19¢ 229b 043¢ 326b
Asia Sugar Purple 0.576ab 0.025a 0.544 a 0.80a 0.19¢ 230b 044 c 2.88 be

3000 Kwhite  0.590a  0.024ab  0379b 0.80a 0.19¢ 222b 042¢ 3.17b
4100 Kwhite  0.616a  0.027a 0444 b 0.81a 0.18¢c 2.13b 0.39c¢ 4.03a
6500 Kwhite  0.589a  0.025a 0419b 0.81a 0.18¢c 2.18b 041c 38la

Red 0.590ab 0.026abc  0.464a 0.80 b 0.19b 229b 0.44b 3.19cd
Green 0.568b  0.024bc  0.446a 0.79¢ 020a 244 a 049a 2.62d
Blue 0.572b  0.027abc  0.445a 0.82a 0.17¢ 1.94d 0.35d 4.75 ab
Rossa Italiana Purple 0.632a  0.030ab 0436a 0.81 ab 0.18bc  2.11c 0.39¢ 3.58¢

3000 Kwhite  0.627a  0.023¢ 0.326 b 0.81 ab 0.18bc  2.01cd 0.37cd 438b
4100 Kwhite  0.638a  0.031a 0.320b 0.82a 0.17¢ 1.98d 0.35d 4.86 ab
6500 Kwhite  0.619a  0.029abc  0.354b 0.82a 0.17¢ 1.95d 0.34d 5.14a

Signiﬁcancey Treatlnent (B) sksksk sksksk skesksk sesksk skksk skksk skksk seskesk
(A) x (B) NS NS NS NS NS NS NS NS

“Means separation within columns according to DMRT at p < 0.05 (n=3).
NS, ***: non-significant or significant at p < 0.001.
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o]x

=8 559 AT AEE SE(probability of photon dissipated)& L= Opei= =4 LED A2 FoflA] & 25 &
70.20-0.21 Hel= et g2ke] 48 ghEo| thE Aol vl A or w2 A o0& FAEGOW, T oR &
tioll= 78/ J9] Well Qs A 0 2 7| ek ABS/RC=3AIIONA HIZHY AJHl= Aok WSS o 49 Sa =S
LERHTH Spoustov et al., 2013). 554 (reaction center)d &% (absorption flux)= UE = ABS/RCE= A AF4H
2EHY 2 A HS] Op 2 PEI7IA 2 - FF B 54 LED A 2|7l 7P 7 vrehgf o m, 9l LED A 2]l A=A
2] 0 & vho i 9jof] &5 21 0 2 UL M LED Stofl A= W50l 7w A #3E A o & Kol Hh35
g A4V o] 2] ©] Y(dissipated energy flux)S e = Bi7H#H4: DI/RCE= @p, 2 ABS/RCOF R 2 7 &
& =M LED A2l7ollA 7 =7 YERATHZEZE 0.56, 0.49). Plapse S 872 7|9 (absorption basis). 0.2 S+ 5%
(performance index)TH(Srivastava et al., 1999). [T, Plapsi= ‘OFAlOF7F 2] 73-9-4100, 6500K WA LEDO|A] 32 2k
UL o m(Z121 4.03, 3.81), ‘g/\]-o]ﬂﬁo}l,}’ = 6500K WA LED A 2]7ollA] 5.14% 71 =7 Ve &4 LED®] H]of
WA LED sl A AiA o2 o w2 34 aas 7Hlae & 4 A3t

A2 0 & 272 ofrlolqpzb o < mAtoR ot £FO AEA A7), T, A4 A 24, I A, AR,
S4 PR 24 o AvkE FokA o v IR A, T F B TR LEDS} H A LED A2+t vl At A o
= WA LED A2 stollA B 943t AEAE B 4 Atk §o] 294 upgo] eS| HepA LEDO] H]of #A
LED #e}7roll A Hoh AASH AZA S et 4= AE A 0 & w]Fo] Hot 219141 0] Fof Kt g i Ujof| A =41 uhe
O f-77F 2178 B o] A3t Fateh ik-gof B & Foke nA e A 0 & Wk, wpehA] o] % A ) =AY npgo] vl
= gefsoto] 2-§et SEAUGle] WA 7 O & Wk 9jet 2 Avaa T ul, & 59 A B 279 FAE
FojufstAl SHAIZ17] SleliAl= obrolr7b o < Ao elohy KT A4 upo] Al 0 & o Eol aEsf =3000,
4100K ©] ¥ LEDE AHg-5te] Afefishe Zio] freld A 0 & wehe]w, Zg A upgfo] A2 © 2 o @o] 23] 3= 6500K
WA LED2] 749 A A= HO] A715=3000, 4100K 14 LED®] H]5f| A4t 2] 0 & 22 ol gl oL, A 9 =4
o 7fEa0] Aih= A4 0 = 945150,

rO]w

= |
1_

El
o}-}l
!

mlo >

[UO

B

2
=

2| A (Cichorium intybus)= =31 Asteraceae) ol 3t QA 472 AFo|t}. 7|2l = M ER o]go] 7}solal TheF
St aAE U ubashy tigEst 13w} 9lom 71 7|58 AN A T2 R w T8-S Fr} B Ao e Had &
TAof| A 9 o] © E(light-emitting diode, LED) 334 0] &3k ¥k 2)7) 2] 5 0] AL, A4, B3-S Brksloloh
LED AHgl= 24, =4 A 2abd 3000, 4100, 6500K B4 LEDZ & 7714 A2|2 Weolon E52 ool
7V (Cichorium intybus cv. Asia Sugar)@} ZALOTE=IORY (C. intybus cv. Rossa Italiana) &%= Aottt A9 Axt
o] 22| 271 <obAol7F 2] 93000, 4100K #A LEDOA =7 Lebg oL, < 2Atoea]oh E5-2 3000K ¥
A LED A2} 7ellA] =4 vrepstet. @ag A2l WellAle 24 LEDZF 44 LED®] Hls) X7 2] 1e] 27|19t FAE 371
A7le A o2 e om, s tof| A A4 npo] Bzt =2 79 AE4] 37]9 74 F7tel 3840 Fe F+=
Ao = Helrk. b, X7 2] Ho| AT, AE52] Aoz & FE 253000, 4100K B LEDOJIA E91H A 0 = L}
U A1EA] 371 9] Aot AT A4, 3 d EAoll A= cofrlol7 b BE2] 789-4100, 6500K WA LEDOI|A 4]
2|k gR o) 71 Fastglon, < =AtoldE]oht #5352 -9 6500K WA LEDOIA F5HA A1, d54 4227} 7F
A Footo] AEA 2719 Avtet P Aute Aatg et Qlet. ol2fgt Avhs 2|7 2] o) et el A 75 A
7171 915t LED 34 2|2 35}e]| ot g5 HE-5 Aleit.

27} 220{: Fob}, G54 4%, T4 LED, B, 98] LED
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