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ABSTRACT

Background: Salvia miltiorrhiza Bunge, an important medicinal crop, is documented in China's
oldest pharmacopoeia, Shennong Bencaojing. However, research on the effects of light quality on
its growth and photochemical responses is limited.

Methods and Results: This study utilized T5 light-emitting diode (LED) bars with red (630 nm),
green (520 nm), blue (450 nm), purple phyto (450 nm, 650 nm, and far-red), warm white (3000 K),
natural white (4100 K), and cool white (6500 K) lights. The results indicated that white LEDs
enhanced the shoot growth, chlorophyll content (SPAD units) and root number of S. miltiorrhiza
more effectively than monochromatic LEDs and purple phyto-LEDs. Far-red wavelengths, approx-
imately 17.6% of which are included in the purple phyto-LEDs, have been suggested to influence
root length positively. Biomass was heavier under white LEDs, suggesting the importance of
including the full spectrum of wavelengths within the photosynthetically active radiation range.
White LEDs provided superior growth and photochemical efficiency, with slight variations based
on the types of white light. Although green LED alone had negative effects, green wavelengths
may be more crucial than far-red wavelengths when included in a composite spectrum.
Conclusions: S. miltiorrhiza exhibited optimal growth and photochemical responses under white LED
lights. Although green LED light alone has negative effects, green wavelengths within a composite
spectrum may play a more important role than far-red wavelengths. However, further research is
required to confirm these findings and fully understand the specific contributions of each wavelength.
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(Guo et al., 2014), F=EZe] JHA (Zhang er al., 2013),
& 2+sl (Zhao et al, 2006; Zhang et al, 2010), FHZ=
(Ma et al., 20163} 7Fo] vkl Aslat S 7fAe] a3}
de Aoz HIET

o] F ik ofg|dtA] o]fo] AW, Hufjollx Tk AF
F9ol “t}2P (Dasan, Jeong et al, 2023), “IAF (Gosan, RDA,
2018), “3%” (Hongdan, Han et al., 20243} 7+& ojz]
2 FEE0] MEE, el S E7HES] Ego] 2
2 Zo= e

A Ao mEH ke AZEE|rE dAE E7F e
=2 (Liu e al., 2020), FAAu) 2o wj=z]e] WA 7}
golgh A Aol 2He A WS e ERksitt (Kim et
al., 2024a). WA ©hate] A AelA A4S AT
7] Sl Q13 283 A el 23S E A
A7 Hagk Aol

FHZ A33YE E8F k2= A 3 At 2]
o]FoJx|3L O™ (Liu et al, 2014; Seo et al., 2022; Kim et
al., 2024b), T3k 3 Q15-3S 283 A7 Al=E AL Q)
t} (Choi et al., 2020; Zhang et al., 2020). &L} o]zt
el AuibAE o}F 72 AT ol HEF-EAL e A
Aol7] Wzl thddt 2PF 2ol Zasi
Wy o] 9= (light-emitting diode, LED)=
g, AR 7 2 SHEY 2Ho| &
Thgsh o]HER Qlel HAE A= AlawH 22
Aol 2 83 9o (Goto, 2012; Singh ef dl,
2015; Lee and Nam, 2023a), 2% (supplemental lighting)®|1}
457] (photoperiod)?] Z4& I3 EHo2w o]&FH 9]
ot (Hwang et al, 2022; Choi et al, 2024; Kim et al,
2024a). ]9t 22 o= FA7HA] LEDE 283 vt A
& AL AFE0] FAE] o™ (Lee e al, 2022a; Shin
et al., 2023a; Si et al., 2024), F2o| wWE Ay AXA
H7} (Choi et al., 2022; Roh and Yoo, 2023), 2|Z&2 W
sloll thek 4 (Kim er al., 2022; Lee and Nam, 2023b;
Shin er al., 2023b) & Tt AFE0] A==

Zefloll AEe] A Al 545 JNAAAT7] fek 3
(light quality) 24 A2 A2 WA [EDS] ARg-o|ut
ThFsk 790 o] ©All LEDE Xske A ol9d:
2] EA18]-8 HER LED (purple phyto-LED)S &-83+ A+
£ 53k 535 v} (Jang e al., 2023; Lee and Nam,
2023a; Shin et al., 2024a; Vereshchagin et al., 2024).

olul, W} e MR 2lo] dFe Wwe Age] 4
g4 A7d4e Hrtsle W 34 (chlorophyll
fluorescence) WHS-
3t} (Adak, 2018).
o] Ay A4
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w2A FA A= EAoln (Jang et al., 2023),
olg] ATollA FAI (PSS WH854] (reaction center)®] &
AE 9 388 getehe WHoR de] ZEEodth (Kwon
et al., 2023; Park et al., 2023a; Shin ef al., 2023a).
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1. MEM=

£ A= A= o2 LED 3do] @ (Salvia miltiorrhiza
Bunge)®] 743} 33}t w3l ojd Zpol& WAIAI7|=A] &
ol 7] Sl FREHNOH, A7 el YR EE
oPIFUORNE 3 T SHE WthEE Eofol SEsigl).

a1-= o=

2. Mul kAol 4dX

AR AE5EA] =gl fIX|g AsT
I AA2A e AR 7R x AR x
64m x 52m x 24m Z71Q1 FHHY HEFTE Al
T3t

X Yo|€ AE (Hanareumsangto, Shinsung Mineral,
Goesan, Korea)2 ARE3I91om, 712 x A& x Eolo] =7]7}
7}z 485 cm x 33.0 cm x 8.0 cm Z7]¢1 FHARZFE o&
zEo] Big ANST. olul, Wkl A 7 AN REE
712 x AZ7F ZFzF 8.0 cm x 15.0 cm ©] HEE 31t}

Q1349 TS light-emitting diode (LED) ¥} (bar, Zhong
Shan Jinsung Electronic, China)& AR-3}9.om, &2 LED
(630 nm), =2 LED (520 nm), 2 LED (450 nm), %243}
A 2 DHA (farred)] B3 2~ EHS el A&

)

St 232l 8]
7} 77

4

oA

gl

o~

o
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=85
Ajuf-g& ®2H LED (purple phyto-LED, 450 nm, 650 nm +
far-red), 2174 LED (warm white, 3000 K,), =#21 LED
(natural white, 4100 K), &2 LED (cool white, 6500
K)S ARskt (Fig. 1).

olul, AEAE BEk LEDE Halzh F4) goleEg

E35tate] ARg-3E Zlo] opd JiE Ttio]Q ol FHA A 9l
2| o] BIH oz WEE YoM, 700 nm - 800nm H

Qo] Aol oF 17.6% FEo2 WEHILE F7HHoR
A mA gae 74zt 47, 1.2, 1.5%2] 9249148 Uep)
Ko, A | gao] geol= 2zt 4.5, 3.8,
3.6% F==°]%ltk. LED ®l= o] 12 m, &HHE 20 W,
AAAL AC 220 V, F35= 60 Hz E YERNITE 71471
= 7bzE 14/10 A1ZF (hdDHe R AA st dEasd s

(photon flux density, PFD)= 350 nm — 800 nm ¢ ujolA]
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Fig. 1. Spectral intensity of Inght-emlttlng diodes (LEDs) used
in this study. (A ) red LED light, (B) green LED light, (C)
blue LED light, (D) purple Ehyto LED light, (E) warm
white LED light, (F) natural white LED light, and (G) cool
white LED light.

100 pmol'm™s'e] E=5 &3} LED v} Ale]e] A& )
T 2g8elth. FEEE e FE 35AP (SpectraPen
mini, Photon Systems Instruments, Drasov, Czech Republic)
£ o3t A8t

AeT7E Fel e WA flell Zhzte] A2kl A
A Z]od#l IE (polyethylene film)S- AXI3FH T} Ad 2]

HA2 et AEEE 72H2F 200 + 1.0T, 547 £ 17.2%3 T
#re A4S AE EL uF 15 L8 B e
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Zaist ig

xlo|

o, F712 AF 6 FA A4F E3HF (High Grade S
7-10-6, Hyponex, Osaka, Japan) 1000 ppmSZ 33 H] &
A 15 L5 132 FgHg ATk

3. ZHZF DYoL BA DRI

el A s B4 SISl 2%, 2714 A5,
<4, I8 WA, AR s, Bele] /i, SPAD #
(SPAD units)g 83 JE4 aﬂ-ak AR} R EkEe] AYA)
I AET, AEA AA AT AES, QI o] 24
i TS Fdst7] 913 Commission Intematlonale de
I'Eclairage Lab (CIELAB) 287} (color space) %
A HEE Yel= Royal Horticultural Society (RHS) Ak
W3 AL A4 (visual score)E 7\/\]- 2 AT
olwj, 2 EA ZA7]|e} AHE sl A WYPS Park
(20233),] ALE FxEIon, =4S x4 _g_,_a A&

=74,

==
=

bR

o g EE HAAAE NFOE sl AT 2L
HEAG A HlEkE B b RE P98 /F0 s
20w, g 71 7 ReE 1FoR 235

AEL FFe FUHE F=24 (SPAD-502Plus, Konica
Minolta, Tokyo, Japan)ys &-83tcd F2F9e] A& ZARIGIS
™, CIELAB%: |} frAlebA] 724919 9l& CIELAB D65/10°
2 AAE EgEd=A4 (CM-2600d, Konica Minolta, Tokyo,
Japan)E AM&-sle] Z93I9T) (Lee, 2023). ofu], GS 35
stel St eH, 103 ¥tE S3ES F3 ARG
(specular component included, SCI)°] ¥3%}¥ CIELAB L’
a’, b* Haks AU

RHS #& L o', b* 3% RGBE W3 & ASA (2024)°1

ot e AV AEE thxete] 2AgkE 22t = N st
At W3l AAko]l A-ole Zettl (2024)°] Z9F8E Converting

ColorsE &-831 7I= x MZ, 50 x 10
3 (color chipyS F=31%T}.

AN H7E e Kim & (20240)2] AT7E
Rom, wrel AEEae], A7 B oiEed 5 F 12910]
0 — 10 & Atele] A= Hrlsldt.

A (pixel)e] 2

2z5}

F7H R kel FHA AT S5 Hsl
Dickson quality index (DQIE A}&-3} .21, Dickson 5
(1960)2] A5 FrATE (4] 1). 2= A9 A8t

Ho /\}q] FE3IF (relative water content, RMC) =2 2
£ &8t ALtk Ao R Tk A FEE
(compactness)E ZAFH] 413l Kim 5 (2016)2] A+5 L

slo] 2 gaiglon, olsh BT 41 ofehst Aek (R4 3).

DQI = (SD/SH + RDW/SDW) x TDW G2
RMC = [(FW — DW)/FW] % 100 2 2)
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Compactness = SDW x SH & o3)

(SD; stem diameter, SH; shoot heightt, RDW; root dry
weight, SDW; shoot dry weight, TDW, total dry weight, FW;
fresh weight, DW; dry weight)

4. dalst vig 7M
Fshst W& A7l 918 954 ¥4 (chlorophyll
fluorescence)> T8 HE54 % =47] (FluorPen FP

110/D, Photon SystemsInstruments, Drasov, Czech Republic)&
AgEGon, & 19K G54 BY RS Bl
o} o, JE4 B vhe-S S5k fal A=Al Tol=
ghelol wEl g2 A3 2]|ZEF ¥ (detachable dark-
adapted leaf-clipy® T-E-310] Thite] Q2 oF 1527 41
Al 2438190 (PSI, 2024), G2o] AUA)

o) o¥r- Ho
1%

T T T

o elmFe] g wAslc ol), 2t Ay 153w
B 273

7 g=2 BB dsuse] 543 A9 Stibets)

=

Govindjee (2011), PSI (2024) 2 Lee 5 (2022b)°] 972
st on, olo tigk At 2 off e} At

ofe] g9 FFAE A2 AL 559 FHFH A=) A
A A[d8e wdehe iR 4853 e OJIP 9%
2 33 wldES (Kipper et al, 2019) 5 J @A (jump
step)?] JtH 7P 3= (relative variable fluorescence)S
HeRH= V; (74 4), 1 @7 (intermediate step)®] “dTh 7t
W PEES YeR= Vv (A 5), A (pSI)e] Estet
(photochemical) A} & (quantum yieldyS YERN= F/F,,
FANS 13 &5 velli= FUF, 72 6), Fdl A &
< YeMl= F/F, G2 7), 954 3% I (transient)?] 7|
<71 (slope)s YERE= M, (72 8), S8 71 (absorption
basis, ABS)2] 435X (performance index, P& WER=
Plaps (721 9), &% mi7i¥is F/F,oF sl A S
FES UHlle Op (74 10), 27 JAE (exciton)©] QuE
Hol AR AY A& (electron transport chain)® HAME 9]
A gES Uil ¥, 4 1), AR & (electron
transport)®] YA 82 UERE o, 7 12), 5E F
A7t &2EE BE (probability of photon dissipated)yS W}EF
We Op, (72 13), ¥F8-54] (reaction center, RO 58
2S5 UeEllE ABSRC 72 14), WS4 39 oA
(trapped energy)2] = UERl= TR/RC (G4 15), ¥H-55
AF QoM Qe A} AL (electron transport flux)S
YER= ET/RC (2 16), RF&EAE 2AkE = odufx] €]
% (dissipated energy flux)s YERY= DI/RC (G2 17)E
o]-g-3tod LED @de] gafs w2 o] Fs)sl wkg-o] xf
°|& H7}sIsdth.
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Vi = (F; = FJIF, — F,) @ 4
Vi=(F; = F)(F— F,) @4 5
FJF, = (F,, — F,)IF, 2 6)
FJF, = (F, - F,)F, A7
M, = (AVIAD), = 4 ms" x (Fiu — F)(F, — F,) &4 8)

Pligs = (RCIABS) * [Pp /(1 — ®p,)] * [P/l = )] &2 9)

Dp, = TRJABS = 1 — (FJF,) (or F/F,) @2 10)
¥, = ETJTR, = 1 - V; @2 1)
®p, = ETJABS = [1 — (FJF,)] * ¥, G2 12)
¢D0 =1- ¢P0 = (Fo/Fm) (‘/l:é—! 13)
ABS/RC = M, x (1/V}) x (1/@p,) G2 14)
TR,/RC = M, x (1/V)) G2 15)
ET/RC = M, x (1/V)) x ¥, G2 16)
DIJRC = (ABS/RC) — (TR,/RC) G217
5. SAHEM
A8 Azle] B8 SAS 9.4 (SAS Institute, Cary, NC,
USAYE ARg-ste] deulx] E4HEA (one-way ANOVA)S
T Ad8e Al XY  (completely randomized

design) 2 T 1 JIAIE 1 ¥HE-o =2 sfo] X2]4E 10 b
B wxsiy. Ha7t vlae 5% 2] 9A] gsilA
(Duncan’s Multiple Range Test, DMRT).2 A& 31
o} (p < 0.05).

2} o
1. AZH 201, Y4 B2 Kol

B A AFoM A (Salvia miltiorrhiza Bunge)?] Z7
2 AAz FA gl A4 (farred) =HEF (spectrum)©]

x3e A EAE 2 (purple phyto) light-emitting
diode (LED)®} ¥4 (natural white, 4100 K), 32

(cool white, 6500 K)z} 7+ w2l LED Az|FslollA 2=zt
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Fig. 2. Representative image of Salvia miltiorrhiza as influenced by different LED light qualities for ten weeks. (A) red LED light, (B)
grﬁen LED Iilghht, (C) blue LED light, (D) purple phyto-LED light, (E) warm white LED light, (F) natural white LED light, and (G) cool
white LED light.

Table 1. Plant growth parameters, chlorophyll content (SPAD units), and Dickson quality index (DQ)I) of Salvia miltiorrhiza as influenced
by different LED light qualities for ten weeks.

Plant sizes (cm
LED light (St ) Gcrg\l/Jerld Number of  Number of CTS;?E:J“ DQ
P . . em
Qualities  Shoot height Shoot width diameter Root length (i) shoots roots (SPAD units)

Red 6.53x1.5° 14.39+4.8" 0.3720.199 14.52+3.6° 2284x161" 23%12° 29+03° 34.70+8.8™ 0.89+0.8"
GCreen  5.93+1.9% 14.16%3.3" 0.28+0.06% 19.32+7.4% 2103%99* 1.1x03% 3.1x0.1% 30.42+4.9° 0.98+0.5"
Blue 5.30£0.9°  13.94%2.9° 0.34x0.11% 15.20=2.7° 201.6+89¢ 1.0+0.0° 4.2+0.1% 39.70£4.9% 0.87+0.4°
Purple phyto 7.17+1.8*  20.47+2.5" 0.52+0.07" 32.10+16.3" 424.7+108" 1.7+0.7°* 3.7+03" 31.72%£3.2° 2.22+1.0®
Warm white 6.46+1.2%® 19.87+5.8" 0.58+0.18" 29.46+9.7" 426.0%233" 1.720.9™ 58=1.0° 41.74=4.0° 4.12+2.8
Natural white 6.87+1.6° 20.02+7.6° 0.48+0.12% 29.03+13.9Y 452.8+330° 2.1+0.8° 7.1+1.0° 44.84+8.2% 3.25+2.6

Cool white  7.09+0.9%  21.52+5.1° 0.73+0.20° 30.15+10.9% 486.6+223* 2.0+0.9" 82+0.6° 44.58+6.0° 3.53+1.8"
) # #H R R W # R R A

Significance'

Means + standard deviation (SD), (n = 10). "Means separation within columns at 5% level by Duncan's Multiple Range Test (DMRT, p < 0.05).

USignificance; #, ##, and *** are significant at p < 0.05, 0.01, and 0.001, respectively.

7.17, 6.87, 7.09 cm & %7 YESITE (Fig. 2 and Table 1). Italiana)” & THAgolut A EAul& Bepd LEDs}oA

et o]k g2 A LEDstM = 530 em2 7P W A wfol] wlsl WA LEDStA Hel A&o] B& -3l
245 Jeilon, ol8d A= Zhang T (2020)°] A+ A= AoE UEhten, ol¢t wiR SPFAERE FHFEHE
oA TEoE AMGH AAgo] BatEe] ASS AR Viola cornuta “Penny Red Wing” #%2] 7§ WA LED3}
= ol AXEIT). gHH, Thte] 232 A EANE Bt AN Auiet= 2ol vl A=Au& Bebd LEDstelA A

Al A (warm white, 3000 K), 4, =34 LEDS}] HiSR= Zlo] A At sis) dd <o AA] R EE

A AF ez WA yebpgou), ZA | =a Jals xesl o7 WIEATH (Jang et al., 2023).

g At A e A eE F2 A7) 2EE 7H A 5 E719 A5 734 LEDsIA 0.73 cn 2

= AR YRt 7P FAom, 242 A EANNE Bl LED X 2] FatellA
Lo} 2o Axpk=s Al XElet g B AgEY 3210 enZ 7P 71 Aoz yeRdt) o)A Aol wlEw X

< 7HAL e mlolaRSolE TS fWE (microwave  FE] “OAolrP FEE DA spdo] EjE] e 4

electrodeless light)stollA] Tate] xR A7 <o) A4 EAPEE B LEDstolA 7o) 7 AY ASE H
o7 o $5algithe 7129 AT Al FAKIITE (Choi ZEJOH (Shin ef al, 2024a), ©l& 2 AT AR} &
et al., 2020). Atsiaict. §H, 98 A2 e g LED A2+t

27, Shin 5 (20240)°] A7) W2W X\72] (Cichorium VA 452.8 cif — 486.6 af WYIZ %A LehsTh Ak
intybus) “olAlol477t (Asia Sugar)’, “2Alo]EE]ol} (Rossa e A=l A LED A tslollA] 22t 2.3, 2.1 72
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e oW, A LEDSA = LR YERY, 4 abge
FA R ARl FES A= AR Helrh
walo] sl FHAS 344 LED Ag|tetella] zhzt
7.1. 82 NE epow, A4 LEDsM= 29 M= 7P
A}, 3, AE4 TEF (SPAD units)e AgA Sl
TS 2EeE A 7EA] Wl LED AE]gtetellA 41.74 —
44.84°] WRIZ A Jepgth 2y oo} HiE SAla) 2
EA8 Bk LED Az|ellA 72t 3042, 31.722 WAl
el 4A9M dda dEo g ARSE =2 gt s
o2 it Qo] WA §F40] HeE AAPE Ao
2 FHEh

Dickson quality index (DQDE &9 %24,
Aol AHte] AES, AEA dA AEFS 2835t Al
b AEe] FHAR Y S Wkl AER &8y
3 At} (Dickson et al, 1960; Kuan-Hung et al., 2019;
Park et al., 2023b). ©] DQI= Al 71A] WA} LED 2|43}
oM 325 — 4.12¢] WHE EA UEsten, olefdt A=
dFEd W 2 FEWAL (photosynthetically active
radiation, PAR)®] =X F 54 J3e] Aye] gls o o
Aol A3 AHEE A wiiHse] F8T 454 TS
sl SUlA7 = AoE F7kE A

71 Aol 54 LEDE @802 AMge uf A& A
Sl FAAQ JFE VA= o2 HiEo] §EOu (Lee,
2023; Lee and Nam, 2023a; Shin er al, 2024a), A %
P FEHAE HellA 54 s Ble AEe] 4SS A
A 7= A& HQlt} (Folta and Maruhnich, 2007,
Johkan et al., 2012; Wang and Polta, 2013; Smith et al,
2017). WHAd| E-ZEE (spectral power distribution) W ollA]
A A o] EAlg= 7Pgslel A9 Bge] £
= A apge] fel Bl whate] AEA| A7) st A4
AR A2 Fars /KA e ZoR welH, oje} #

<

A= B, Rlel A5

£ S feide DA 5 AEAlg Bl LED
[e] o

2y
oA AAA Fgo] EFEE S 2
84 FFE PX= o= FrkE A
2. OO, Al 428HEF X10|

Hfo] Qo2 (biomass)e} TEE AFoA DAk XA Al
Aed AEANE BEp, AN, 33 Ag]ea] 2zt
542, 598, 553 g0 & TE AHFE vl HujHos F
ARE ZoZ Ao, AR AEFTS AN T3
A LED3Fl A zhzt 076, 0.89 go & YA Lrebwth
(Table 2).

kel AE AYAl TS AEAlE Bk LEDSF Al 7t
A WAl LED 2zlTellA 520 g — 7.58 g2 W= et
o, Akt A=FE Al 7EA] WAl LEDstolA 113 g —
1.34 ] WIE thE Aol vl FAKNY A= H7is
At

ko] WA AT A=AlE Bep LEDS Al 7HA]
WAl LED A2]slellA 1051 g — 13.56 g2 W2 U
o, MA 7AEFTS o2 ATl Hs] Al 7k 9
LED&}oA 179 g — 2.23 g0 & AthEog FA9)

AV -e} Aol ) aESHE (relative water contenty>
21 EAN]E HepA LEDSF A4 LED A2ltellA] =4
bl Seif 5 (2021)¢] Ao wl=w HAge] ks
& 23} (Chrysanthemum)= 715 (stomatal)2] Z7]7} 7H4E
I 71F N Exe] 2HEE Qe R &l gt THol
e Ao Uit B AT ZAaold 2fEY Yo
A A2 mpge) vlgo] AulFog =& e Tkl Al
Fagtgol FuEE ZoR FEEM, g X el

Table 2. Shoot and root weights and relative water content of S. miltiorrhiza as influenced by different LED light qualities for ten weeks.

. Shoot weights (g) Root weights (g) Total fresh  Total dry Relative water content (%)
LED I.|g_ht Froh Dry Froh Dry weight weight Compactness
Qualities weight weight weight weight 8 ® Shoot Root gem
Red 211+1.1% 0.31+0.19* 1.63+1.3° 0.36+0.32> 3.75+2.4Y 0.68+0.51° 85.4+2.1" 77.9+3.6"° 1.96x1.0"
Green  1.06+0.5° 0.20£0.09° 1.15+0.5" 0.33+0.18" 2.21+1.0" 0.53+0.27° 79.9+4.4° 71.5+1.5° 1.24+0.7°
Blue 1.18+0.8° 0.24%0.16™ 1.07£0.6° 0.32+0.15° 2.25%1.4° 0.56x0.30° 77.9+4.2° 67.7+x4.6¢ 1.23x0.7°
Purple phyto 5.42+2.17 0.67+0.28" 5.20+2.3" 0.84+0.34™ 10.62+4.4* 1.51%0.62" 87.7+0.8° 83.5+2.9" 4.60+1.7%
Warm white 5.98+5.5* 0.76+0.70° 7.58+6.2° 1.34+1.07* 13.56%11.7°2.11%£1.76° 86.8+1.3" 81.8+1.6% 3.92+2.2%
Natural white 4.84+4.6% 0.66+0.64" 5.66+5.2% 1.13+1.01° 10.51+9.7% 1.79+1.65* 85.9+2.2" 78.7+3.6" 5.23+71%
Cool white  5.53+2.0° 0.89+0.31* 5.52+2.0° 1.33%0.60° 11.05+4.0* 2.23+0.91° 83.3%x1.5° 76.5%x2.7> 6.50=3.0°
) ## #H#H# ## ## #H#H ## #H#H #H#H ##

Significance'

Means + standard deviation (SD), (n = 10). "Means separation within columns at 5% level by Duncan's Multiple Range Test (DMRT, p < 0.05).
USignificance; *# and ### are significant at p < 0.01 and 0.001, respectively.
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Bo] 4% (compactnessy= 532 LED X g]ollA 6.50%
7V =4 vesten, A3 A LEDstlA ZH7t 1.24,
12302 v FATE Yepfo] 2] A7) tiH] g3t
E S0 JdFoR gdd Zo2 A EATH

A o2 wlo|Quj s Tl g AEAu]E B
LED]| ®lsl #4) LEDslolA o FANE Zo® vepsitt
wEbA kel B FUE FEAITIAL ZAAS A=A

CEi e

o T
S Apfstr] flside B AR WM 54 gabe]
23S ok Aol T2 & U

3. 2} 219] ¥EE X0

£ Aol Commission Internationale de 1'Eclairage Lab

ABF7F (CIELAB color space)® #HE uizfdg & <19
W% (lightness, CIELAB L'y= 4] LEDS}oA] 45.112 7}

2 =A Yo, BejoAs A EAE 2 LED #
oA 44.192 7P =4 JERSTH (Fig. 3).

°] CIELABE Thte] 9AF4S 7k Sl 24 vy
ATEH FoRE 2%, F57] (photoperiod)e] S ¥ 7tst
=d fF&s FLHReH (Kim et al, 2024a; Kim er
al., 2024¢c), FEH F4 ¥ AFAME F-85H 8N
T} (Shin ef al., 2024b). 3}A AFelA G| L& A&
A A FA misrES 2o AEEAE e A
o7 ByYUOH (Lee ef al, 2022¢c; Lee et al., 2022d),
ol & A7) AxE JF S ol Aol £
2 EA ] HHATY GALe] Wrrt A oR vrolx]7]
7l Aoz Fgum, ol wet o] vt Stk A
o= HolTh

A (e H4 (g vehlis wi7iWa) CIELAB o=
Aol AS AEAME Beb LED Ag]FatellA] —9.97= 7}
=%om, Helo] Hgole WA, A =galo] A 7}
A WA LED Ag]gelld 242 1177, 11.53, 13.042 7
el whebA] Thake A o, 9 fE AR Wil
54 el Ayel fle A Take] e AdE o F
TEE Ao HIIth o A Aol WEH it i
HAAEC S VA A2 A BAE FEA (eg
cryptotanshinone, tanshinone I, tanshinone IIA, tanshinone
1B etc.)¢t 7Iel #l=F/ 59 &3 AV e 2o= &
#Hx o™ (Chen er al, 2018; Kim et al., 2024c; Su et
al,, 2021), Liu & (2018) He]¢] A Aol whe} hA=9)

Fake WA & e ASR nSiTh we A% CIELAB
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XOL

d', RGB 53} 2 A7 vipassl fa8% gl 43
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Fig. 3. Shoot and root color reading values of Commission
Internationale de I'Eclairage Lab (CIELAB) of S. miltiorrhiza
as influenced by different LED light qualities for ten
weeks. (A) leaf color of L. (B) leaf color of a . (C) leaf color of
b". (D) root color of L. (F) root color of a". (F) root color of b
R; red LED light. G; green LED light. B; blue LED light. P;
purple phyto-LED light. WW; warm white LED light. NW;
natural white LED light. CW; cool white LED light. Vertical
bars indicate standard deviation (n = 10). Asterisks ()
indicate significance at p < 0.001. Different lowercase
letters indicate significant differences at p < 0.05 based on
Duncan's Multiple Range Test (DMRT).
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3 FA (- UehlE w742l CIELAB b=
=20 LED3}oA 20.88% 7FE A4 YEREoH o]
o] Aol fARIAE, ol 2Ee] HAEY 2EY
Jeloll e ul L' p7F o] adAE Yeisich
7120 AT A} SARKATE (Lee er al., 2022¢; Lee
al., 2022d). $HH, ¥e]e] Aol AEAE B
LED H&elA 23972 7Fg =4 vk

AFollA 2] RHS 7+ 4, 2 EA)u)-& BapA] LEDs}
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X7 o Kgk 5401 Zlo = HrhEUT) (Table 3). WHA] 9
o] ol ey AthA o Yok A 71X WAl LEDS}
o|X= 147B, 148BZ gt 41 AlFRl o2 Hrisct.

~

[o}
oy 2
o

4
e~ 2
& 1o

D o

Q
~



Z20t - Ofxfigt - =2dE

Table 3. RHS values, converted color, and visual score of S. miltiorrhiza as influenced by different LED light qualities for ten weeks.

Leaf color qualities

Root color qualities

LED light Qualities RHS values!  Converted color?  Visual score RHS values Converted color Visual score
(color chip) (0-10) (color chip) (0-10)
Red 138B, 148B _ 4.8+1.9° 199B, 199C _ 4.6+2.1
Green 146D, 147C [N 3.9+1.7 172A, 199A ] 4.4+1.9%
Blue 1388, 148B ] 2.4+1.5¢ 1998, 199C ] 3.1+1.4¢
Purple phyto 146D,147C | 7.8+2.2° 199C, 1990 | 5.6%2.2°
Warm white 147B, 148B [ 8.9+1.2° 166B, 1778 e 8.4+1.67
Natural white 1478, 148B ] 7.5%2.1° 166B, 177B e 6.9+1.7%
Cool white 147B, 148B I 8.4x1.7% 166B, 177B ] 7.9+2.2%
) #H#H#H #H#H#H

Significance®

Means + standard deviation (SD), (n = 12). "Means separation within columns at 5% level by Duncan's Multiple Range Test (DMRT, p < 0.05).
PRHS values; Royal Horticultural Society (RHS) color chart values referenced from the ASA (2024). ?Colors converted using Commission

Internationale de I'Eclairage Lab (CIELAB) color space values (L', a", and b"). *'Significance;

B1g]o] RHS 32 =4 LEDSIIA 172A, 199AE. o] F&
2l Zog HrtEom, Al 7Ex] WA LED&e| A=
166B, 177BZ A4S He= Aoz Frisdct o] Azt
4= (visual score)= 728 LED #2417} 8.9 Hog 7p
A B7HEAL A LED Meltelie 24 Jo= 7pg o
ATE. ol9} FALSHA Hele] Alzb A mEg A7 A2t
A 84 Hog 7P & Z1o=E HriEloem, HA LED A
oA 3.1 Jo= 7P B oz HriEch

AH o7 AR R F A A9 A o] Al
2 Az3Y =4 LED H|tslole W L3 34
bl AAT o] AEEon, o] BFE uf AdiH o
2 JHEAT I sEEe & & STk 3, AsRe]
Aol ARt g 53 2HERS vehl= A=A
§ HEH LED AgFatellA] L3} b'o] |Ae S 3
HRom, Al A WAl LEDsl M= Bl whe Faghs
UeRfAct &, whatel 7 Sad AF usdaeed A4
T a'e Al 7B WA LEDSlA =4 vehd, WA LEDSH

=, Azt HFE

2

[e)
ERRES

oM Auid o eite] #ejrt
7REe 2 7 Asw 5ol A FHES & T U

>
0B

=1 S =N |

OJIP =4 8% (chlorophyll fluorescence) HH3-& ©]-8-3k
%3} (photochemical) WM&~ s&A1ell4 LED 320l wa}l A
2 O #o)E Yepdtt (Fig. 4 and Table 4). Z3olA
A=A P wEs F T A Gump step)e] Al b 3
%% (relative variable fluorescence)e UERE Vi= 4
LED3IIA 04692 7P =7 Wt om, I @] (intermediate
step)®] Al 7HA FFFES el Ve A3 54 LED
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### is significant at p < 0.001.
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Fig. 4. OJIP fluorescence intensity of S. miltiorrhiza as influenced
by different LED light qualities for ten weeks. Mean
values are measured over fifteen repetitions (n = 15). O;
origin stage, J; jumf) stage, |; intermediate stage, and P;
peak of chlorophyll fluorescence.

stellA 07872 EA et

FANI (PSIN)2] 3318} (photochemical) A =& (quantum
yieldys Y= F/F,, 37119 12} 785 Jelll= F/F,
HAd = 755 Ui F/Fe 7924 LED A2]ollA
7¥z} 5,53, 4.53, 0.8192 71 A Yepdt)

AE=4 ¥F = (transient)2] 7]127] (slope)s HEME=
M= =2 LED&RlA 0.8952 73 =4 Yebdt). o] 3sh
= 4 HZAstE RkgEAll o8] 7] ¥ @A F,
WEFe] oA Al ¥ @RI F, (=F)° @
Al ZHd7] Wil AR Ikt
% 7|5 (absorption basis)2] 454 (performance
index, PE YERE Plaps= T84 LED 2|7l 6.51
2 7P = YR BAING] wEgSale] iAo s g
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Table 4. Various chlorophyll fluorescence parameters of S. miltiorrhiza as influenced by different LED light qualities for ten weeks.

LED light Technical fluorescence parameters’ Performance

Qualities v, v, FolFs FJF, F/Fon M, index? (Plags)
Red 0.381+0.02> 0.787+0.03*  4.98+0.14°  3.98+0.14° 0.799+0.006™ 0.639+0.08" 3.15%0.5¢
Green 0.469+0.05°  0.787+0.02* 3.03+0.38¢  2.03+x0.38¢ 0.667+0.042¢ 0.895+0.11* 0.87%0.4°
Blue 0.304%0.02¢  0.686+0.02° 5.19+0.18"  4.19+0.18"> 0.807+0.006™ 0.403+0.05° 6.00+1.3%
Purple phyto  0.394+0.04°  0.744%0.03°  4.92+0.39°  3.92+0.39° 0.795+0.016°  0.564+0.08° 3.55+71.2¢
Warm white  0.336%0.04°  0.753+0.03® 5.25+0.31°  4.25+0.31"  0.809%0.012" 0.467+0.08! 5.11+1.2¢
Natural white  0.305+0.019  0.748+0.01"  5.53+0.27>  4.53=0.27*° 0.819+0.008°  0.403£0.04° 6.51%1.12
Cool white  0.335+0.01°  0.749%0.00° 5.28=0.14°  4.28+0.14> 0.810+0.005® 0.430=0.03% 5.41=0.7>

) H#H#H H#H#H#H #H#H H#H#H H##H #H#H# H#H#H

Significance?

Means + standard deviation (SD), (n = 15). "Means separation within columns at 5% level by Duncan's Multiple Range Test (DMRT, p < 0.05).

1

'V:; relative variable fluorescence at the J-step, V;; relative variable fluorescence at the I-step, Fn/Fo; quantum yield of photosystem Il (PSII)
j p p q Y/ p Y

photochemistry, F,/F,; maximum primary yield of photochemistry of PSII. F./Fy,; maximum quantum yield of PSIl, M,; slope at the beginning of
the transient F, — F,,, maximal fractional rate of photochemistry. ?performance index (Plxgs); performance index (Pl) on an absorption (ABS)

#H##

basis. ¥Significance; is significant at p < 0.001.

Aeele &4 AUtk zE o9} viE =4 LED g
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Fig. 5. Quantum

Jepile

(electron transport chain)@ ZAE o]l5A|Zd &S
V¥, A2 4% (electron transport)®] YA &S U=
Op= T LEDsIIA 7HE 0.819, 0.694, 0.569% 71
=7 Yelth (Fig. 5). 23y ol¢} 2] 7P w2 FAE
715399 =4 LEDsellM = 242 0.665, 0.531, 0.354%

b B | b |

velsitt ¢, FE B2 288 gE (probability of

ABS/RC
Significance (treatment)
Op,=p <0.001

¥,=p<0.001
®go=p <0.001
®po=p <0.001
ABS/RC = p <0.001
TRJ/RC =p < 0.001
ETJ/RC =p < 0.001
DI/RC = p < 0.001

ABS/RC

Ids and specific energy fluxes per active photosystem Il (PSIl) reaction center (RC) of S. miltiorrhiza as

ie
influenced Ly different LED light qualities for ten weeks. Mean values are measured over fifteen repetitions (n = 15). (A) red
LED light, (B) green LED light, (C) blue LED light, (D) purple phyto-LED light, (E) warm white LED light, (F) natural white LED light,
and (G) cool white LED light. ®p,; maximum c1uantum yield of primarg photosystem Il (PSIl) photochemistry, ¥,,; probability that a
e ey

trapped exciton moves an electron into the

ectron transport chain

ond Qn, Pro; quantum vyield of electron transport, Op,;

probability that an absorbed photon is dissipated, ABS/RC; absorption (ABS) flux per reaction center (RC), TR/RC; trapped energy
flux per RC, ET/RC; electron transport flux from Qu to Qg per RC, DI/RC; dissipated energy flux per RC.
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e 01922 71 o Aoz veht 9 AES sk
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Z7 280 A AANANL BX57] Y8 ARk ui)
W42l F/F,, Op= ZEHSE BX] ¢Fe 75259 ¢
0.780-0.840] H$IE U= Zlo= deA] Ut (Bjorkman

and Demmig, 1987; Yoo er al., 2012; Asadi-Sanam et al.,
2015; Joachimiak et al, 2022). AF}Z o2 AR A e

o A 85 JeRISE =4 LED X2+E A3t v
WA A FAXE F/F,, O/t 0.795-0.819 HBY=E e}
AA; WZE= Yol &3 Ao s BFr1En).

)

J’%—zr;/ﬁ] (reactlon center, RO)F 5492 UEH= ABS/RC,
=G FH oHA] (trapped energy)«] ¥ Yep=
RJ/RC, HFSFAT QoA QpEel AAF HAEEE (electron
transport flux)e YER= ET/RCE 532 LED *2]7ollx
Z}z}F 1.58, 1.28, 0.85%2 EE AT+ T 7P 2o, =4
LEDsoX = ol¢} duke AxE vehliict. g, whg54l
T 22kEE oluR]e] & (dissipated energy flux)yS LERl=
DI/RC B3k =4 LED #g]Tsllr= 097602 7P =7
Uepkont, gl =34 LEDsRIA ZF2E 0.292, 0.299%
S vebs

AEo] ZMojgl= A wjid &
Aol & dFE PAA
(Virtanen et al., 2022), =4 =
AFE Qe dxF 253 7 AR 3o
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Van lersel, 2021).
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