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Abstract

The growth and contents of anthocyanins and ascorbic acid in lettuce(Lactuca sativa L.,
‘Jeokchima’) as affected by supplemental UV-A LED irradiation under different light quality
and photoperiod conditions were analyzed in this study. Five light qualities, namely B (blue
LED), R (red LED), BUV (blue LED+UV-A LED), RUV (red LED+UV-A LED) and Control
(white fluorescent lamps) with photoperiods of 12/12 hours (day/night), 16/8 hours, or 20/4
hours were provided to investigate the effects of light quality and photoperiod on the growth
and accumulation of anthocyanins and ascorbic acid in lettuce leaves. As measured 28 days
after transplanting, the number of leaves, leaf length, leaf width, leaf area, shoot fresh weight
and dry weight of lettuce were significantly affected by light quality and photoperiod. The
number of leaves, leaf length, leaf width, leaf area, shoot fresh weight and dry weight of lettuce
grown under R treatment increased with increasing light period. By contrast, leaf development
was inhibited, but chlorophyll content increased, under B treatment. Supplemental UV-A
irradiation significantly decreased leaf length, leaf width, leaf area and shoot fresh weight.
Anthocyanins in lettuce increased significantly with decreasing dark period under B treatment.
A synergistic effect of supplemental UV-A LED irradiation on anthocyanins accumulation
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was found for lettuce leaves grown under R treatment but not B treatment. Ascorbic acid in lettuce was greatly
affected by photoperiod. Ascorbic acid content at BUV and RUV treatments increased by 20-30% compared to
without UV-A LED irradiation. From these results, it was concluded that growth and contents of anthocyanins and
ascorbic acid in lettuce are significantly affected by supplemental UV-A LED irradiation. The results obtained in
this study will be informative for efforts to improve the nutritional value of leafy vegetables grown in plant factories.

Additional key words: antioxidation, artificial lighting source, phytochemicals, plant factory, ultraviolet

A o

AlE2 g Ao 71ate] ofeiiA et 2534, 715 7] H QHEAloRd 9] St -2 g el A WS LERATHWang
etal, 2012). o] 7k QFEAJOP 942 Fehg AE | Aof thE A1E0] ARl Hhgo]l SgRtthScott, 1999). A=l
3 AEHAS Hofoh=2pA-e niatef w2t UV-A 315-380nm), UV-B (280-315nm), UV—C (100—280nm)2] 3 &J
@0 2 72EIc} Tl o] EEE UV-AS} 3 UV B ZSE7I0] EHi, UV-Cl 92320] ofof fkslo] 2wl
Lo SRt whRo] 2| e Eg et AkelA 7Red| UV-A7E95% H g ZFA R ?HH 24 oAl 2keld S &5
SR o] £40 2 clstel Exbele A)ie] st 225 Zo=CMoan, 2001),

TP A O 2 AU AE A Al AE A S/dof A vkt kS nld St ofL|2E DNA, RNA 3 e of &
2|24 A8 2 2SHHBritt et al., 1993; Frohnmeyer and Steiger, 2003 ; Jansen et al., 1998), $FHH, U= 73T O] 2}Q] 4.2 el
915} s Boh o= A4S HIESHE 2102 Aol 9IF 3 WA O] UV-BE 27 o) b Brandrctal,
1995), 2<<~(Piazza et al., 2002), Arabidopsis (Suesslin and Frohnmeyer, 2003), 173=(Mahdavian et al., 2008)]|4] SFEA|o}
9] 274o] 1L v g)ouk 4 = o] e LEDO] UV-A LEDS 27}5l0] 2412 4 90l HE Ao 228 %
A7 2 719t 7ol Tt Bl o Foix]7] 94al Qlrh

slo| &A1 phytochemicals) ] 7 55 Sl Bk SHEAlo o] Wl 7]2h2 ol Bpstol 402 f4@atoh o]
27 1R &7 20| oJshA = 2 A F--FtHLee and Gould, 2002 ; Oren—Shamir, 2009), $HH o} T 2 HIARS- THA} 7} of| A
Za4 A 2SR, QA oA A AAYE A ol 250l SEEA|ohd i of A F 2RO gRieL A8 Lila, 2004
Kong et al., 2003)0] 2| 2[HA] o]Zt50] 7154 B4 & =101 Qlek. ufize]l 44579 715/ &8l nll= 95399
ZH 8Pt REA 0 2 HE| 1 Q) 91K Son et al,, 2012), QEEA|o A} of A ST 2 RIS SRS FXIA7 =0 G321 UV
LED9] A} ga}of st = n]- g5t Ao cHBrazaityte et al,, 2015; Wang et al,, 2012),

el 241, 4no] 2o, TALES] FekS ulARs T Hels B 2AP]7F5 e eiagelo) o Elight-omiting
diodes, LED)E ZFEA8ARE o13549] © 2 $1-8517| 9J5t g4 AP} A]4524 0 & H %] 71 QItHGoins etal,, 1997; Johkan et
al, 2010; Lee and Kim, 2013), o3t A At 2F20] AJ4F ol A LED 2] -8 715 d-2 BAlIh= 21 0 241 9] ofv]
£ 7031 9oL, t-o] ety g0l TS Mol A i 2 ofelol ] mnS 7 LEDE o} 83 7]
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Q1.0 HErkan etal., 2008 Lercari et al., 1989; Wenke and Qichang, 2012), ZFEA8A8- 01531 © 2 4] UV LED 9] 0]-8-2 %]
Z2of o] ofA| T Ik 2 179] B2 Aol 3571 2 A T A8 LED Skl A 4] A, SHEAlold
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H Aol A= o Fupgo] ZF2450nm, 660nm, 365nm Q1 A LED(KLBB1203-1, KODENSHI AUK, Iksan, Korea), Z]
A1 LED(KLRR1203-1, KODENSHI AUK, Iksan, Korea), UV-A LED(KLUV1203-1, KODENSHI AUK, Iksan, Korea) S
olgsto] 47]0] A2l e TLAlsl.0 v, BUNEIE(DULUX L55W/840, OSRAM, Munich, Germany )& T2 L8 A-&5}
THTable 1), T 3T57](F71/27 )= 34:2(12/12h, 16/8h, 20/4h) 0 2 AT}, o]uf] o] EFEA LS BAlska)
B35 A|(LI-1800, Li—Cor Inc,, Lincoln, NE, USA)E 0]-85}] 2™ (Fig. 1), BT oA} AA(SKP 215, SKYE,
Powys, UK)E Agste] el

Table 1. Abbreviations for the treatments with artificial lighting sources used in this study.

Treatment Lighting source

B Blue LED

R Red LED

BUV Blue LED + UV-ALED

RUV Red LED + UV-A LED

Control White fluorescent lamps
100 1~ A 100 ~ B

80 - 80 ~

60 60

40 40 -

20 4 20

Relative spectral humidity (%)
Relative spectral humidity (%)

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

100 - c 100 ~ D

80 |

80 -
60 4 60

40 1 40 |

N L\N‘J\_‘/\J
0
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20

Relative spectral humidity (%)
Relative spectral humidity (%)

Wavelength (nm) Wavelength (nm)

Fig. 1. Spectral characteristics of (A) blue LED, (B) red LED, (C) UV-A LED, and (D) white fluorescent lamps used in this studly.
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A2 npdF(Lactuca sativa L. F/E, S5 SAE 152t & 2Yo] 4nd ff w2 Al AJAA AR (o]of H|4E
A2E) Wl A2 Erel=7g A Eof) 2t A 2]t 274 A AISHATE. ol AR A-SAH Y AR i (N-P-K -
Ca-Mg=08-2.0-6.0-3.0-2.0mg-L™", pH 5.5-6.0, EC 1.5-1.8dS-m™) 0 2A], oFoR L E22°CE 2 A5}5Ict A FA| AH]
o] 3H AL 71:222/18°C, %1% 70%, CO, 5% 800pmol- mol ' 2 A5} 3it}, LEDZ o] $125 SMPS(SP-320-48,
Mean Well, New Taipei City, Taiwan) & ©-8-5}0] 3375 247t Ak 33-¢ © 256 25cm Ho| 7l Al = FrH o4 2]
o+ F9HA-G- 9 3okA < (photosynthetic photon flux, PPF)©] 230 + 11pmolms™ & WERGE O, S5 2] 8ol A UV-A Al
A(SKU 420, SKYE, Powys, UK)&2 ZA4 = UV-A LEDQ] B4 ZAPFE=80 + 3mW- m 22 Ut

WYZAL

MATLAB(R2011b, MathWorks Inc,, Natick, MA, USA)2] elgals~2 o] 85}0] a7 o 554 ol o2 ey Ab=2 1
q X

A

9 2]SHEO) YA F B AEF-S TASISITE sitkR e A e 397 o] tiet PEAdd- Fi8 F=45747](SPAD
502, MINOLTA Co., Osaka, Japan)S AR&5Ho] 24519111, HZA-S CCD 71|[2HVK—C370, HITACHI, Tokyo, Japan) =
ST Ao Aol 71719 A HA} ekaa Aol o] SABAE Al-85to] Atskalnt. AV SRe Aok e 2 4
O] MAF T AESS] 4o AAA2(SBAS1, SCALTEC INSTRUMENTS, Goettingen, Germany )2 ©|-8513tt, A=
F9| S0 AHSE AR 7]:20] T0°CR 4] 1= Q2(0N-21, JEIO TECH, Seoul, Korea)oflA 397 A% 5| 9lct.

OHEAJOM U OpATI2YI

T

o

1o

2 Q19] QHE Aloh 32 91elod 4] T 280l 7t A2l o A Al Se 350 2 Ak e A
A %5 Ba)7](HMF-3000s, Hanil Electric, Seoul, Korea)E- 0851 nlafet 3 A= 500mg-2 5514 95% ethanol
1.

ol

SN HCLZ 85:15(v/v)= E5I3Ith SRRt 2905 4°C Y27 Slofl A 16417 shaking Bt 5-22,000gof 4 20427+
AB2a)sloict YAEE]7)(AVANTI J-26XP, Beckman Coulter, Brea, CA, USA)Z 4-& A NS S0 A|(SpectraMax
M2, Molecular Devices, Sunnyvale, CA, USA)Z AF&510] 530nme} 680nmoflA] S-S AEE519).0H, o] Ao 7| %5}
oFE Ao §FRe- ARESI9ITHFuleki and Francis, 1968).

0] opAT 2RI SlERS BAGL AL AR 10g ©f 10% HERQ1AEEoR(73160-1201, Junsei Chemical Co,, Tokyo,
Japan)2- 911 2 7](IKA DI25, Wilmington, NC, USA)E 0]-85}0] 72 5}6}9IcHKorea Food and Drug Administration,
2008). A HAE 10% HEFR AR © 2 100mL £ -850 0.22um 2] membrane filter=2 oJ7}5F & HPLC (Ultimate
3000, Thermo Fisher Scientific, Sunnyvaly, CA, USA)2 24513t o]l Sume}4.6 X 250mmo] AL 2= A= (INNO
C18, Youngjin Biochrom, Seongnam, Korea)2 AFES19101, QB2 % 30°C, UVAZY| TH4 254nm, o542 AL 0.05 M
KH:PO+, B: Mg gradient grade 2 ZA15FITE 1.0mL - min™' O] 5453 2= 05/ At B2] gradient:=0-5minof| 4 ZF2}
100, 0%°131, 8-13mine A= 717} 20, 80% ©]21.0.1, 15-20mincl A= 100, 0%0]S1ct

=)

£7%42|
AF0) A7 B, QEAORT 2 of 2T AL SRl | T Y5719 GRS RSk SAS TR IV,
SAS Institute Inc, Cary,NC, USA)Z | §5to] o] g4 A2 5100 H2:60J2h .02 5% 524 2 Heiziel

o192 AE.
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S92 7719) G 2 Wtk TR Qe Alobda ok AT G A} 10 P 2 e it oh)

Table 2. Results of two-way analysis of variance for the growth of lettuce measured at 28 days after transplanting under LED.

. No. of Leaf Leaf Leaf shape Leaf SPAD’
actor

leaves length Width index” Area
Photoperiod (B) Howok sofok sk .
A*B * * sk

Shoot fresh Shoot dry SLA” Anthocyanins Ascorbic

Factor ) ) )

weight weight acid
Light quality (A) sk Y *%% ok sl
Photoperiod (B) ook sk stk ook
A*B skesksk sk sk

“The ratio of leaf length to leaf width.

*Value measured with a chlorophyll meter (SPAD 502, MINOLTA, Japan).
 kx and *** represent significance level of 5%, 1%, and 0.1%, respectively.
“The ratio of leaf area to shoot dry weight.

"% and *** represent the significance level of 1% and 0.1%, respectively.

B AP T R A2 s 20| UV-AZF 5714 0 2 ZARE RUV A2]7HollM 7] vebd. vtz %A
& ©=0] B A2 s Ao UV-AZH71E BUV 2] ollA] G477 219]om, izl wishA 2] vebdthFg 2).
T2 ARG Sl FF717Eso g5 S71RE 712 H| R A219] 16/8h 0] g7 ol Z|Hi27F bt ohd 24
o UV-A7} 571 RUV A2l A 9] -2 Hiz- 5 of2) R A2} H]siM A Eo1E9)ed, of=ft 2ate
12/12h3%} 16/8h 2] =7 10f|4 2 SHA| LrebedthFig. 3). 3l mjal= 337 37719 P2 B8 BlsssA ek
o} 501 12/12h 0] P75 2h= AP ©=0] B 2|21 s UV-AZ 7R A 2|0l o] 422 ool HlsA] 494~
56.8mm 7| LB THTable 3). F4-2 G082 Uz gholl sidohe G822 B A2 BUV A{2j7tollA =7 vt
A, Y A] Z2]tofids et Hisseh o]l o] et A= g APgo] wol 2ol Hejtol ] Go] AA| vrehyt
7| w21 A 0= e, A2 2 0] R A2 tof M 7 vrehd 7he ), 16/8h 0] 33571 #2714 4,018 dem?
O] A7 R, o=’ Ate A A2lTollM o Faet ol Eolwlr] tedl A o= ek oFE UV-ATL
7P RUV A2}l Gria] o] art 2o UeidthFig. 4). 2iH 02 UV-AL] ZAPE Qo] Ade AR 2
= JhETh SPAD 710 & S AEARNRES MY B UV-AZLH7FE BUV A2l ol A] vl 2.0 & Upepyit)
(Table 3). RV 23 = UV-AZ}F7H RUV A 2]0]l A 9] GRaelidhe tiaeb st a0 = Lehh 2V
ARG F AT 7719 G =7kt A R A2t UV-AZFR7FA RUV #2]7ollM 7] Uebdt. o=
AN E FF7 7SS 2o e P AR T e UV-AZFR7 B A A2l o BAlEol S
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Fig. 2. Effects of LED light quality and photoperiod on the number of leaves of lettuce. The data indicate the means +S.E. (h=5).

350 -
a
300 | bed - bed 20
od d d d
— I
250 1 e e e
1 e
T o e
£ 200 |
'525, o 12/12h
g 150 | @ 16/8h
=
B m 20/4h
100
50 |
0 T T T T |
B R BUV RUV Control
Light quality

Fig. 3. Effects of LED light quality and photoperiod on the leaf length of lettuce. The data indicate the means+S.E. (n=5).

Solck Teima A B UV-A7] 910] A4S OfAISI S et ob e} Hlo] QUiAS ZAN S-S o 4 ik A
AEF0 AR A 2] Arioh G A LT Al olo] BB %o g A Ao] u], 2 Mg A L 357171 6/8he]

B A2l 7ok R He) 7ol 71 Liehde.

o ol B2 57K AR 0] 3, A U R 0] B715KA.0 R Park et al, 2012), 714 Se) 1.0 A
= 27 Z71SKIEHKim et al, 2006), 712:] 17 AL} GARSHA 1 Ao iz 7] Al7lo] Aojas kel 9wl &
7S, A 5 24 %0) 7] Utttk 3 Aol Ao1eH B 1S 2 A Bl A LED Stoll ] AV Ao 4
4 Lo and KimQ019)9) 97 549} QATEL, 5 A0 ) S 79,9 A AR L
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Fig. 4. Effects of LED light quality and photoperiod on the leaf area of lettuce. The data indicate the means £ S.E. (n=5).

Table 3. Effects of light quality and photoperiod of LED on the growth of lettuce measured at 28 days after transplanting (n = 5).

Leaf Leaf SPAD’ ) Shoot dry .
Light quality Photoperiod width 'shape Shoog/r;f:ngelght weight (msl}ég")
(mm) index” (g/plant)
B 1212 h 149.0 £ 1.54 ab 212a 576f 286 ef 4519 cd
168 h 1624 f 1.69a 19.7 ab 824 def 3.03 def 740.0 a
204 h 188.6 de 149 be 19.0 abc 127.8 be 494 be 512.5de
R 1212 h 1882 de 1.45 bed 14.5 de 133.5be 543 be 446.0 de
16/8 h 2262a 1.40 bed 149 de 1788 a 6.49 ab 652.5 ab
20/4 h 2214 ab 134 cd 16.0 cde 2126a 779a 4070¢
BUV 1212 h 1564 f 1.51b 209a 60.6 ef 216 f 6424 ab
168 h 192.8 cd 149 be 19.5 ab 117.3 bed 461 cd 513.0 cde
204 h 2154 abe 1.38 bed 16.1 cde 972 cde 321 def 7025a
RUV 12/12 h 168.6 ef 1.32de 17.0 bed 126.9 be 432 cde 505.8 de
16/8 h 2024 bed Ll6e 154 de 1376 b 5.62 be 3932¢
204 h 1944 def 1.39 bed 13.1e 1863 a 6.04 be 5023 de
Control 205.8 abed 1.30 de 14.1 de 126.5 be 473 cd 571.5be
LSD.os 226 0.17 32 388 1.73 126.8

“The ratio of leaf length to leaf width.

*Value measured with a chlorophyll meter (SPAD 502, MINOLTA, Japan).
*The ratio of leaf area to the shoot dry weight.

“Means with the same letter are not significantly different.

QHEAJoPI] o] nl A Fabrh R O3S Lehi 712 B el ol de] el ke R el
o} |54 77171 12/12h, 16/8h, 20/40) 0 217} 10,760, 9260, 4,160 57 LYepetehFig, 5). 437] A ehe Ao}
¥19] Z2Jo] A 27004 Bto] o] Rol2| AL, W7 )7h Aoa4E ATiA 0 2 tho] o] 2ol e & 4 Qlek W, W U
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Fig. 5. Effects of LED light quality and photoperiod on the anthocyanins in lettuce leaf. The data indicate the means £ S.E. (n = 3).

357 5 ded Wt o et 2= 0] Fipol] whet REEA|oPd 0] M- thEA| et Zoratti et al,, 2014). 717 4oF
42 H 227 (Steindal et al,, 2013)0]|A QtEAJoPH 0] A E]Q] 01}, ZFA}HReyes et al,, 2004), 1171HCarvalho et al., 2010),
H2]F(Uleberg et al., 2012)0|4= QFEA|oPd o] Wk}, 1 Y Agat UV-A Q] P=-8A4| 24 2-8ok= AHET =
(cryptochrome)-2 QFE Ao O] AT} e ] Q-4 =2fo] Whel-2- Z2I5k= 7] © 2 oFai] QIcH(Giliberto et al,, 2005; Ninu
ctal, 1999), 12/12h, 16/8h, 20/4h] 7|2 ZH= UV-A LEDS] 57} 2412 Thjolo} BUV 2] 7ol A]9] ok Ao oF

0B A2 7Lo]] HIS|A] 1.3-1 94 7] LRt Wang et al.2012)-& UV-A LED 5lof| 4] A 5L o] & 9)%]of| w}
2 otE Aol gHo] MiSkE A A5t A] HA LED] UV-A LEDES 5715t ZAJoA] QHEAJoPd Sleko] AR e Bl
SHafQITh RHH RUV A 2] 710 REEA|oPd g2 R A 2] of HIolA] 1.0-5.64 57 FsF5iet. AaFA 0 = M = 2 LED
QF Z-2- THARE 2710 UV-A LEDE F71RF ZAfellA] A= Sl REEAloRd o] S4 o] o] o] o] 3d& ¢ = Qlrk. £5], o)
Zeh vt R Ao A19] QFEAJoPd gl 32-95%¢] EXfst3l o), RUV A2leli= 1.0-2.18= F7}s1o]
UV-A LED O] 57} AL B3P F | ettt

LED S| Fdof vojx] F5=717F ok 201t gl m] 2] = Fafo] =A UepsithFig. 6). th1et Bl w3k B A 2] Lof|A]
o] op AT 2 HIAFSHES. 12/12h, 16/8h, 20/4h0] B=27]0A4] ZF2F 50,90, 74%5 LFERE L, R 2] 7ol A= 45, 109, 68%.0 &
LRt 53], o—l‘7]7]' 16/8h Y wj oA =RIAF Slfo] 7P =] Pt O W, T30 2 20/4h, 12/12h 0] oA &2 LR
t}. 12/12h, 16/8h,20/4h 2] 3352715 2= UV-A LED 2] 57} ZALR Wn|Qtot BUV # 2] of|4 Q] ofATF 2 HIAF SRS B
Aol BlofA] 1.1-1.38 =A e, RUV A 2f5t=R A2l BlohA] 1.0-1.28) A ettt o|2fgh Axf=H e &
A T= 2 LEDOJ|A UV-A LED 9] 57} ZAfe] whg op AT 2RI oFgo] 71 2|H] 20-30% H e 2 4 ETh UV-A
LEDO] 57} 2] ofiix] A7 22] of~F 2 x4t Fdo] F7F5131 O ™ (Brazaityte et al,, 2015), %A LED Sl A7
=] HIERR] CoF G4 S ol I E WE 37 S716I3ITHL et al,, 2012), E3F16h 2] 7 ]of| A A4 45-9]
ofAF 2RI ZFAA EF Afo]of| =2 ATIA} Q= A 02 HATE| G rHSamuoliene et al., 2012).

o] A+t Atof|A 630-670nm FS] A LED= AAfF2] A2 Z21517, 430-470nm ] A LED= QFEAJoPd
SFkS o= ¢ avf2]el 710 2 UERGTHLee and Kim, 2014), “1#19] 400-700nm 2] 7FA13% G Hof| 5idsh= LEDE 2}
SIS 5T O = AR 7 Aol ile aEvtetal Q1A] oF7| el 2FEo] el do] Al = o Foi x| AL B
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Fig. 6. Effects of LED light quality and photoperiod on the ascorbic acid concentration in lettuce leaf. The data indicate the means
+SE (n=3).

7do] A5k 4= Qiet. whzofl siAE Al "ol A o] UV-AES QI91A 0 & FAE 7% QA7 8 A1
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