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Abstract. A proper level of UV-A light treatment in terms of intensity, spectrum, and exposure duration is known to
have a positive impact on plant growth, photosynthesis, and the biosynthesis of secondary metabolites. However, there
are few studies investigating the physiological responses of spinach (Spinacia oleracea L.) to UV radiation. Hence,
this study aimed to assess the effects of short-term UV-A radiation on the growth and bioactive compounds of spinach.
Spinach seedlings were cultivated in a vertical farm module under the following environmental conditions:
photosynthetic photon flux density 200 umol-m™:s™, white LED, 12 h on/off, 20°C air temperature, 70% relative
humidity, and 500 pmol-mol’ CO, concentration. After 5 weeks of sowing, the seedlings were subjected to
continuous UV-A (peak wavelength; 385 nm) irradiation at two different energy levels: 20 W-m™ and 40 W-m? for 7
days. As aresult, the UV-A,w treatment increased the shoot fresh and dry weights of spinach. However, there were no
significant differences observed in photosynthetic parameters between the UV-A treatments and the control. The
maximum quantum efficiency of photosystem II (Fv/Fm) consistently decreased across all UV-A treatments for 7
days in UV-A treatments. Additionally, the total phenolic content and antioxidant capacity increased in the UV-Aow
treatment at 7 days of treatment as well as the total flavonoid content significantly increased at 5 and 7 days of
treatment. These findings suggest that supplemental UV-A LED radiation can enhance the growth and quality of
spinach cultivated in closed type plant production systems such as vertical farms.

Additional key words: antioxidant capacity, photosynthesis, total flavonoid content, total phenolic content, vertical
farms
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Oﬂ w2}, B A ol(distress) S-2 &4 ¢l(eustress) /\En‘:']]
A2 AlZo)|A 282 4= Qlch(Hideg &, 2013). “Distress” 2]
3490 ATV Bkl 0o 57151 k5 R0S)2
Alsl AEGIA SR AE-0] AALo] AJSkE| ALt A
A0 AVEF 4= Q)= 4220 2428 WSl (Park 5, 2020;
Fltzner 5, 2023). U, “eustress”+= 445 32 A150| A
€ 42 9 50 UV BAIZA, A2 ] Aol Alare)7) o
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2019a; Mao -5, 2021; Lee 5, 2022).

UV Sk 3 ook Shake] of 8- 9%8 2t 4] 744
ggom THECCoohill, 1989); UV-C(200—280nm),
UV-B(280— 315nm), UV-A(315 — 400nm). 0] % UV-C}
UV-B= 2E350] 9Jsf] 5] iz th i S557] wfZell
A5 ol ok thEe| UV UV-A S jolui(chek
959%), el AIo] %70 2 7S u] 2T Brazaityté 5,
2015; Verdaguer 5, 2017). At A 0.2 =2 oYX & Zk=
UV-C2LUV-B= 22 -§f(dose) O 2 = A9 3HAkeks
9 27}3}=ROSE T7]7H U] 4171 4443510] DNA, RNA,
9, =) 123 e Alko] A215 A4S S
o] “distress” = 7| 289 4= UA|THQin 5, 2023),
UV-A BAK 450l 2 $4R8 4] ohouia, 4z 4
A& ER15H 5 A1) BALSH Tk M 23 AL A
A& FUAA = Qlo] “eustress” = 2H8-H 7hsAdol =T
(Brazaityté 5, 2015; Lee 5, 2019b; Choi 5, 2022). E3L
UV-CetUV-B= QIXH| I, 17, AAAIAIS &3A1717] 4
7] wizoll, A=Al F UV 22 AuiAke] Qb 2] ZrHof A
T UV-A 39| o]-go] B} A3kt 4= QJtHLucas 5, 2015).

A2 LEDS ZH} Q13 B 7|40 drlow A5
WoflA] theFet £ UV LED 2] A|7] 9} A} AR 245}
of o] A0 A 2 A2 HhE-& A= d9-50]
A= 3 QJriArtés-Hernandez 5, 2022). UV-A LED2}
Ty ] J7= 10— 30W-m? 4252 UV-A LED
= TheRt o] Aol 2ARFS o) 3784 %) Ak LiE
U3z Qlci(Lee 5, 2019b; Choi 5, 2022; Jang 5, 2022). wh
2hA], UV-A 2332 220 A7 9 545 A1717] 919t
she] 7| R 7| = oL QA 2HEe wheh 7L A Al &

[e] = X
AL ThE 49

AlFR|(Spinacia oleracea L.)+=A]0|4d1, Z-g, HIEMIA,
HIEFIC, 7h2d 59 o] F76to] 423 F=(super

food) 2 E-FEItHProestos, 2018). A|FX]+= 11.27]o F|oF
3 S AR 2Rl 1ex) Apule] F9 T2 1A
of| A A= AT 715 HE 0= Qe AelA] 714 §lEo]
AJslek. mheba] A AR 918 Bel G WA o
U A= A AR A s oA Al E] AL QLo
o, Al S A= R A =0, =2 A e AR AT
(1A 2 3] 42530l 23k 2B o]k Gao %; 2020).
2| RSOl Ala A o] A B FEE A7) 9
o 87 AR, Y, o) D 2B A HRYUV 24,
NaCl A 2])e} -2 ozt A-=0] A=Al QltKPark 5,
2019; Bantis 5, 2020; Vastakaité-Kairiené 5, 2022; Miao
5, 2023; Semenova 5, 2023). HA|TFUV RAL) w2 Al
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%]0] ALY B E 43} B 7 32 UV-BELUV-Co]
=0 Qlom, o] w3k = 48t o 4 g st
A AU 0 5) & 3R15] 919 e gl
(Artés-Hernandez 5, 2009; Escalona %, 2010; Kasim 2}
Kasim, 2017; Martinez-Sanchez 5, 2019). W24, 2%
ol A aLEA AlFA] AR 913t 2129 UV-A LED X3
272 213 2 287} 9l

1. A2 Mz H ey =F

Al F&|(Spinacia oleracea L. ‘Frontier’) ZA5 £} A7
(Seed germination pouch, CYGrv, USA)o] 35 52571
SHSIITE 258 Al A] Has Eeleaek AHEA|[25 x 25 x
30mm(L x W x H)] & ARg-5ko] DFT Al 288 4257
HE850 x 900 x 100mm(L x W x H)|of| A4] 2477k uj
S At A 2HE -2 tha 2Tk 25220°C, s = 70%,
o] AksFERA 500umol mol ™, 7] 124171, 391 WA LED
(D&W Special Light, Gwangmyeong, Korea), 3433
& FoFA<: W (PPFD) 200pumol-m™ s, SZME ool
(Hoagland 2} Arnon, 1950) EC 1.2dS-m™, pH 5.8. Hfjgkel-o
250 g ¥l A 0.2 WAEH.C.0] pH & EC vE}7](Muls
3630 IDS; WTW, Weilheim, Germany)S- ©]-8-5}¢4 3 Q0]
T pHE 1gIol,

2. UV-A ZALX2|

A 3 350 385nm&] ¥ aPE 7HA= UV-A
LED(Bissol LED, Seoul, Korea)E 7] WA LED %-of
F7H o= 7L A% AL 3= UV-A LED7}
Hg A E)1] ok 7] FollA] A= ict. UV-A LED
o] = 7kx] RA} olHAJ= 20 2 40W-m™ o, Spectro-
radiometer(JAZ-EL 200, Ocean Optics, Dunedin, FL, USA)
2 olgto] AEC| AR ol /| EOR 127 P &
Ak, A G} ol 4] HFAT o] o7t 97}
£ 2 43557) 915 222 913S vl Wst

3. 48 Ed
UV-A #/2] 78] 550k o] Sof 5 W A1 sto] 241 4
A 5L ARA L2 24519 TH(S1-234; Denver Instruments,
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Denver, CO, USA). 57 $ HIE A/JE-5 HA|ddof W2
thS —70°C E2 71%7|(Alpha 2-4 LSC plus, CHRIST,
Osterode am Harz, Germany)©]] 72 A7} 0]} AZA|7] 2 %]
AR ABFS HAA LR Sk

4

B 542 UV-A A2 3Gxte] &3] 2 oA
A 7|(LI-6800; LI-COR, Lincoln, NE, USA)
o gato] 2o}, 242 2t 9l ofefe] o] Ets]
= A8)(6800-12A; LI-COR, Lincoln, NE, USA)Z o]
o] PPFD7}200pumol-m™-s™ o] B} 2 ojjA] 428 =|9)
A U] 2% 1+= 20°C, reference CO, =+ 500umol-
mol”, A S EE= 60+£5%, 27] 942 700umol-s™' 2 8-
Ak

R

o
o
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5. Al ZtiYXrE

UV-A 52A10] oJ5t A2 2] 2B A S2g slolsp]
23 Closed Image Chlorophyll Fluorescence(FC800-C,
PSI, Brno, Czech Republic)&- 0]-83}o] AT Z| )R}
S(FVIFm) S Zakck 27 A 2t A2l o] AlgAl S ghat
ulsol] o] 305 7 ¢4 $8) ok A ATle) 24 27
actinic illumination, 20%; sensitivity, 18%; shutter, 20us;
super pulse illumination, 18% %= A1, ol &47k
(Fm) 9 2|4 g3F3H(F0)S 7+t T Fv/Fm (Fm-Fo)/Fm ©.
2 AT 71 5o =FLUORCAM 7 software S ©]-8-3}]
o)S 5 g o] 7] %, A8 A 9s] 77 Qo] 3]
2 Jo)= Alesh 912 parameters©] HE G ol 39Tk
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1 i: SHALSIHE

249 913 7F A7) 796 A dome Felo] 4mL
0] 80% oAlER} A SmL microtubeof] 33§, 220
7)AI(SK5210HP, Youngin Co., Gunpo, Korea) S ©]-85}0]
1587k 2=3519tk =55 A7 89 1.5mL-2 2mL micro-
tubeoll %A - = gt AkSE 418 Q18 124111 o]
A Zr4°C 9l —-20°C i of| st & Hls Shegat A
Sl = 717} Folin-Ciocalteau(Sigma-Aldrich Co., LLC, St.
Louis, MO, USA)(Ainsworth @} Gillespie, 2007) 2! ABTS
HH(Miller2} Rice-Evans, 1996) 0 2 =2 E|Qic) o], Z]
T U= S8 == 212765 2F 730nm ol A 38 AlE
K Choi 5, 2022). - gz HFe O =5
= gallic acid(Acros Organics, Geel, Belgium) 2] %(mg)
O 7 FRAStE = ok AESE trolox(6-Hydroxy-2,5,7,8,
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-tetramethylchromane-2-carboxyl acid)(Sigma-Aldrich Co.,
LLC, St. Louis, MO, USA)& 37| 5| %ich

6.2 & EEEL0|E &

7} 2] 2] -] 2B AES-40mg A F{5ke] 4mL 2] 70% o
EF2(pH 3.2, formic acid)3} 374 SmL microtube of] &35t
F, 1587 259 531900y 228 A= 89 F ImLS
2mL microtubeo]] @ o] —20°C || A] 12 A]7F o] A} HRE-A]
Zck &2 905 x g2 28 52t 422 ¥, SmL micro-
tubeo]| 250uL 2] £&M7}1.25mL $F5E €321 blank
2= =20 fJAl 70% ethanol-2 ARE-3ITE 71 5, 5% NaNO,
27500 955 713 5] 10% AICLHS 150l D1l 65 5
QFincubation gt} vRx|2FO & 1M NaOH 500uL2 98t}
& 2750 S5 SR S& 9, R EAE o8
sto] 2 W= S5 S10nmof| A S75H3ich & &
ZfH o] =9 HFEIAL (+)-catechin(Sigma-Aldrich, St.
Louis, MO, USA)E o]-83to] 2= aL, @] A=59
catechin {(mg) 2 2 7|53t}

7. SAAE|

S oA o= T A1 §lom, K= ATHAY
| 54, B wefnlE, BAN 2 gAbrs, A=
AEL 2 AR sk o 2guer. 24E e
SAS software(Statistical Analysis System, 9.2 Version, SAS
Institute, Cary, NC, USA)S- ©|-&35}0o] BEARE X(analysis of
variance, ANOVA)S 23§35} 0.1, Tukey’s HSD test=
kg vl stk
Aot o oy

1. dg E4ot ety o2toly

UV-A LEDA2] 1 2ol 3A371A] 2] A 7|52
2 gu] §0)2 2ol LetA] gkTiFig. 1A). A2] 59
Aol T o] UV-Angy 2177} o1 3] o) 3521
o= Z7ksterk A1) TR UV-Auy o4 = S7H5H
S WAT 014 Aol e eRskek A4k 7
o AR AT E U S vEhl e w, 22 5
2] UV-Aagw H2]28b0] B ] oF 14 o] 450}
o2 =slsldrkFig. 1B),

UV-A A 3Uafof| F7] 5] JdES UV-A
Aggw A 2ol A T 27 thH] 24 0 2 F71519] oL -2
2] 2ol LiehbA] QlolehFig. 24). 1 9] Al W ol4ksteh
2255, SAhE, 715 A = R T e} A 2 Thof| 119
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ek - ]3] - oyl

2]l 2ol= gl3Itk(Fig. 2B-D). (2017)& 51 F= 0] fo20] W2 79, UV-A o] 3334

£ 7} 22 UV-A LEDQ0 L 40W-m?)©] 7971 1 8 2 91ak tha] o Lix .0 = o] 8- %= ikt AQFat il gick
F 2 AR S SHAIE o 2 ERIskltE ERFMcCree(1971, 1972) SpA1S A HH, Ao oz 7]
27 Q170 T2, PAR o}o UV-A MB ZAF M4, UV-A S oA gh4lo] o] 88 4= 9lom, o] el )
OOl A HP E TRF AR A S AR L AT} FHE 400nm 220 WaA SRR 2
2 Z7HAZItk L B 1wt Samuoliene 5, 2020; Lee Al A o 2 Aol UV-A ZAR= thokst 2HE-0) AARS. =

5, 2021; Choi 5, 2022; Virsile 5, 2023). Verdaguer 5 A 7HsAd o] A%ttt

50 4
A
= 40 | —@—— Control
=4 0 UV-Ayow 2 g 43 =
b Y a
= ——— UV-Ayuw §a g h
20 7z D
S 30f 2
z =
= 12 2,
kg %
& 20} <
-
‘5 Q
= 41 £
wn 10 | %)
0 1 1 1 1 1 1 1 1 0
1 3 5 7 1 3 5 i g
Time (day)

Fig. 1. Shoot fresh (A) and dry weights (B) of spinach subjected to UV-A LEDs radiation for 7 days. Different letters indicate significant differences
at *p <0.05. Vertical bars indicate the standard error (n = 4).
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Fig. 2. Photosynthetic rate (A), intercellular CO, concentration (B), transpiration rate (C) and stomatal conductance (D) of spinach subjected to UV-A
LED:s radiation at 3 days. Vertical bars indicate the standard error (n = 4).
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| AY, ofo| AZHE, S AR Aol 4 400nm
B0 UV-A LEDS W3 42502 1f )20 2 3314
o] ZdjH o] B 11E|QItiSamuoliene 5, 2020; Lee %, 2021;
Choi 5, 2022). g, 9-2]2] Aol M= sl olste] 3
= olello| A 400nm TFAol| 717kS- 385nm TS UV-A
Fol Alg2| 9] vl QujA Ao 7] 035191 7] wfstol] A3 ¢
o] Auks SRt kA gL 3 mhebnE (o E,
A2 Y CO, E5, SR, 718 A e te)= 27} H]aLsto]
oAl Ao & e A] 23tthFig. 2). ol gt Ak Y
o] f-o)A 0 7 Zj =] d UV A 2] 5 Aol ]S =4
A UV-A LED E3 A gjtof| A 52149l Fei 7 vt
U= 7Fs7do] ZARITE wetA, o|ef sl Fobd B
< gk Al o] adt Al o' wirhEh

2. A 2t xtr-E
UV-A #]2] 745 E PSIL 2ol FAR=E(Fv/Fm)2 i+

tiH] 2= UV-A Z2jtollA o8 o= 746l lthFig.
3A). UV-A A2|7-52-0.75901410.79 Abo] 9] g 7Hl o,
UV-Ayw A7 UV-Agw A 2]ETh o W2 73S U
ERIeh o 2Ao] 79, thEHE 2F 0.8 oo gk FAIsH
ek ol sfe-e- g Hlo|E & o|u| A& A|Z3}E Ayt
A HeskA UEsttHFig. 3B).

PSII Z| Rl (Fv/Fm)-2 PSIT 2] 34 43} S| ui(light-
harvesting antenna)of| 2J3f} 5% 3go] S}sto | = gk
EE= Fg a8 ou|stcBaker2} Rosenqvist, 2004). |
2 729 o) Fof| whet ARG ad ol A WAs= =28
S| A& W uff A7 =, AEH A Y A] AR} F
W T AR A St oA A gho] ZhasstA| Hrk
(Baker2} Rosenqvist, 2004). Fv/Fm ZF-& w|aha] %] © & tjoF
g g s sl e wakd Z1e) vish ) AR
o2 58 Zgelt] o Sun, Asus 40 S

o @& 7F vl Murchie@} Lawson, 2013; Lee <,

et

%)

0
T

0.80 -
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B 0d
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Fig. 3. Maximum quantum efficiency of PSII (Fv/Fm) (A) and chlorophyll fluorescence images (B) of spinach subjected to UV-A LEDs radiation for
7 days. Different letters indicate significant differences at *p < 0.05, **p <0.01. Vertical bars indicate the standard error (n = 4).
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2019a; Park 5, 2020). /321 Q1 Al o] Al Zof| 41:= 0.8 9| A]
0.84 AJo]2] k& LR, PSITZ} 234515 7490, w]eh
o gk FHAEA o] AEdAS Witk 7HE}
(Murchie 2} Lawson, 2013). o|&] &A5tof =, UV-A 3
ZAR=Fv/FmZES 0.8 0]gk & 7hAa A7) AeS Bl o
ul, 58] A 02 uhgo] AU o & oUAE 744l
A9 B B asks e teheitiLee 5.
2019b; Samuoliene -5, 2020; Lee 5, 2021; Kang -5, 2022).
-2]9] Aol A= UV-Aggw A 2]t UV-Agow A 2]of4
Fv/Fm gto] B 24 4819l om, o= o] d A48 AutE
SIS, iUl UV-A ZARR <15k AlgAle] Fefers
S ES P oL WA ggonE 20W B
40W m? Q] FA} Pl Al o)A ot AEHAS A

A| QFATFAL Tt = Qlrk

15

AL
3. & H=Ed, Sitae A & SUEL0|E Y
UV-A A= dE59 5 vl A 571714 29kt

AETT FAsE o] 749 UV-A A 2] 7UA}of| T 27 tju]
UV-Agow A 2|TollA] 1.14H] F-o)# o2 Z7lsieieh HE
F 5 Belro|S G UV-A Hel5old 50 4%
2 UhERAIRE 9] 18] Aol Lk elgkek. sk A
A vhs T, A= UV-A A 2] 73 ] v 2+
ojH] UV-Agew A 2]-tollA] eF 158 f-2]4 o & Z7}stict
ABAT £ Bohrio]= FekS UV-A 53} 1 721700
UV-Asow Hel 7} e ool 212} oF 1 4 2 1 64 5]
o2 2715150

H7] SR S UVEAL ARo] AEdAS gt
st Hjiz, SebHleo|E, Y RO|E, TEal B2 ol =
O} -2 ThoRE 27} HAAKE] AT B S gt

45
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Fig. 4. Total phenolic content (A, B), antioxidant capacity (C, D) and total flavonoid content (E, F) of spinach subjected to UV-A LEDs radiation for
7 days. Different letters indicate significant differences at *p < 0.05, **p <0.01. Vertical bars indicate the standard error (n =4).
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AlEAolA A 9 ARl el

(Jordan, 2002). 53], Hzi} SehEeo|=A IotEE
UVE 78] Bmahat 3.8 A1 82 71)7] 2o 4]
=Y UV WAdof ulj-- 523k S-S ghtiJenkins, 2008). ©]
41 270 T2 0 S50 UV-A o] 25l

Zapieo|=ol UV-F4- skl frojx 0.2 ZoE3]
#td(Zhang 5> 2020), Aol A = HIEHIC, Eeh o]
L, E9ulis, T1e]aL QHEAJopd gHo] f-of Al 0w Sy
AtHHe 5, 2021a). T3}, A Y (Chinese kale, Kale)¥} 2
237 A (microgreens) o A= & H& ) & ZTkH
o= ko] §-9]F o g =itk Lee 5, 2019a, 2019b;
He £, 2021b; Gao 5, 2021). S]] ATfo] A&, & 7} 2=
2520, 40W-m?)2] UV-A LEDZ 797 A 2]6}5-S uff A&
2] 8] AEZAG F s T AR, T1e]al 5 Eeh o)
£ gl foldom Fojuo] ol oI ATHET FUs
78 e IEFig. 4)

3, Stk o] =9} 50| EEAA'F4 hydroxycinnamic
acids)-2 UV EALZ BE AES B G 5= = 714 8 1
A 1509, o] S}eHE-L 717240 — 545nm @} 227 — 332
nm HE|9] Z4=th & 7} a1 Qi Cerovic 5, 2002). T+ Hli=
7 IFS YA EASte] S22 ARe]4do] Q1o Wi
HER PREE S B Eshs Ak e i, Sl
PARE ¢g8A|320] Hdstth(Jordan, 2002). 229 &1L

A% Eehieo] =yt oh e} slo] SH A Al BHEo]
AIFAe) FAA T ZHHGS /5ol EAT H5t
of, UV-A %2 o4 8HgEo] 23} FE UL} blue-

green FFLO 2 of7|Eof ARYA| E=t] o] = QI3 S A}
ZTHRAR1 S o J A Y& o]- &= of Al o] AV
A D ABES SAAHL 71T ZAgTKMantha
= 2001)(Fig. 1).

UV EAfo] theh 2=52] Bhe-2 o 2] 2] ¢f(dose-response)
THUV 2= 40f ufeb 2l 2 lcKIbdah 5, 2002).
Lee 5(2019)= 7| 2ol|4] 527FUV-A LEDZ X 2|3}%-L
370nm 2 }385nm o] W] ZubS 714 LED X2 TLoll A &
AteHA w59 shghEo] frol 4 o= ST = ik Li 5(2020)
9] ¥ o] A= A Y(Chinese kale) T} A A A1E0)| 4] 380nm
HohE 400nm Q] a3 7121 UV-A LED & 2] ol A]
kaempferol?} glucosinolate $F=Haliphatic flucosinolates,
indolic glucosinolates, total glucosinolates, gluconapin)©]
folHon ZE 2 UV-A 5 Yol HE AMgst
LED9] u| 7 u}A}ef upe} A& Fejshd 1e]ar A2 sfst
X9l s} G128 4 9. Helol, 2o M-S 2k
LEDZ Aeleltiake 4)go] he: & mAllo] et 45
o] uk-g-o] ZEh2l 4= 9Jti(Chen 5, 2019; Kang 5, 2022). 9]

MEStAX XSS K|, M33H M15 2024

of tJgt UV-A LEDQ| ¥4 &}t

A 9150] W2 W, Chen S(2019)L2 AR A1Eo]| UV-A 3 3]
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