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Abstract

A plant factory forms a closed ecosystem unaffected by external weather and can control environmental
variables (temperature, relative humidity, light, etc.). Currently, plant factories equipped with
artificial lighting are in the limelight as a means of sustainable agricultural development. However,
the efficient irrigation method for seedling production needs to be improved in a closed-type
cultivation system. A study was conducted to reveal the appropriate irrigation regime through a
comparison of the growth of the seedlings and the water use efficiency when scions and rootstocks
of tomato and hot pepper are cultivated in the plant factory with artificial lighting. Water treatment
was set to 100% of the moisture content level of the plug tray's weight when each tray's topsoil was
sufficiently wet, and irrigation was performed when the water content level reached 80%, 70%,
60%, and 50%. The dry matter production of tomato scions was the highest in the 70% treatment,
and rootstocks were the highest in the 50% treatment. However, the water use efficiency of tomato
scions and rootstocks was the highest in the 70% and 50% treatments, respectively. The dry matter
production of hot pepper scions was the highest in the 50% and 70% treatments, and hot pepper
rootstocks were the highest in the 80% treatment. The water use efticiency of hot pepper scions and
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rootstocks was the highest in the 50% treatment. This study confirmed that the seedling growth and water use efficiency
were significantly affected by different irrigation regimes during the raising seedling period of tomatoes and hot peppers
in the plant factory with artificial lighting. It is expected to reduce waste of water resources through proper irrigation.

Additional key words: Capsicum annuum, grafted seedling, Solanum lycopersicum, vertical farm, water resource
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ZIe A 715 stk 913l AshaA A% BEY BRAS F7hA71T G AU A o AT, 57
of gjsfiap} 1|0, i), EoF 2 22] @ Fo] B 7HAISFET ghrkPandey, 2020). FHH U A47153S el

2] 5 o] ZB3g 1 QIthKozai et al., 2019; Vitoshkin and Haslavsky, 2020; Jurga et al., 2021). AU 42 542 H|414

AT B/ o] 2= Al 71 At 88 v (7] 2, s, Be) AHlotE Sdll & SiehE olE o At

H RS SRt i 0 2 715 Ad-S B ol Qlth(An et al., 2020; An, 2021).

2018 21 A ] 2H=H whufol 16,323,362 5 A7 A Q] 81.7%E AFA|51H, 115 7R3 2HE9] EnpE 9
NFTHESE AAISHL Tk (Park, 2020). ERFER} 115= (fHAPFOA) ES w7l B Hwt W SiF, ohdst g o419
2R SSLE Slofl HEHE AR QItHOda, 1999; Yetisir and Sari, 2003; Kumar et al., 2015; Rouphael et al.,
2016). oHAITE, U] Z5t Fefo] A E =02 & AL A T A5 58t FA 5T 4= fle FFS vAH
(Mauro et al., 2020), 9158 12 D A-H Y% 59 ol 7| 5ol whap 22 ik & Aok Qlof AHAIE ek 12 9]
Wi FARE PAtsl=d] of2]Lo] Z7F611 Yt Anetal., 2021). 12 7] o] ERPEQ} 115 4 2 2.0 2] e}
2 waE Sl AulE 4= Qs .8 FHRAREoITh

SEARL, =250 Q] WAl SHAIAE2 SHAE B Hlgo] 5%0] Bslof(Park, 2020) Y= HH4]o] A3}
Ejo QUA] gk, T o] 22 Al A= Gk Al oke 22 4549 & T E 916l M- F-2.5FH(Lee and Kim,
2021; Lee etal., 2021; Lim et al., 2021; Tavan et al., 2021). ¥+ T2]= A A0 A4, 8laf 9l 4 of) ke n) Xt T
HZ5a} 71Q) B 22 HAAQ1 ke v 4= 9l
7] 912t A5 (Shibuya et al., 1997)= AQUAIT, S thek 24
SIAIE, AR ool 88 1eokA] sith ool a-golt, 2=

= 4= QIth(Rho et al., 2023).
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AT vlERH ARl T Al dAIES A oIshr] flell ARbE e = AR E = ZEole = 3 A7 SAE A, o
w A A PHET ohet 2] T S BT Rt A A ol mEE e VIR A 2 I
=74 50l 2 4= lH(Jones, 2007). SHAIT, HAQ SHAIZH Yol o] & 57 W W Ale sl |ofle Alefe] B
d7olth(Anetal., 2020). THeF H|AF SHAIAF ol A 2EAS SO 77| S8 o[ 8-t 24 P Al g
YL 4= k& Aot 53, Y22 2= T 7AE geiste] dofd 4= Slot. s, 4 7iA S 2ol 2
= ol o Y& A EA = A BT ] whze]l Yool e eSS0l olE Felottt metA, 2 A+ It
E3HE AR O = QIR gl nl A= oY dS FHaStelHA A 2hE Aol 7hs ot A Aok W +E s
Il A=A
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EntE A4t <20 & (Farm Hannong Co., Ltd, Korea), thE-2 ‘BE2Z7)’(Koregon Co., Ltd, Korea), 15 4= <A1
2’(Danong Co., Ltd, Korea), tH=-2 “EFER (Nongwoo Bio Co., Ltd, Korea)S H]%F7](LBI-500E, Daihan Labtech Co.,
Ltd, Korea) 25°C, 2} AFElo]lA] 3217 ZolA| AL}, ERFE 4L 1287 A EF|0|(2.8 x 2.8cm), EFIE Tj=, 75 41l
52 10534 EF|0](3.3 x 3.3cm)°] S-H-8 A E(Numberone Sangto, Cham Grow., Inc, Korea) S 531§, ¥~ 44
2 3uEE 0 & 7} 12 Edlo|E mESISit). 11 & A7 HRE2O| E(1mm)E o83 BESIFIIt AEs S HAIL
Ellofl A - PH5(25°C, 70%) D FF oF 238umol-m™>s' & AAst] A 16hE A5 H, FLE white LEDs
(SG-BAR-28W, Future Green Co. Ltd., Yongin, Republic of Korea)S AF8-5159LE EOLE 4= s W 13 52316
A7E, N5 o= T 1790 1ot S 17175 51 & 797 = G glol AW T, 8YFE Ao A+ta SHE
FZHFAS EC 1.0dS/m D pH 6,028 2 7= 513t

B 22|

EnfEQL 5= 119 1 Yof| F450] AW T 81 7|7He et 2EALS o] 8ol FA HgkE Ttk Fig. 1A). AH
T 52t A, Edlo] W) AR Fto] A7 2487 Al Edlo] FAE o< 100%E A7
oo, ZF3E|o] & R4 50, 60, 70, 121180 + 3% 0] S hE T A 0 =2 ZF 47l o] A elt5 A st
ot = AHAI- o] = 2 el QIE Edlo]E AH I M=o oA T A2 & A REAR §A A §igh S
HHESETt.

A4 U 2 AM2ED} QA E0|R 58 WYL

Enheel 15 14 U tjB o] 4GS 274, 27, 9%, 90, AAE U DEFS ZANk Tables | and 2), AAL
vernier calipers(CD-20CPX, Mitutoyo Co., Inc., Japan)& ©|-8-5t Juli5ol|x 7 F7-2- F5-& 461901, JHZ
Z74-2 HAHEA7|(LI-3100¢, LI-COR Co., Inc., USA)Z o]-&st3ict. 18] 11 2F G- S35t 75°C 274004 3
T AZS F AEFS S0 S A ol 71t ofol-§ a2 H7I5H7] f18l Compactness, LAIL, WUE;,

WUE,, WUEs& tH&t o] Alttsto] et sl

shoot dry weight (mg)
plant height (cm)

Compactness =

(M

Fig. 1. (A) the plant factory transplant production system with an artificial lighting installed with load cells to manipulate the
weight difference of the tray and (B) actual irrigation volume and remaining wasted water of ebb and flow in a plant
factory with an artificial lighting.
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leaf i
Leaf area index (LAI) = caf area (o) 3 2
plug tray area (cm”)

hoot d ight

Water use efficiency (WUE) based on irrigation volume (WUE),) = S 0_0 .ry weight (mg) 3)
irrigation volume (L)

. hoot ight
WUE based on evapotranspiration (WUE,) = oo dry W(?lgh (mg) 4)
evapotranspiration rate (mL)
hoot d ight
WUE based on surplus water (WUE3) = shoot dry weight (mg) 5)
surplus water (L)

Table 1. Plant height, stem diameter, Number of leaves, leaf area, shoot fresh and dry weight of tomato as affected by
different irrigation regimes during cultivation in a PFAL

Irrigation Shoot length Stem diameter No. of leaves Leaf area Fresh weight Dry weight
treatments (cm) (mm) (/plant) (cm?) (2 (2
50 7.11+£0.54 ¢* 2.06+£0.18b 3.00£0.00b 23.9+4.08b 0.78+0.11b 0.04+£0.03b
Scion 60 7.78£0.73b 2.38+0.20a 400+043a 322+547a 1.14+024a 0.06+0.02b
70 8.88+040a 241£0.11a 4,00+0.00a 33.0+4.87a 121+020a 0.09+£0.03a
80 9.08+0.79 a 2.34+0.16a 3.83£0.39a 312+635a 1.19+024a 0.06+0.04 b
Signjﬁcance skokk ksksk skekok skekok ksksk skokk
50 857+0.75a 290+031a 492+029a 363+648a 1.52+027a 0.10£0.03a
Roofstock 9.03+1.07a 2.830+021a 467+049a 29.9+6.29b 145+035a 0.08+£0.03a
825+142a 2.96+0.30a 483+0.39a 39.6+8.68a 1.59+043 a 0.08+£0.03a
80 7.16+0.92b 2.06+0.28 b 392+0.51b 20.5+6.62¢ 0.70+0.21b 0.03+0.02b
Signjﬁcance kokk ksksk skekok skekok k3ksk skokk

“Means and standard errors within each column followed by the same letter are not significantly different according to Duncan's multiple
range test at p <0.05. NS: non-significant. ***: significant at p <0.001, **: significant at p <0.01, *: significant at p < 0.05.

Table 2. Plant height, stem diameter, Number of leaves, leaf area, shoot fresh and dry weight of hot pepper as affected by
different irrigation regimes during cultivation in a PFAL

Irrigation Shoot length Stem diameter No. of leaves Leaf area Fresh weight Dry weight
treatments (cm) (mm) (/plant) (cm?) (2 (2)

50 5.45+0.50 b* 1.43+£0.12ab 3.33+0.65ab 10.1£1.71a 0.43+0.07b 0.05+0.01 a
Scion 60 532+0.53b 1.37+0.13b 3.00+£0.74 b 10.1+£2.01 a 0.39+0.08 b 0.03+0.01b

70 592+0.57a 1.52+0.11a 3.67+049a 112+£296a 0.54+0.08 a 0.05+0.01 a

80 6.11+047a 1.50+0.17 a 3.42+0.79 ab 125+4.11a 0.55+0.12a 0.04 +£0.02 ab
Significance ok * NS NS o *

50 6.03+£0.54b 1.78+0.12a 3.67+049a 13.6+£2.50b 0.60+£0.12b 0.06+0.02 b
Rootstock 60 6.21+£0.75b 1.76 £022 a 3.58+£0.79a 142+496b 0.63+£0.15b 0.06+0.02 b

70 6.13+£0.68 b 1.85+0.13a 3.58+0.51a 16.0+2.13 ab 0.71+0.09b 0.07+0.02b

80 7.15£081 a 1.85+022a 4.00+0.74 a 17.7+£6.05a 0.85+021a 0.10+0.02a
Significance E NS NS NS E AE

“Means and standard errors within each column followed by the same letter are not significantly different according to Duncan's multiple
range test at p <0.05. NS: non-significant. ***: significant at p <0.001, **: significant at p <0.01, *: significant at p <0.05.
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A=A

SEEEEA 450 s EgolofA oz 7} 350 EnfESe} 150] 4 4 i A% HolEE SAS T2
(Statistical analysis system ver.9.4, USA)= ©|-8-5t0] At& §A| 4k o619, Y P24 0] Duncan®] th5 §1$] €
AEZ 5ol AFHE R

2oy 2%

EntEet 13 A4 i 50 8177|7242 16/16/17/16 2011k S17 |7 EnfES 13 4 2 o & F o
== 80% Aol A 7 B TpE SHTK Tables 3 and 4). 11591 2] ERtE o 5l 50 2he 5ol
HI W A] Y- 315 Zpo|7H o] Wil 212 1285 A E EﬂO]@r 1053 4 Egflo]o] 2} Al )7} ZE7F 21mL, 30mLE E2flo] Ui
S FEGoI 27| 29 A0 2 datE), AE3 43S HAI AT W Qo] 4 9 th=0] i Sl = 81776 U
QF Z|h 2510] 3Ith(An et al., 2020). 7Y, Eﬂ}i‘i—lﬂi ot i S AL, TAE S SRS 40, 50 D 60%2 F
e SH7|7F15Y o 212 3, 4, TH(EULE 4 D gl2y/4, 6, 1083 He E =) P51tk An et al., 2021).
2 At Al g5 o] A 0 2 T 53t (o251 20°C/85%) TR Al 717Ee 2 34 Slmof] Zpo) 7 Q1S
©l 702 mrhech

115U & Bt o] Ao A= B71E flel 253 de Adste st AER E%ﬁ QL= compactness
(&) tigt AEAY )2 E-851tH Currey et al., 2012). A2 = S 8] W2 9J5}0] ZHbAtEF 24 0] 715510
2 B2 E-& = 5tod(Shibuya et al., 1997; Park et al., 2020) 3+ Edlo]o]] u}£H B2 3t Fcko 2 Hofth 19

T2 WUE,, WUE2} WUEs=ZF 2 2](50%, 60%, 70% 2 80%)°ll41 70% 212|717+ 0.28 + 0.04mg/L, 2.88 + 0.93mg/mL
2}0.31+0. 05mg/mLE 71 a-g0] =, 7P -2 80% A BT 2H2E 0F 115, 123 2 121% =3t tH(Table 3). WUE;

A Rl THE IS el o] Bo) A B4 Rl 70% Aek 7B ol g Tko] FL AL L 49
ok ST, WUBT% 7 A2 sl & ] ] WS 22 OIS WUBE 4120 Al 84 2l

2 o] 8882 o 4= AUtk "RPIA 2, WUEs= '$H| == 2o tieh A4 E e B2 27 245 HE =&
= whekeh o Qlok webA], 70% A2 EA ERFE 4ol DR ES G824 0% FEotHA, GHIE =&
o] 71 Ath= Z& Sl o A3
7t A BE 50l 70% A7 Pp o 2 AEigs wjo] 2491 7-8em(An, 2021)01] Hol = SHAAIT, ERtE 5
H AN g diEE AR s o A7 k& Aolet HRE lnk T3, AR 50% A2l A, d-Rol8R
&2 80% ATl A 71 Rolth. ERLE 451 A HjZ| S A E0HA pryte|ohd G2 A dofe 4= AR S
HHol-§a8-50] Wopx Aol B ARl Gk vX| 1, GoHA T A AAHETE o e} - o] 8 ERt ST Al o=
TE| QI
EntE th=9] compactness= 50% #2177} 11.3 + 3.26mg/em= 7F =9ko ™, 60% 2 70% A2]7-9] 8.63 +
3.32mg/em 2 9.56 + 3.54mg/cm2P=-G-0] 2 ¢l Zfo|= H o] 2] 9kofth(Table 3). ERFE H4-9} n7 12| 2 80% 2] 2] Lol A
3.94 £ 2.48mg/cmZ 7 It WUE,, WUE,2F WUE; = ZF 4 2](50%, 60%, 70% 2 80%)°114] 50% A2]7710.57 +
0.19mg/L, 4.28 + 1.44mg/mL%} 0.66 + 0.22mg/mL = -5-0]4 0 & 7} G-80] =411, 7P e 80% A2 FH et 217} oF
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612, 651 E 633% =3t
15 7442] Compactness= 50% A2 77}8.66 + 2.36mg/cmZ 7 =341, 70% A 2] 2] 8.10 £ 2.17mg/cm =
221 ztoli= Holx] ghgkom 7H v 60% A2 5.93 £ 1.57mg/emX T} ¢F 37% =QttH Table 4). WUE,, WUE,2}
WUEs=7F 2 2(50%, 60%, 70% 2 80%)°l141 50% A 2117}F0.20 + 0.06mg/L, 1.62 + 0.49mg/mL2}0.35 + 0.7mg/mLE
7V G-80] =9k, 7P WS 80% Attt ZF2F 0F 122, 110 H 109% =T Table 4). TR 16Y T 15 {40 RnE
A2 ol| A AL Tl S| B710] 246 - Tem@t F422.5 - 47191 AL 185192 W(An, 2021), 15 HEH AYAFA] 2
A7 gle A 0 = TekET) ST, A7, AT A 0 2 A4l HEH 0] E6t 2715 1e6lE 7% 50% A
277} Aot
159 &

T tE2] Compactnesst= AE%53 B2] 70% A2 11.48 + 3.36mg/em&} 80% AT 13.23 +

Table 3. Compactness, leaf area index (LAl), water use efficiency based on irrigation volume (WUE;), water use efficiency

based on evapotranspiration (WUE,), water use efficiency based on surplus water (WUEs) and number of irrigation (No.
of irrigation) of tomato scion and rootstock as affected by different irrigation regimes during the cultivation in a PFAL

Irrigation Compactness LAI WUE, WUE, WUE; No. of
treatments (mg/cm) (mg/L) (mg/mL) (mg/L) irrigation
50 5.35+3.73 b” 3.04+£0.52b 0.20+0.06 ab 2.01+1.48 ab 0.22+0.07 ab 7
Scion 60 7.20+2.19 ab 410+£0.70 a 022+0.03a 225+0.68a 024+0.04a 9
70 991+343a 420+0.61a 0.28+0.04a 2.88+£0.93a 0.31+0.05a 11
80 6.61£3.92b 3.98+0.81a 0.13+£0.03b 1.28+0.77b 0.14+0.04b 17
Signjﬁcance ok skokok ksksk skekok skokk
50 11.30£3.26a 333+0.59a 0.57+0.19a 428+ 144a 0.66+022a 5
8.63+332a 2.74+0.58 b 0.37+£0.13b 2.79+0.97b 043+0.15b 6
Rootstock
9.56+3.54a 3.64+0.80a 026+0.11¢ 1.94+0.85¢ 0.30+0.13 ¢ 9
80 3.94+248b 1.88+0.61¢ 0.08+£0.05d 0.57+0.36d 0.09+0.06d 11
Signjﬁcance skekok skekok ksksk skekok skokk

“Means and standard errors within each column followed by the same letter are not significantly different according to Duncan's multiple
range test at p <0.05. NS: non-significant. ***: significant at p <0.001, **: significant at p <0.01, *: significant at p < 0.05.

Table 4. Compactness, leaf area index (LAl), water use efficiency based on irrigation volume (WUE;), water use efficiency
based on evapotranspiration (WUE;), water use efficiency based on surplus water (WUEs) and number of irrigation (No.
of irrigation) of hot pepper scion and rootstock as affected by different irrigation regimes during the cultivation in a PFAL

Irrigation Compactness LAI WUE, WUE; WUE; No. of
treatments (mg/cm) (mg/L) (mg/mL) (mg/L) irrigation
50 8.66+£2.36a" 0.93+0.16a 0.20+0.06 a 1.62+049a 023+£0.07a 7
Scion 60 5.93+1.57¢ 0.93+0.182a 0.12+0.03¢ 0.95+0.28¢ 0.13+0.04 ¢ 8
70 8.10+2.17 ab 1.03+027a 0.15+0.04b 1.26+0.34b 0.18+0.05b 9
80 6.72+2.12bc 1.15+£0.38a 0.09+0.03¢ 0.77£028¢ 0.11+0.04¢ 13
Significance ok ok NS HhE ok
50 10.38+2.44b 1.25+0.23b 0.31+0.092a 2.56+0.74a 035+0.10a
Rootstock 60 9.65+2.73b 1.30+0.36b 022+0.08b 1.84+0.63 b 0.25+0.09b
70 11.48+3.36ab 1.47+0.20 ab 0.22+0.05b 1.86+0.45b 0.25+0.06 b
80 13.23+2.56a 1.63+0.56 a 0.23+0.06 b 1.92+046 b 0.26+0.06 b 12
Significance * NS * * *

“Means and standard errors within each column followed by the same letter are not significantly different according to Duncan's multiple

range test at p <0.05. NS: non-significant. ***: significant at p <0.001, **: significant at p <0.01, *: significant at p <0.05.
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Fig. 2. Changes in temperature and relative humidity in the plant factory with artificial lightings during the seedling period.
A, seedling period of tomato scions and rootstocks, B; seedling period of hot pepper scions and rootstocks.

2.56mg/ecmOllA] 21231 2folE Ho|x] oIkt Table 4). T E5-2 112 3a T 80% A 2f7ollAl 7FE Aot A2 B 37
9t compactnessS 7 H| 1L A] 70% A 2]7- T3 A3 ABAS- 5FATE WUE,, WUE,2F WUE= 2} A 2](50%, 60%, 70%
2 80%)°N1A 50% 2] 7710.31 £ 0.06mg/L, 2.56 + 0.74mg/mL2}0.35 + 0.10mg/mLE 7} G-80] =9k} 50% A2+
O 27, 747 B A=A 80% A 2ot 724 0 2 Her oL, 80% A2t ool 8-&o] Ao ol Atk E3,

50% A 2] Aol 115 HEH YA A A AP EA] bethe e e o) 15 a2 xR = e b Relet
ik

An 2021)2 A3 S HAIAE U] ERfESF 15 A4 T o S H A| Rt 2 260% o] 7 A sttt
2 BASIGIH: SEARE et oF-Rol 88 -&5 M efokA] b2 Avpitt. TS 24 Y] 115 1 A| BER e BEO)

PaFol Hd 291 kg 714 B oluzl, OJ*EOI%E%E»‘L | 9ke 74 0 2 W 1519t Ahmed et al., 2014). 2ol &¢a
& 118 A TpA)7 = BEnbE g D 28 Z12F70%9) 50%, 15 S D o= BE 50% 227t 2gskdt Axgt S
w7 &0 E A2 Al S-S o] Fo] =2 AT AIE 7] whitoletal HtE th(Fig. 2).

B A= 2EAS AFEote] ERaS elet & Y= A2lE olSitt. BEvlE 48 AlLlotal 50% 3t
A7t Gt o8 B& L AYF o GitHolGIrt. 53, SH7|THEE50% A= Eat T S14- 621 = 80% A2 9] 13
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