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MojeAl - PLC, Touch % PC HO{
- Mo{He :
* Dimming : 2 =&7|& 0/&3}01 50~100% analog 24|
Z=&7| - Touch FH Mx|]
* PLCE 0|&¢t on/off (F&/AtS), AIZHHE on/off dE (102 EH)
- LED M=%| 24 75mm

—

O LED 53 Hiol& (Y9I Mejtf S)

Original Spectrum

s s

. } ZE  @160mm  292.3 psd/m’s

s ; 400mm
& i i3 FEUYS  @270mm 2395 ped/m's
g oo s 3 W ZE  @260mm  240.9 umd/n’
[ ) ZE mm .9 umi/m's
o “%  500mm

e : =% B2 @370mm 1894 ped/m's

£,1080

o ZE 360mm 182.5 umd/m's
D, D000

= W2 @470mm 137 pmdfm’s

O LED £|¥(Dimming)

e

189.4 ynal/m's
0% 183.1 pmal/m's
80% 168 padl/m's
T0% 145.2 pmal/m's
a0% 123.2 pmal/m's

500mm +E Y% @370mm = 76 yadn's
40% 39.9 padl/m's 20| 2
30% 8.7 psd/m's PCB 17 off
20% =3 #7%
10% 234 27

O 40, =EYE &2 X3 (cy +#2h
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A 2% (°g SE® A 2E (g SE %)
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01 14.0 90.0 13 24.0 80.0
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03 14.0 90.0 15 24.0 80.0
04 140 90.0 16 240 80.0
05 140 900 17 240 800
06 16.0 90.0 18 24.0 80.0
07 180 900 19 240 900
o8 20.0 80.0 20 22.0 90.0
09 24.0 80.0 21 20.0 90.0
10 240 80.0 2 180 900
11 24.0 80.0 23 16.0 90.0
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(1) 7| ®uide AS3F AS-Hel 2 HZs]
b 9| Muj ME MEIE Het Y AS
O Mul=2&
1. LED
» X} A 7A 2HA = 2K} A7 A M AbEH
- AC MEcz MUt &2 ol =7} - DC AMEczZ HY &HHF Mo Jts
(otgz Hof) (0~100%)
- &% Mol Al Serdet otE (MojZzzaue &35 C|X|e A of)
- dFE/d= 51 FH Tls

=

= 7 M 300umol/m's
12EA = 3ttt x 3 = 108EA
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96EA * 48W LED = 2F 4.6kw
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o To -

-Oid &
- 360 * 3,700 * (H)75mm
- R el BHE Al AE IS

- 20ft 7|& 384% (1X} o714 CHH| <F
80% SoH) (MuiHE™ 2F 10.7m)
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Fig. 1 A greenhouse (A) and a plant factory (B) for strawberry cultivation.
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Fig. 2 Spectral distribution of white LEDs (A) used in the plant factory (B) for strawberry cultivation.
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Fig. 4 Air temperature and relative humidity measured in the greenhouse (A) and diurnal air

temperature and relative humidity measured in the plant factory (B) for strawberry cultivation.
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Fig. 6 Days from the antheses of the 1% flower to 10" flower of ‘Kingsberry’, ‘Maehyang’, and

‘Seolhyang’ strawberry.

O MR = a3iX] 2F e Mol AAR(24A 22 AES3E), 25 2 Ao 2HA
10| &Uen{, o] E2 ASZE MM T2 AHEYH FsH &22E = US

Zde(Table 1).

Table 1 Days from anthesis to anther senescence of strawberry cultivated in the greenhouse

and plant factory.

Cultivation system

Cultivar Inflorescence Greenhouse B o
‘Kingsberry’ Primary 3.82 + 0.24 3.31 + 0.35
Secondary 3.55 £ 0.24 414 £ 0.38
Tertiary 3.82 £ 0.22 519 + 0.25
Quaternary 3.01 £ 0.21 493 + 0.34
‘Maehyang’ Primary 5.29 + 0.21 5.30 + 0.31
Secondary 4.69 + 0.22 4.36 + 0.20
Tertiary 497 £ 0.16 459 £ 0.23
Quaternary 4.80 + 0.37 3.83 + 0.48
‘Seolhyang’ Primary 544 £ 0.28 560 £ 0.60
Secondary 468 £ 0.23 4.00 £ 0.71
Tertiary 3.32 £ 0.27 3.15 £ 0.33
Quaternary 429 £ 0.21 4.38 + 0.26
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Fig. 8 Measurement of peduncle angle (A) and floral peduncle lengths (B) of strawberry.

Ct. Ale Zaf
O ‘dadzl’, ‘oigr, ‘MaF EFe| 20 7|27|= L2 Ao wet Ststd o], ntal =27
FHol| It 252 E(Fig. 9).
O afek gk obA| stage FOllAM "ZAAHE] Z20f 2%
FE HMelst & CHAolAM ‘MEFol 7+ ZIS(Fig.10).
P ESo Zof 2T wishk= ‘AAH2l 7t I #

rir

7t 7h& ZiA ‘ojgFol JhE U2 n stage
)

H|CHol| = ZCj

Developmental stage

‘Kingsberry’

=

s

X

‘Maehyang'

A

‘Seolhyang’

Fig. 9 Changes in peduncle shapes at different developmental stages of ‘Kingsberry’, ‘Maehyang’,

and ‘Seolhyang’ strawberries.
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Fig. 10 Changes in peduncle shapes at different developmental stages of ‘Kingsberry’, ‘Maehyang’,

and

O

‘Seolhyang’ strawberries.

2o Zo| E7t= Al™EE N £ 25 stage AMA BE ZIE 0ff CfEE 0|F0] FHeo,
0|% stage BOIM FZ7IX|= He| BiE7} it Z(Fig. 11).
Stage AMIA 181 S7kX| 20 4ol&= ‘g E30IM JHa &t ‘MeF EJolM JHE

dA2(Fig. 11).

HAHEE EE E7(et F7(o| 2O 2t Hat Fo| Z dhH, ‘fEF i ‘MeF FE52 HAH|
2|'ofl Blslf =t Z0| 2t (Fig. 11).

2 chlol| e E5 4 20 Z2o| & 24T Xo|E 125l M=3E Mulf Al ST 2AF &
TS 2 AMAEo| dA-MZ=lofjo} 2 .

_67_



'Kingsberry'
—e— Stage A
—&— Stage B
6 —— Stage C P
—_—t
g:ng Secondary Tlower ///
—o— Stage F 4 /
4 Primary floveer /
st
ot
8
‘Maehyang' ﬁ
6
Secondary flo
E 4t $
L
> Primary flower /
| //&‘*@/
o
/
ot
8
‘Seolhyang'
6}
4t =
Secondary flower
Primary flower
2t
{
0 =

Fig. 11 Position of primary and secondary flower at different developmental stages of ‘Kingsberry’,

‘Maehyang’, and ‘Seolhyang’ strawberries.

et Zap nE

ZtEo| xpol= 185t 7=t ™ b

=
ol
[

20 2= xol= A7 b Eo| w2t ST £5E

| 258 2o gef o | 22 S5 ASBE Y| Mol Tk 2 23 F sttel
J|EI HYBES B 4 U MR2 E AXH(TY] BA Y FE S8 ALH) 4AS 9
2 YEE HST $ YU

_68_



(M 3) A=3E Muljoll Hetet 87 5 MYES 2l P17 &4 24
7L Al S5 M2 Al  ME22 a2 A2 melol MEtet 7| &5 S flE 2T

LE A" ME 2 e

O A" M=z: 'Yy, "1g’, QA2 ‘ofgr, ‘de¥

O Mo & MEtistn 3 s 724

O Alg 7|1Zk 2021 98 16 M4

O A" gHH: SkyScan 1272 scanner (Bruker micro—CT, Kontich, Belgium) (Fig. 12)& o235}

of ArE HESEI(CT) 3AHd Olo[X|& A4

| == )

Fig. 12 SkyScan 1272 scanner (Bruker micro—CT, Kontich, Belgium)

Ch Al 23t
O =25 37|, =i /I, st 20|, of 37|, 2 7=, &= Zo|, &= e S 2P| #==
=30l w2t xto|7F AAZ(Fig. 13).
O ‘gu|2'nt ‘11g” 552 tfE M JHX| &30l Blal ==t 4o|7F 20{ 22
Y FEIH A= L= TS (Fig. 13).

O 'Zd2Hgl’, ‘deF, ‘ifer 52 st 4= tfE 7 &30l s 2427t 2o gs2te|

o
A
\J
[
é
o
A

O ‘g2, ‘g, ‘dgF F52 ier F30ll vlsl 2F 37(7t ZAZ(Fig. 13).
= CfE S0l dlsh k2| it B, ehstfe| Zo|rt Zof

O ‘feF EF2 2o 7|7t &= ot 530l vlol 2AZ(Fig. 13).

_69_



‘Albion’ ‘Goseul’ ‘Kingsberry’ ‘Seolhyang’ ‘Maehyang’

Fig. 13 3D flower structure of ‘Albion’, ‘Goseul’, ‘Kingsberry’, ‘Seolhyang’, and ‘Maehyang’
strawberries at anthesis.
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Fig. 14 Three different sizes of pots (A) and substrates (B) (Commercial growing soil, coir, and

rockwool granules)
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Fig. 15 Strawberry plants of each treatment at 63 days after transplanting.
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Table 2 Growth parameters of strawberry plants at 63 DAT.

Treatment Crown Maximum Leaf Dry weight (g)
diameter petiol length area
Volume Media (mm) (cm) (cm?) Leaf Crown Root
1140 So 15.8ab’ 14 .44 835.2a 6.66ab 0.93a 3.56ab
Co 15.3ab 12.9ab 791.5ab 5.94a-d 0.79ab 3.76ab
Rw 15.0ab 13.0ab 694.7a-c 5.27b—d 0.82ab 2.01b
830 So 16.9a 14.7a 862.1a 7.12a 0.99a 5.00a
Co 15.5ab 12.3ab 772.0ab 6.25a—c 0.98a 4.06ab
Rw 14.4b 11.9ab 689.5a—c 5.41b-d 0.85ab 2.56ab
240 So 15.3ab 12.4ab 636.7bc 5.09b—d 0.64b 2.89ab
Co 14.7ab 12.0ab 548.8c 4.50d 0.63b 2.61ab
Rw 15.3ab 10.8b 587.2¢c 4.69cd 0.71ab 2.58ab
Significance
Volume ns * % * % % * % % * % % ns
Media * * % * % * % ns *
VolumexMedia ns ns ns ns ns ns

*Means within each column followed by the same letter are not significantly different according to
Tukey's studentized range test at p < 0.05.
ns = no significant; *, **, and *** = significant at p < 0.05, 0.01, and 0.001, respectively.

O 1140mL2} 830mL ZE Mz|FoAM S5t 24N dH|goll= F2 & Xto|7t i, 240mL ZE
HMelTollM meldez ZAS(Figs. 16A, B, O).

O T2 XE Rio wZ xfo|E EoLt tiX| 7o wE |old xto|7t s (Figs.
16A, B, C).

O gtdo| BZIE 1140mLat 830mL ZE X2|7= 20| SZE 202 60 DATIA HiH 2| pHI}
woldez 7t =ta(Figs. 16D, E, F).

O 202} 40 DATOIM & X{2|F2| EC =5t pHel FAFSH deks 22 (Figs. 16G, H, 1).

O 1140mL XZEQ} 830mL ZE Zt Mo R|H Xfo|7} AT gt 240mL ZE HMe|F0| A

Aet7 dF0] FolHoz FAH A2 XSt 20| S5 A7 222 =l
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O Al gi

- 70k ™ of=s MEZSHo] 7HeF Z(after anther dehiscence; AAD) hemocytometerS 0|-85101
stE 5 Adreh

- M2l AAD 24. 48, 72, Elc' 96h

- Mzl Fa 27| MuHE AlE23EH(Fig. 1)

— JHokE| o2 A2 Z XA 24, 48, 72, ! 96h T OfM|EFID Mo 2 HAGH 3HE &M

o O —
Viable pollen

bgerve

f??iflf‘ ?ﬁﬁ&ii}?ﬁ .
Non-vable pollen

O 5% g=:
- 3k %

— AAD 24h, 48h, 72h, ¥ 96h ==&y

Ch Ale Za}

O =2tz = U &5 T ‘e 30| #2H2z HUZ(Table 1).
O o & otz = 'HeF E30IM, 2 & 32 = 128 F30M 71 B ‘gf 552

Table 1. The number of pollen grains per anther and flower of the ‘Goseul,” ‘Kingsberry,’

‘Maehyang,” and ‘Seolhyang’ strawberries.

No. of pollen grains

Cultivar

(/anther) (/flower)
‘Goseul’ 573.6x10%? 14.0x10%
‘Kingsberry’ 577.4x10% 12.6Xx10%
‘Maehyang’ 386.0x10% 8.0x10%
‘Seolhyang’ 612.9x10% 13.9%10°%

Means in columns followed by different letters are significantly different by Duncan’s multiple
range test at P < 0.05.

O AldEl Ul &8 5 '1&’ 352 Aol Xl w2t 2t22H40] 80% Ol 2 =2 RX|= U

2(Table 1 and Fig. 4).
O ‘ZAAaHz] £252 20| 70% O|A2 2 FX|=[A2Lt AAD 96hollM S22 0] 40% 0|5t

O =2tz 71 7 M2 ‘tfeF E350lM =k=&dol 60% Olst2 7AI=UZ.
O S2 AlZto| x|'=oll w2t shE&Hd0] 60% 0|22 FAI=US.
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[ . .
Fig. 3. The microscopic image of pollens of ‘Goseul(A, B, C, and D),” ‘Kingsberry (E, F, G, and
H),” ‘Maehyang (I, J, K, and L),” and ‘Seolhyang (M, N, O, and P)’ strawberries 24, 48, 72, and
96 hours after anther dehiscence (ADD).

B Goseul
I 'Kingsberry'
100 [ 'Maehyang'
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: - E--E ﬂ...c
[ [ a-¢c T c-e
8 80 de l_
i .
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> L
| gh
-1 60 J‘ j
7]
(]
3
S 40 -
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1]
o
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0 — 1 | - 1 ey Jd
24h AAD 48h AAD T2h AAD 96h AAD

Fig. 4 The pollen viability of ‘Goseul,” ‘Kingsberry,” ‘Maehyang,” and ‘Seolhyang’ strawberries 24,
48, 72, and 96 hours after anther dehiscence (AAD).
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Fig. 6. Air temperature and relative humidity vapor—pressure deficits 2.09kPa (A) and 0.32kPa (B).

O Al gH:

- X2|5t: VPD 2.09kPa(1.67~2.31kPa) % VPD 0.32kPa(0.13~0.42kPa)(Fig. 6)

- ek 72 BLEEES S5l 102 ZHH2 = HEsIo ofF EHo|A sh20| ZHEHEM JiekEl e
ZHESHFig. 7A).

- =& fxl ¥ F7|of wet 371K BF(Short; S, Medium; M, & Tall; T) 2222 M (Total) 2

L 24 eH(Fig. 7B).

Fig. 7. Strawberry anther before and after dehiscence (A) and three stamen types (T; tall, M;
medium, and S; short) (B).
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Ch AR Azt

O VPD 2.09kPa HMz[7ollA] 7H2F2 10258 AIZH=[RALL 40201 H|S0]| 0.4 O[4}, 90=0lA H]
20| 0.8 O|MO[AUSZ.

O VPD 0.32kPa XMz|Fol[A 7H2k2 60=FE AlZH=A L 130=20lA H[Z0[ 0.4 0|4, 180=0ilA
H|E0[| 0.8 O|&0[AS.

O VPD 2.09kPa X2|70llA 1302, 0.32kPa Xz|FollA 27020 2F TS,

Anther dehiscence rate

—e— Total 2.09 kPa
—a— Total 032 kPa

T T T T
0 50 100 150 200 250 300

Time (min)
Fig. 8. Anther dehiscence rate of total anther in 2.09 kPa and 0.32 kPa treatments.

O VPD 2.09kPa HMz|7oflAM 7H2k2 Mt To[Al 1025 E AIZE=[AT SolM 302FE AIZE[RUZ.
O VPD 2.09kPa X2|FollA S&= 90&, M2 40&, 12|11 T= 60=20A 7H2f H[E0| 0.5 0|&t0|

ez =4
AA 3 -

O VPD 2.09kPa XMz|FollA 100% ZHf7HX| =25tk Alk2 M, T, J2|1 S =ME HUS.

O VPD 0.32kPa XMzZ|F0llA] 7H2F2 M TollA 60=FE AIZf= AL SOIM 702FE A|ZEAZ.

O VPD 0.32kPa HMz|70lM S&= 170&, M2 140&, J2|1 T= 130=0lA 7i<et 8|0 0.5 o &
O|2AUZ.

O VPD 0.32kPa XMz|F0llA 100% ZH7HX| EE5t= AlZk2 S, M, T 25 270=0[US.
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Fig. 9. Anther dehiscence rate of short, medium, and tall anthers in VPD 2.09 kPa and VPD 0.32
kPa treatments.
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O Al & MEtHetn 3
O AlY g
— Micro—computed tomography(micro—CT) (SkyScan1272, Bruker, Massachusetts, USA)E O]

&5t0{ ZAFEH HHEES(CT) o|o|X| & &=

= T/ T

— 3D Slicer software(version 5.0.3, https://www.slicer.org/)& 0|-&25}0 3X}& O|O|X|E &4

st
- =8 Xl ¥ A7|o w2t 371K &7/ (Short; S, Medium; M, 2 Tall; )2 e Mg
O & g=:
— ==l Zol|(Filament length; FL), 2F Z0O|(Anther length; AL), 2F L{H|(Anther width; AW), 2F

ot 5= Atole] HE|(Distance from stigma to anther) 2! Z==CH Zt=(Angle of filament)
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J
E!istance from

-

~ sfigma to anthery

Fig. 10. Filament length, anther length, anther width (A), distance from stigma to anther and angle of
filament (B).
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Table 2. The filament length (FL), anther length (AL), and anther width (AW) of three stamen types

(short, medium, and tall) in ‘Goseul,” ‘Kingsberry,” ‘Maehyang,” and ‘Seolhyang’ strawberries.

Short Medium Tall

Cultivar

FL (mm) AL (mm) AW (mm) FL (mm) AL (mm) AW (mm) FL (mm) AL (mm) AW (mm)
‘Goseul’ 1.07 a 0.57 a 0.70 a 1.57 b 0.54 a 0.82 a 2.07 a 0.53 a 0.72 b
‘Kingsberry’ 1.09 a 0.583 b 0.71 a 1.84 a 0.583 ab 0.79 b 1.95 b 0.53 a 0.75 a
‘Maehyang’ 1.05 a 0.45 d 0.54 ¢ 1.60 b 0.44 ¢ 0.62 ¢ 1.84 b 0.43 ¢ 0.59 ¢
‘Seolhyang® 0.86 b 0.49 ¢ 0.64 b 1.35 ¢ 0.52 Db 0.79 Db 1.54 ¢ 0.47 Db 0.71 b
*Means in columns followed by different letters are significantly different by Duncan’s multiple range test at 2 < 0.05.

O SollM ekt =5 Ato]2] HEl= ‘oied EB0IM FolMez MUy, =i s deF &
SolM FelHez Zi=.

O MollM 2kmf =5 Ato|2| He|= ‘ZaHz]'et ‘MeF E50M Reldoz Ao, s=if 2
= 'deF EB0M oMoz S

O Mz} TollAM ofnt =5 Atole] HEl= '1g’ E50M FoAMCR RgoH, =i 2t £t
FRAMoZ AUZ

O ‘g’ 52 Mol 2fnp =5 Ato|o] HE|TF 71 7440 2t JHE 2ifend, To| =i &4
OI7 7h& 4 ofnt =5 Atole| Ae|7} 71 7kg e 2ot JHE ZUS.

O ‘YAz F2S2 S| ozt 5 Alo|o] Hels 7+ Halen 4= T 2U=2. Mol =i
o| 4ol JtE Zdlen ot FF Afo|o] HEl= ZHE BUZ. Tl 2t =5 Atole] AH2|7t
7t HAS.

O ‘fgr 252 82| athel 4ol= 7He ZdA2n 2kut 5 Alo|o| Hel= 7 77kl 4=
= 7FE ZUE. To| AEIt JHE ZE

O ‘de¥F F52 59| ot 5 Alole] Hel= 7H AL ZEs 71 ZZ. Me| =riel Zo|
= 7H BUuen okt T Ao HEl= T HRAL A= VI ZiZ. T2l =iiel Zolvt
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7 Al =8 AlEZE Y| Mool M8 5+ Ues T2 g T
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O Al giH:
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Fig. 12. A vibration pollination system developed for strawberry pollination and installed at cultivation
modules.

O &8 &=

— o}A M S (fruit fresh weight), ZHA 21 Z (fruit diameter), A Z0](fruit length) 2! & AFIHN)
H| & (percentage of normal shape fruit)

- oA E2H 2fx[o w2} Apical(a), Middle(m), Basal(b) 32222 L= ¥ a, am, amb, m,
mb ¥ m 67tX ZRZ 7|81} YefE E7F(Fig. 13)
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Fig. 13. Fruit malformation categorization methods according to the position of not—fertilized locations.
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Table 3. Fresh weight, diameter and length of fruits, and percentage of normal-shape fruit of ‘Goseul,’
‘Kingsberry,” ‘Maehyang,” and ‘Seolhyang’ strawberries as affected by the vibration pollination
treatment (n=60).

Culilves Fruit Fruit Fruit Normal—shape fruit
fresh weight (g) diameter (mm) length (mm) (%)
‘Goseul’ 12.0 & 30.8 a 30.9 b 40
‘Kingsberry’ 7.8 b 22.4 ¢ 38.5 a 32
‘Maehyang’ 21 d 15.2 d 19.1 d 0
‘Seolhyang’ 6.8 ¢ 24.0 b 27.8 ¢ 53

“Means in columns followed by different letters are significantly different by Duncan’s multiple
range test at P < 0.05.

O'1g F52 a, d2HE 52 m, e E52 amb, 48 £&52 a &7 7[&2p7t 7t
T =2 H[ES AX[SIUS.
O elasw & 1 defet s 2ol oo &otal Fatnt I defl= RASINS
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Fig. 14. Malformed fruit of strawberry cultivars classified by the achene development in the different
positions of the receptacles.
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Fig. 15 Image of strawberry fruits pollinated by vibration pollination system.
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Fig. 2. The first flower cluster (A) and ripened strawberry fruits (B) cultivated in a plant factory.
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Table 1. The number of fruits and the average fruit weight in each weight range in control and vibration

treatment (n=6)

Fruit weight (g) Control Vibration treatment

range No. of fruits  Average fruit weight (g) No. of fruits Average fruit weight (g)
<5 2 4.7 1 4.9

5-10 21 7.4 15 7.6

10 - 15 4 10.5 11.8

=15 0 0 18.9

Control

Vibration
treatment

Fig. 3. Strawberry fruits in each weight range in control and vibration treatment.
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Fig. 4. A sampled strawberry flower before anther dehiscence (A) and vapor pressure deficit (VPD)

treatments in a growth chamber set at 25°C (B).
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Fig. 5. Anther before dehiscence (A) and after dehiscence (B) of strawberry flower.
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Fig. 6. Changes in pollen clumps ejection index of anthers in short, medium, and tall stamens at every
hour in the vapor pressure deficit 2.06 and 0.33 kPa treatments.
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Fig. 8. Vibration génrator (A) and strawberry flower attaohed 'to‘ the generator (B).
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Fig. 9. A schematic diagram of a vibration cycle repeating 20 s on and 10 s off three times for a total
of 60 s.
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Focus stacking:
combines images taken at different focus distances
to create a final image with enhanced depth of field.

A: Projected area of anther and pollen clumps before vibration
B: Projected area of anther ans pollen clumps after vibration

- =g fIx ¥ 37|ol w2t 37EX|(Short, Medium ¥ Tal)2 LHe 2412t

Fig. 11. Projected area of anther and pollen clumps before (A) and after vibration (B).
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Fig. 12. Detached pollen clumps after different frequencies of vibration treatment in short (A), medium
(B), and tall (C) stamens after three hours.
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