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Abstract. Plant growth and morphology are affected by light environments. The morphogenesis and growth of the
plants growing in plant factories are different from those grown under sunlight due to the effect of far-red light
included in sunlight. The objective of this study was to compare the morphogenesis and growth of cucumber plants
grown under artificial sunlight, high pressure sodium lamp (HPS), and HPS with additional far-red light (HPS+FR).
The artificial solar (AS) with a spectrum similar to sunlight was manufactured using sulfur plasma lamp, incandes-
cent lamp, and green-reducing optical film. HPS was used as a conventional electrical light source and far-red LEDs
were added for HPS+FR. The optical properties of each light source was analyzed. The morphogenesis, growth, and
photosynthetic rate were compared in each light source. The ratio of red to far-red lights and phytochrome photosta-
tionary state were similar in AS and HPS+FR. There were significant differences in morphology and growth between
HPS and HPS+FR, but there were no significant differences between AS and HPS+FR. SPAD was highest in HPS,
while photosynthetic rate was higher at AS and HPS. Although the photosynthetic rate in HPS+FR was lower than
HPS, the growth was similar in AS. It was because canopy light interception was increased by longer petioles and
larger leaf areas induced by FR. It is confirmed that the electrical light with additional far-red light induces similar
photomorphogenesis and growth in sunlight spectrum. From the results, we expect that similar results will be
obtained by adding far-red light to electrical light sources in plant factories.

Additional key words : leaf area, photosynthesis, phytochrome photostationary state, plant factory
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Fig. 1. Standard solar spectrum (solid line, ASTM G173-03, A), and relative spectra of artificial solar (dot line, A), high pressure sodium

lamp (HPS, solid line, B), and HPS with far-red LED (dot line, B).

Table 1. The spectral composition of photon flux density, red:far-red ratio (R/FR), and phytochrome photostationary state (PSS) of the
artificial solar (AS), high-pressure sodium lamp (HPS), and HPS with far-red LED (HPS+FR).

Spectral composition (%)

Light source Blue Green Red Far-red R/FR PSS
(400-500 nm) (500-600 nm) (600-700 nm) (700-800 nm)

AS 18 28 29 25 1.17 0.73

HPS 5 45 40 8 4.65 0.85

HPS+FR 4 35 36 23 1.55 0.74
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&z207 ZAEIITHFE. 1A). ¥FH HPSe e
400-550nm HLJollA PFD7} Aoz ugkal 550-
700nm Alolol] HFEAtHFig. 1B). HPS+FRS] w13
700nm ©]HoE2 HPSSY FU}HY.oM, FR LEDS] 37}
2 730nm F2ollA o] YERTHFig. 1B).
zh 3ol AN, =4, AN PPFD HlES wAg
At ASO] A Hlgo] 24%= 7FF EZtorm HPSS}
HPS+FRS] A H]E-S 5%E ASO] 0.28) 5o 3
AT}, =2y HA) g PPFD HI&-S HPS+FRI}
HPS7} ASell HIgl ko) =a0ap A Ao] Hlg-2 Al
FoA BF ¢F 1112 VERIATH(Table 1). 3FAIRE 3=
7} 600nm F<tolA =A BAEE HPSY S5
HPS+FR¥} HPSS] =Mz} A ojojo] PPFDE=  550-
650nmellxN FFAoZ Uehd WhH ASe] Izl A4
o] PPFDE 500-700nmol] A=A ¥} CHFig. 1).
z} Bdo] gl tigh Aago] PFDY] HIE(R/
FRYS AXFeE A3}, ASolM 7FF Ak, HPS+FRI}
HPSE 717} ASoll vlsf] oF 133} 4 o =A Yeldoh
(Table 1). ASS} HPS+FRS UZAF HPolr] 2
PFDE 7FAAIRE ASe] A4 H]&o] HPS+FROIA Kt
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HPS+FR7} A9 218193 HPSE €] T 3o v

Table 2. The leaf temperature of Cucumis sativus grown under
the artificial solar (AS), high-pressure sodium (HPS), and HPS
with far-red LED (HPS+FR).

Light source Leaf temperature (°C)

AS 28.14a"
HPS 23.64b
HPS+FR 24.32b

“Means with the same letter are not significantly different accord-
ing to Duncan’s new multiple range test at a < 0.05 (n = 5).

SRIEES solre] Qo] 48w BRejas

3 oF 1.28] O 2 FE& 7BHTH(Table 1). PSSE Jo|E
] 243 Aol e 3g ¥ F5eS 53 A
Abs]7] gl R/FR Fholl HIg] ASS} HPS+FR 7ol
o7} A9 fii}.

7t B BN F2S S A ASAlA FeletA
=30, HPSSF HPS+FR 7ol #-<]3t Xjol= Holz|
29 TH(Table 2). ASOIA] iAo R w& g2 & &
2ot @z} Wse) F3hE 2a Jele) gl o
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F7V42) FR LEDS] 219 dee] e gisich

2. Mol HE| MM M8

ASS} HPS+FROA Aulgk 2o]o] FeE wvlus)]
A3 2] Az AgelA EdE ARS 3 HPS
NN AP 2ol9t HlwEAS w, ASSH HPS+FROIA]
o] =719} el o7t ¥ o= v Aal, guFo]
o Y2 AL 1T F UATH(Fig. 2). ASe} HPS+FR
oA AulE AEA 2 7)) Yoot ol vlansly
< o, §¥d7 G dol= HPS+FR |7l =4
el £7]9] Zole} 21EA] ol AS HzlrellA

Fig. 2. Cucumis sativus grown under the artificial solar (AS, A),
high-pressure sodium lamp (HPS, B), and HPS with far-red
LED (C). Refer to Fig. 1 for detail spectra of the light sources.
The images on the top and the bottom were taken from the front
and the upside, respectively.

Table 3. The area and length of organs and the number of leaves of Cucumis sativus grown under the artificial solar (AS), high-pressure

sodium (HPS), and HPS with far-red LED (HPS+FR).

Light source  Leafl*(cm®) Leaf2 (cm?) Leaf3 (cm?) Total leaf (m?*) Stem (cm)  Petiole (cm) Plant height - Number of
(cm) leaves
AS 86.03a" 170.77ab 209.94a 595.81a 23.16a 8.19a 20.77a 4.7a
HPS 74.68a 66.32b 17.35b 190.38b 4.80b 2.15b 7.07b 3.3b
HPS+FR 79.64a 245.44a 299.07a 773.73a 18.25a 8.87a 18.40a 4.7a
“Occurrence order of leaves.
YMeans with the same letter are not significantly different according Duncan’s new multiple range test at o < 0.05 (n = 3).
AMRI0-AE2SE, M28A X135 20194 89



Table 4. The dry weight (mg) of organs of Cucumis sativus grown under the artificial solar (AS), high-pressure sodium (HPS), and HPS

with far-red LED (HPS+FR).

Light source Leaf 17 Leaf2 Leaf 3 Total leaf Stem Petiole Root Rema-inder Total plant

AS 223a" 617.7a 754a 2140.7a 299.3a 160.7a 466.5a 43a 3110.2a
HPS 373.3a 166.3b 59.3b 710b 38.7b 23.3b 184.5b 9.3a 965.9b

HPS+FR 274.3a 751a 916a 2364a 221ab 193.3a 423.2ab 35.3a 3236.9a

“Occurrence order of leaves.

YMeans with the same letter are not significantly different according to Duncan’s new multiple range test at o < 0.05 (n = 3).

o =4 vErey forldk zlole ISITtH(Table 3).
HPSAlM o] &z &7] 2 gHe] Zo], 4o F 74
T+ ASS} HPS+FROA <} BIwEiS
A 2 As ERIE 5 At 7 7137
B35S Wol= ASOlA] AjE Qo]
AEFE HPSONA A Qo]9} Bl
A =ker HPS+FROR= 4, =71, 94, ¥
718ellA Frejugk Zpol7 UrEhA] 34 TH(Table 4).
AS9} HPS+FRE] 32 2 zjol7}F AAAITHFig. 1),
2o St ASS F AolE HolA Tt v
HPS+FR¥} HPS| 3142 R Ayl -y g9
Aefsiar Ao dAspARE K*EHWM A5 el W 2

ol

2tol7} VRS THFig. 2). 2HE-S HPS Sl 34s] 2t
< A7E YERoH, %Eﬂﬁé*é 29 SAME 2
FHAA Bl dolrt gobd GuF oiv] JwE

o] H]go] AS % HPS+FR tiH] f9o3H =88 <9l
gk 4= Uth(Fig. 3).
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Fuzlo] 22 o] W Zldle HIEo] AR B
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SHAA Yehte AL ER1E  Utk(Fig. 4). EgH
A4 R B A ool WG R WA At A o
Lol e oA 1 9 Al WA 9le] WA Blal
92 ), 3 Wl 9L )T 0] KT gAY 3
o2 ol kAR, = vl st A WAl 2ol W
2 ASS} HPS+FROIAM f2lsH ﬂﬂl YeRst. o=
AEFIE 2o As1E ehhel, 2 0l & el
Solg Qo) WS LA, 2740 B Ao
2 A2 o] S FHAIeL AA Slo) UEF
HPSOIA frofahl vl Ushbe RS 8918 4 glck
(Table 4).

o= AS % HPSE AjE o] 453 Blusie
ASOIA ApiE @olo] YAt B, TEFC] HPS
gl FoJsAl =52 X 31%F Hogewoning F(2010b)
o] J3) Aol dXJske Adelnt. o] AFtelx=
sl 22 dud 2 g e AEY | HHxloﬂ
Z AlE Fol A=Y FE S A BaA)

90
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Leaf area / petiole length (cm?/cm)

o

HPS HPS+FR
Light source

Fig. 3. The ratio between leaf area and petiole length of leaves of
Cucumis sativus grown under the artificial solar (AS), high-
pressure sodium lamp (HPS), and HPS with far-red LED
(HPS+FR). Leaves with leaf area between 50 to 300 cm? were
used in the calculation. Letters on the bars indicate mean sepa-
ration by Duncan’s new multiple range test (a < 0.05). Means
with the same letter are not significantly different.

80
—_ - y=0.483x +4.09
g . R2=0817 o AS
& E = HPS
= . 4 HPS+FR
O 60 S
S .
[o))
S &
<@ : y = 0.075x + 11.80
O 40 R2=0.858 -
= .-
0]
o
; ; % =0.049x + 15.73
S 20| oi R2 = 0.547
© w0 %
Y P
S |¥
-
0
0 100 200 300 400

Leaf area (sz)

Fig. 4. The relationship between leaf area and petiole length of
leaves of Cucumis sativus grown under the artificial solar (AS,
solid-line), high-pressure sodium lamp (HPS, dashed-line), and
HPS with far-red LED (HPS+FR, dot-line).
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1981). o]9} & Av= A 454 s UE

+ SPAD Fte] HPS Xg]ollA] =4 Yehd & 49
o] Azlel Rilale Ao wWelth whd Fdo) HJA
HE0] Fold4E Q1o g84 o] HoAle o=
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Fig. 5. The leat SPAD value of Cucumis sativus grown under the
artificial solar (AS), high-pressure sodium lamp (HPS), and
HPS with far-red LED (HPS+FR). SPAD was measured at five
different points on leaves in each light source. Letters on the
bars indicate mean separation Duncan’s new multiple range test
(a < 0.05, n = 3). Means with the same letter are not
significantly different.
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Fig. 6. The leaf photosynthetic rate of Cucumis sativus grown
under the artificial solar (AS), high-pressure sodium lamp
(HPS), HPS with far-red LED (HPS+FR). Leaf photosynthetic
rate was measured under the light source with clear top chamber
at a photosynthetic photon flux density of 250umol-m?s.
Letters on the bars indicate mean separation by Duncan’s new
multiple range test ( < 0.05, n = 3). Means with the same letter
are not significantly different.

(Hogewoning 5, 2010a; Hernandez®} Kubota -5
2016), ASe] A3 Hlgo] HPS+FRO| Hla| sul 7}
=2 FHoIM(Table 1)) ¥ A3e] Azt HA] o]
o] HdE Ao=E KT ASelA AujE Qo]
A2o] HPS+FR¥} HPSOl| vlste] oF 5C 71 =2 A
o= IRIFJ=H|(Table 2), AT £ Feol 9
3 <lo] Bt BHE G40 o] watsle] B3t
A &5 S7RIRS 7hs/dol Avkar A th(Kobza
and Edwards, 1987; Jung ‘5, 2017).
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