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Changes of Plant Growth, Leaf Morphology and Cell Elongation
of Spinacia oleracea Grown under Different Light-Emitting Diodes
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Abstract. This study aimed to determine effects of light-emitting diodes on plant growth, leaf morphology and cell
elongation of two cultivars (‘World-star’ and ‘Sushiro’) of Spinacia oleracea. Plants were grown in a NFT system
for 25 days after transplanting (DAT) under the LEDs [White (W), Red and Blue (RB, ratio 2:1), Blue (B), Red (R)
LED] under the same light intensity and photoperiod (130 umol-m?s™, 12 hours). The 'World-star' variety was sig-
nificantly higher in shoot fresh and dry weights, leaf number, and leaf area than the 'Sushiro' variety. For the "World-
star' variety, the two treatments of mixed light (RB) and red light (R) showed a 35% higher shoot dry weight than
that of blue light (B) and white light (W) at 25 DAT. In the ‘Sushiro’ variety, mixed light (RB) treatment, which had
the highest shoot fresh and dry weights, showed 40% higher than the white light (W) treatment, which had the low-
est shoot fresh and dry weights. Both varieties showed leaf epinasty symptom at 21 DAT only in both mixed light
(RB) and red light (R), and red light (R) treatment showed significantly higher symptom than mixed light (RB), indi-
cating the leaf epinasty is associated with red light. Microscopic observations of the cell size in the leaf center and
edge parts showed that the cell density of leaf edge under the red light (R) was lower than that in leaf center, support-
ing previous reports that suggest an association of the cell size difference between the leaf center and edge with the
leaf epinasty occurrence. Since the blue light (B) plays a role in alleviating the epinasty symptom caused by the red
light (R), it seems necessary to identify the appropriate mixing ratio of the two light sources. In addition, the World-

star variety seems to be more suitable for the cultivation of plant factory using LED light sources.

Additional key words : photomorphogenic response, leaf epinasty index, photosynthesis rate, specific leaf weight
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Fig. 1. Spectral characteristics of (A) red LED, (B) blue LED, (C) red LED + blue LED (2:1), and (D) White LED.
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Table 1. Leaf length and width and leaf shape index, petiol length, leaf number of Spinacia oleracea cv ‘Worldstar’ and ‘Sushiro’ grown
for 7 and 14 days after transplanting (DAT) under the LEDs (White, Red and Blue (R+B, ratio 2:1), Blue, and Red LED).

Variety LED Leaf length Leaf width Legf shape Petiole length Leaf number
(cm) (cm) index (cm) (ea)
7 DAT
w 6.72a 1.81a 3.97cd 2.67ab 4.75ab
RB 4.43¢ 1.46ab 3.09d 1.66¢ 5.11ab
World star
B 5.55abc 1.37ab 3.94cd 2.22bc 5.11ab
R 6.89a 1.56ab 4.16bc 3.26a 5.33a
\% 5.70abc 1.56ab 3.47cd 2.20bc 4.00c
. RB 4.80bc 1.70ab 3.02d 1.65¢ 4.50bc
Sushiro
B 4.96bc 0.96b 4.95ab 2.10bc 4.00c
R 5.90ab 1.20ab 591a 2.75ab 4.00c
14 DAT
w 12.90bc” 3.86a 3.52ab 4.94b 8.29a
RB 10.32¢ 3.65a 2.91b 3.32¢ 7.86ab
World star
B 11.22de 3.76a 2.99b 3.94bc 8.58a
R 13.75ab 4.03a 3.62ab 5.05ab 7.72ab
W 12.48bcd 3.50a 3.59ab 4.95b 6.80bc
. RB 10.94de 3.72a 3.04b 3.58¢ 7.20abc
Sushiro
B 11.96¢d 3.26a 3.68ab 4.42bc 7.20abc
R 14.86a 3.62a 4.23a 6.06a 6.00c

“Mean separation within columns by Duncan’s multiple range test at P <0.05. P <0.05, *"P <0.001

Table 2. Leaf length and width and leaf shape index, petiol length, leaf number of Spinacia oleracea cv ‘Worldstar’ and ‘Sushiro’ grown
for 21 and 25 days after transplanting (DAT) under the LEDs (White, Red and Blue (R+B, ratio 2:1), Blue, and Red LED).

Variety LED Leaf length Leaf width Legf shape Petiole length Leaf number
(cm) (cm) index (cm) (ea)
21 DAT
W 18.21cde 6.24a 3.00bc 6.81bc 15.28b
RB 16.35¢ 7.21a 2.28¢ 5.11d 17.86b
World star
B 17.68de 7.00a 2.55bc 6.88bc 17.14b
R 21.64b 7.92a 2.79bc¢ 7.08bc 15.86b
w 18.90cd 6.50a 3.14ab 8.06ab 18.60ab
RB 16.80de 7.50a 2.37bc 5.86cd 23.00a
Sushiro
B 20.32bc 6.80a 3.09ab 8.56a 12.20ab
R 24.10a 6.76a 3.78a 8.64a 19.20ab
25 DAT
W 21.37bc” 8.64a 2.54ab 8.89b 22.14ab
RB 19.66¢ 9.43a 2.14b 6.20c 26.43a
World star
B 20.09¢ 9.09a 2.25b 8.49b 23.43ab
R 24.25a 9.83a 2.16b 8.72b 23.67ab
w 22.20abc 8.60a 2.60ab 10.06ab 18.60b
. RB 19.60c 10.04a 2.12b 6.40c 23.00ab
Sushiro
B 23.74ab 9.42a 2.56ab 10.80a 19.20b
R 24.36a 8.00a 3.10a 9.40ab 19.20b

“Mean separation within columns by Duncan’s multiple range test at P<0.05. P <0.05, ""P <0.001
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Table 3. Leaf area and Root length, fresh and dry weights of Spinacia oleracea cv ‘Worldstar’ and ‘Sushiro’ grown for 25 days after
transplanting (DAT) under the LEDs (White, Red and Blue (R+B, ratio 2:1), Blue, and Red LED).

Fresh weights (g/plant) Dry weights (g/plan) Specific
Variety  LED chifn%gea ROO(tCIlEI)lgt h leaf weight
shoot root shoot root (mg/em?)
w 471.8¢c 44.00ab 30.02d 8.44bc 1.73d 0.363bc 3.66d
RB 641.7bc 49.67a 45.22bc 12.98a 2.92abc 0.610a 4.55a
World star
612.1bc 38.33ab 39.31cd 12.89a 2.36bcd 0.553ab 3.85bed
R 557.1bc 36.67b 36.77cd 8.90bc 2.39bcd 0.447abc 4.36abc
w 572.7bc 39.33ab 38.38cd 8.00c 2.05d 0.347c 3.56d
Sushi RB 723.4ab 36.67b 54.57ab 13.46a 3.19ab 0.550ab 4.41ab
ushiro
617.3bc 43.33ab 38.33cd 9.00bc 2.29cd 0.433abc 3.71cb
R 868.2a 36.00b 66.00a 12.33ab 3.53a 0.557ab 4.10abcd
Variety x LED * ns wE * * * ns

“Mean separation within columns by Duncan’s multiple range test at P <0.05. P <0.05, *"P <0.001
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Table 4. Leaf epinasty index (LEI), LD, and LW of Spinacia oler-
acea cv. ‘Worldstar’ and ‘Sushiro’ grown for 21, 25 days after
transplanting (DAT) under the LEDs (Red and Blue (R+B,
ratio 2:1), and Red LED).

LDY LwW*

Variety LED (cm) (cm) LEI"

21 days after transplanting

RB 4.70a 6.98a 0.671b
Worldstar
R 3.74b 6.97a 0.742a
RB 4.74a 7.00a 0.666b
Sushiro
R 3.16b 6.43a 0.746a
25 days after transplanting
RB 4.89a 8.83a 0.719bc
Worldstar
R 3.87b 8.45a 0.767ab
RB 5.59a 891a 0.687¢
Sushiro
3.61b 8.05a 0.787a

“LEI leaf epinasty index =1-0.5 x (LD/LW)

YLD: the distance between the two edges of the leaf at level of the
maximum width.

*LW: the maximum leaf width when flat.

Mean separation within columns by Duncan’s multiple range test
at P <0.05. "P <0.05, "'P <0.001
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RB)2] 2 AEBXRT} 47% ZJTHTable 6). DE=2E}
F59 75 A 7k AEEde EFRBYPIA 7
Zlo} AR FE wie] A9E Btk ¥=iER=s
HAZ(WIA AlEdolel Fo] 7P Aal, WAE 7}
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Table 5. Photosynthetic characteristics of leaves of Spinacia oleracea grown for 21 and 25 days after transplanting (DAT) under LEDs

(Red and Blue (R+B, ratio 2:1), and Red LED).

Photo synthesis

Stomatal conductance

Leaf to air vapor

Internal CO, Transpiration rate

Vari LED e o a4 . BN deficit
ariety (nmol CO;m™s™") (mol'H,Om™s™) (umol-COymol ' air)  (mol'H,O-m?s™) &ZSI_SHLS%TEZ?I)
21 DAT
W 5.94a 0.070b 242b 1.24¢ 1.82a
RB 5.82ab 0.136ab 308a 1.95abc 1.52¢
Worldstar
B 6.03a 0.100b 280a 1.69bc 1.76ab
R 5.02b 0.116ab 310a 1.88abc 1.68b
W 5.67ab 0.081b 263b 1.46bc 1.88a
RB 6.22a 0.184a 322a 2.55a 1.48b
Sushiro
B 6.33a 0.142ab 303ab 2.23ab 1.67ab
R 5.50ab 0.138ab 313a 2.23ab 1.71ab
25 DAT
W 5.70ab 0.054b 209b 1.07b 2.0la
RB 5.94ab 0.113ab 294a 1.78ab 1.63cd
Worldstar
B 5.79ab 0.083ab 264ab 1.58ab 1.95ab
R 5.12b 0.066ab 254ab 1.24b 1.91ab
W 6.20ab 0.088ab 262ab 1.66ab 1.94ab
RB 6.59a 0.106ab 267ab 1.60ab 1.59d
Sushiro
B 6.51a 0.126a 289%a 2.19a 1.82ab
R 6.02ab 0.102ab 280a 1.78ab 1.79bc

“Mean separation within columns by Duncan’s multiple range test at P <0.05. P <0.05, *"P <0.001
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Table 6. The area, perimeter, length and width of single cell and cell numbers of leaf blade center part of ‘Worldstar’ and ‘Sushiro’ vari-

ety grown for 25 days after transplant under the LEDs (Red and Blue (R+B, ratio 2:1), and Red LED).

Treatment Width (um) Length (um) Perimeter (pum) Area (um/m?)  Cell density (ea/4000)
w 38a 37a 150a 1472a 49¢
Center RB 28de 27cde 110c 763def 69ab
World star

part B 31lc 29¢ 120c 899d 55¢

R 34bc 32b 132b 1097¢ 49¢

W 30d 27cd 115¢ 839de 53¢

Center RB 36ab 35a 142ab 1281b 38d

Sushiro

part B 26e 24e 101d 641f 66b

R 26e 25e 103d 669ef 76a

Table 7. The area, perimeter, length and width of single cell and cell numbers of leaf blade center and edge parts of ‘Worldstar’ and
‘Sushiro’ variety grown for 25 days after transplant under the red LED

Treatment Width (um) Length (um) Perimeter (um) Area (um?) Cell density (ea/4000)
center part 34b 32b 132b 1097b 49b
World star
edge part 40a 41a 163a 1680a 39¢
center part 26¢ 25¢ 103¢ 669c¢ 76a
Sushiro
edge part 28c 27¢c 111c 785¢ 52b
oo 3t o ARAY Aot gsiek o dvhe 34
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