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Abstract : Effects of light qualities under continuous lighting, daylengths at a constant temperature, and periodic
temperature variations under continuous lighting on the vegetative growth of lettuce and radish plants were
studied to find the suitable environmental conditions for plant production in controlled environment rooms.

Among the four light qualities, most growth parameters increased with increasing photon flux of the red
component and the red/blue ratio in the light spectra, except when the red/farred ratio was extremely high. The
plant growth was promoted with the increase of daylength up to 24 h, whereas the lighting efficiency in terms of
dry-matter production per lighting duration was greatest in 20 h daylength. Daily periodic temperature variations
showed some effects on the plant growth and the greatest effect was found in temperature regimes of 16H /8L for
lettuce and 20H/4L or 16H/8L for radish. The increased dry matter was distributed to both the top and roots
in lettuce, but exclusively to the storage root in radish.
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growth.
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Light conditions—spectral quality, intensity
and duration—strongly affect the growth and
development of plants. As for the light quality,
radiation energy of red component®'" and the
ratio of red/blue component™®!? are known
to be very important to the growth, photosyn-
thesis and/or dry-matter production. The
ratio of red/farred component also regulates
the growth of plants'®!'”. Effects of daylength
on the vegetative stage of plants grown in
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controlled environment chambers have been
studied using tomato®®, lettuce*®!¥  turnip?,
etc. and revealed that the growth and dry-
matter production generally increased with the
daylength up to 24 h. On the other hand, the
effect of alternate variation in temperature
during day and night on the growth and
development has been known as thermo-
periodicity’®. However, there is no infor-
mation about the thermoperiodic effect under
continuous lighting.

The present study was made to know the
suitable light and temperature conditons to
accelerate the vegetative growth of plants in
controlled environment rooms.
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Materials and Methods

1. Plant materials

Lettuce (Lactuca sativa L., cv. “Okayama
Saradana’) and radish (Raphanus sativus L.,
cv. “Comet”’) seeds were sown in plastic cases

[10x10x8 (H) em] filled with vermiculite
and cultured with Otsuka House fertilizer
solutions. The seed rate was 10 per case and 8
cases were used for each plot. Seedlings were
thinned out for spacing and unify as they grew
up.

Lettuce seedlings were grown in a growth
chamber up to the stage with 2-to 5-unfolded
leaves depending on the experiments, under
continuous lighting at a constant temperature
of 23°C and a relative humidity of about 709,
Metalhalide lamps (Mitsubishi MLRBOC-
400-FUM, reflected type) were used as the
light source and the intensity was 240 gmol
m~2 57! in photosynthetic photon flux (PPF)
at plant level. Radish seedlings were grown in
a natural light-growth chamber up to the stage
with 2-unfolded leaves under the conditions of
day/night temperature, 25/18°C and about
709, relative humidity.

After the precultivation the plant cases were
transferred into growth chambers (Koito
HNL-35) and treated for 2 weeks. Growth
parameters were measured for each 10 plants
per treatment at the start, 7th and 14th day of
treatment for all the experiments. Details of
the treatments are as follows.

2. Experiment on light quality

Two types of metalhalide lamps, Mitsubishi
MLRBOC-400-FUM (M1) and Iwasaki
MHR 400D (M2), and two types of high-
pressure sodium lamps, Iwasaki NHR 360L
(N1) and Iwasaki NHR 400DX (N2) were
used as the sources of different light qualities.
Spectral photon distributions of these lamps
were measured with a LICOR spectro-
radiometer, LI-1800 and given in Fig. 1. Spec-
tral photon ratios of red (600—700nm) to
blue (400—500 nm), (R/B) and red to farred
(700—800 nm), (R/F) were calculated from
the curves. The R/B and R/F ratios widely
varied among the lamps in the ranges 1.34
—14.2 and 1.28—6.11, respectively (Fig. 1).

The experiment was made under continu-
ous lighting at two PPF levels of 200 and 320
umol m~% s7!, determined with a Quantum
Sensor, LI-190S and an Integrating Light
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Fig. 1. Spectral photon flux distribution
curves of lamps under the experimental
conditions.

Meter, LI-188 (LICOR) and adjusted with
cheese clothes at the plant level. Daily air
temperature was varied periodically as 21.7°C
for 16 h and 16.7°C for 8 h (daily average
20°C).
3. Experiment on daylength

The plants were grown under M1 lamps at
PPF 320 ymol m~2 s7! and 20°C constant, and
the effects of daylengths 12, 16, 20 and 24 h
were investigated.
4. Experiment on thermoperiodicity

Different durations of high (H) and low
(L) temperatures were alternately given every-
day, providing that the daily average 20°C and
the difference 5°C, under continuous lighting
by M1 lamps at PPF 320 ymol m~2 s=!. The
temperature regimes were as follows: 20°C
constant (Constant) ; 20.8°C, 20 h and 15.8°C,
4 h (20H/4L) ; 21.7°C, 16 h and 16.7°C, 8 h
(16H/8L) ; and 22.5°C, 12 h and 17.5°C, 12 h
(12H/12L).
5. Chlorophyll assay

Leaf pieces of 3—>5cm? from full-grown leaf
blades were extracted with 10 ml of 809
acetone solution. Chlorophyll (a+b) content
in the extract was analyzed with a spectro-
photometer (Hitachi, model 100-60) and cal-
culated according to Arnon equation?).

Results and Discussion

1. Growth responses to different light qualities
Data of the growth parameters are shown in
Table 1. Among the light qualities, the leaf
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Table 1. Growth responses of lettuce and radish plants to four different light qualities at two PPF

levels .
- Leaf Leaf Fresh Dry / Chl.
PPF Lamp é’gaz) length® area weight weght T/.R content
: (cm) (cm?) g) g) ratio  (mg dm-2)
Lettuce
200 BTV 2.0 2.1 3 0.1 0.01
M1 11.4# 14 .0° 4834 15.08P 1,082 7.2 3.568
M2 11.42 13.7° 444> 14 2b¢ 1.00v¢ 7.4 2.86°
NI 10.82 11.8¢ 332¢ 11.7¢ 0.85¢ 6.7 3.842
N2 11.64 18.02 5422 16.82 1.182 8.2 2.97°
320 BT 5.3 6.0 44 1.3 0.12
Ml 15 22 19.32p 1,339 63 .32 4 342 6.0 3 .84
M2 15.52 19.082® 1,275P 61.58 3.972b 6.4 3.462>
NI 16.52 16.5° 1,133¢ 51.9° 3.42° 7.3 3.87?
N2 16.52 21.5% 1,598 68 .62 4 372 7.4 3.17°
Radish
200 BT 2.0 3.3 8 0.5 0.04
Ml 6.1 18.4° 1792 22.7° 1.42° 0.75 4,802
M2 5.9 19,68 15920 19 .4¢ 1.20b¢ 0.79 4 09°
NI 6.08 18.6° 149° 20.0b¢ 1.19¢ 0.70 5,292
N2 6.52 23.1# 1982 26 .42 1.692 0.80 4 4530
320 BT 2.0 4.0 12 0.5 0.04
Ml 7.0 17.1° 1832b 27 .4° 1.812° 0.63 4 882
M2 6.2° 17.2° 144¢ 22 5% 1.50° 0.67 3.63b
NI 5.9v 16.7° 149v¢ 24 .0° 1.53> 0.61 4 402>
N2 6.9° 22.8? 2302 34 .62 2.302 0.77 3.95%

1) BT, beginning of treatment. 2) Unfolded leaves. 3) Length of the largest leaf. Figures
followed by the same letter within a column are not significantly different at the 5% level.

length, leaf area, fresh and dry weights and T/
R ratio were highest in N2 plot and generally
lowest in N1 plot, regardless of the species and

PPF levels. Chlorophyll content per unit leaf

area was, however, highest in N1 plot, lower in
M1, and lowest in M2 or N2, for the all cases.

Similar results have been roported'® for
lettuce which grown under A; B and C lamps
resembled in the light qualities to the N1, N2
and M2 lamps, respectively.

Relative growth rate (RGR) was the
greatest under N2 lamps and the smallest
under N1 lanps in most cases. Dry-matter
production and RGR during the treatment
were increased with the absolute value of
photon flux of red component, regardless of
the species and PPF levels, except those under
N1 lamps having an extremely high R/F ratio
(6. 11), which they were largely dropped from
the increasing curves with the photon flux of
red component. The effect of photon flux of
the red component on RGR normalized to N2
plot was greater in radish than in lettuce (Fig.

2). A similar relationship was found between
RGR and logarithmic R/B ratio as shown in
Fig. 3. RGR in N1 plot was also disconnected
from the increasing tendency with R/B ratio
in all cases.

The present results coincide with the facts
that the red light intensity in the visible spec-
trum was very effective to dry-matter produc-
tion in radish®”, cucumber and spanish-
paprika plants”, and that the supplemental
farred irradiation to a fluorescent light remark-
ably promoted the growth of lettuce!®.

2. Growth response to daylength under constant
temperature

In either species, all of the leaf length, leaf
area, fresh and dry weights, chlorophyll con-
tent (Table 2), RGR and net-assimilation rate
(NAR) (Fig. 4) were generally increased with
increasing the daylength, though their
differences were not significant between 20 h
and 24 h.

These responses agree well with those repor-
ted for lettuce*®'¥) turnip® and tomato®,
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demonstrating that the plant growth can be
accelerated by the increase of daylength
within a certain period of vegetative growth.
On the other hand, the lighting efficiency in
terms of dry-matter production per lighting
duration was highest in 20 h, lower in 16 h and
24 h, and lowest in 12 h. In young tomato, it
has been described that the efficiency of dry-
matter production was reduced by increasing
the daylength from 16 h to 24 h®, whereas in
lettuce, it was reported that the efficiency was
not much affected by daylength® and that of
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Fig. 2. RGR of lettuce and radish plants in

relation to photon flux of red component
in the light spectrum.

fresh-weight increment was decreased with the
increase of daylength®'®. The discrepancy on
the lighting efficiency may be due to the
differences of plant materials and other envi-
ronmental conditions during the treatment.
3. Thermoperiodic effect under continuous lighting
The leal number, leaf area and fresh and
dry weights were increased by thermoperiodic

treatments in either species, even if the
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Fig. 3. RGR of lettuce and radish plants in

relation to logarithmic R/B ratio in the
light spectrum.

Table 2. Growth responses of lettuce and radish plants to different daylengths under the

constant temperature.

Day- Leaf Leaf Leaf  Fresh Dry T/R Chl. Lighting
length No.? length® area  weight weight ratio content eﬁ%cienc /
h) cm) (cm?) (g% (g (mg dm=2) (mgAdW/h)
Lettuce
BT" 5.8 4.3 34 1.1 0.13
12 12.6% 12, 34b 550" 21.7¢ 1.23¢ 6.3 2.39¢ 6.55
16 12,72 10.9° 627° 29.4> 1.78° 5.8 2.93¢ 7.37
20 13.6% 12,28 898 44,00 2,770 6.1 3.74° 9.43
24 13.3¢8 13.24 831s 43 4* 2,867 7.1 4.51° 8.13
Radish
BT 2.2 6.7 21 1.0 0.08
12 5.8% 15.3° 156° 19.3¢  1.07¢ 0.69 3.72° 5.89
16 6.1% 14.9° 1672 252> 1.46° 0.63 4.5982b 6.16
20 6.7¢ 16.3eb 2052 34.1*F 2,12 0.60 5.00#8 7.29
24 6.7 18.0# 2014 32.4% 2,168 0.67 5.528 6.19

Refer to Table 1 for 1), 2), 3) and figures.
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differences were not significant in radish

0.24 (Table 3). The optimum periodicity for
growth was 16H /8L for lettuce, while 20H/4L
or 16H/8L for radish, as indicated by means

. of RGR (Fig. 5). Dry matter increased by the
% 0.20 themoperidic treatments was distributed to
T both the top and roots at the almost equal rate
E:/D in lettuce, whereas distributed exclusively to
2 the root in radish which possessing a large sink

0.16 = capacity in the storage root (Table 3). This
result suggests that the periodic variation of
temperature accelerates the translocation of

A photosynthates from leaves to storage root
T | | I 1 and/or raises the dry-matter partitioning ratio
20 — to the storage root, even under continuous
e
$ 0.32f~
o 16 Radish Lettuce )
% o
O o
Lettuce i
= 028 M\
s 12k g
\E \5
= 2
; 0.24
8.4: N
T 1 1 ) I | T 1 1 1 1
12 16 20 24 Const. 20H/4L 16H/8L 12H/12L
Daylength (h/day) Temperature
Fig. 4. RGR and NAR of lettuce and rad- Fig. 5. RGR of lettuce and radish plants in
ish plants in relation to daylength under relation to periodic temperature varia-
the constant temperature. tion under the continuous lighting.

Table 3. Growth responses of lettuce and radish plants to different periodic temperature
variations under the continuous lighting .

Temp. Leaf No.? &fgaf \Fv{efis t Dry weight (g) T/ R cgratlzflt
regime (cm?) g) Top  Root Total ratio (mg cm™2)
Lettuce
BTV 2.4 0.2 . 0.02
Constant 1212 411¢ 17.5¢ 1.07° 0.192 1.26° 5.6 2.802
20H/4L 12,32 498° 21.0° 1.300  0.222 1.,52° 5.9 2,758
16H/8L 12,92 5752 24 .72 1.362 0.232 1.592 5.9 2.942
12H/12L 12,52 5578b 24 32 1.332 0.232 1.562 5.8 3.122
Radish
BT 2.0 0.6 0.04
Constant 6.12 1732 28.12 0.812 1.100 1,912 0.74 3.592
20H/4L 6.78 2012 34 .22 0.822 1.378» 2,192 0.60 3.678
16H/8L 6.6% 1922 32.92 0.82# 1.41 2,232 0.58 4,132
12H/12L 6.52 1662 30.3° 0.67° 1.292> 1,962 0.52 3.952
Refer to Table 1 for 1), 2) and figures.
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lighting.

So far, the studies concerning the ther-
moperiodicity on the growth and development
of plants®!®1® and temperature dependence of
the translocation of photosynthates!®?? were
made solely by means of alternate variation in
temperature between day and night. There-
fore, further work will be necessary to eluci-
date the thermoperiodic effects on the plant
growth under continuous lighting.

From the results obtained in the present
study, we concluded that the daylength
around 20 h using lamps having the light
qualities of R/B ratios as high as 10 or more
and R/F ratios 1 to 2 may be very effective in
increasing the vegetative growth of plants, and
that the effect of lighting regimes can be in-
creased by combining with a suitable daily
temperature variation.
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