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Effect of the end-of-day and the end-of-night red and blue light in dill growth was investigated. Ambrozja dill (Anethum
graveolens L.) cvs were grown in vegetation chambers in completely controlled conditions exposed to white diode light.

Red and blue light was employed for 30 min before the initiation or after the end of the lighting period. The values of

plant fresh mass, area and height parameters were the highest for plants treated with red light at the end of night. The

application of red light at the end of day exerted a similar effect on plants as the exposure of plants to blue light at the

end of night. Plants treated with blue light at the end of the lighting period were characterised by the poorest growth

rate. Plants additionally lighted with blue light were found to have both distinctly smaller mass as well as area in com-

parison with plants exposed to red light. Both methods are useful to control the plants growth depending on the phase

of plant development and growers’ requirements.
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Light plays a key role in plant life, determining
their photomorphogenesis and photosynthesis rates
(AVERCHEVA et al. 2009). Light spectral composi-
tion reaching plants affects their growth and devel-
opment via the participation of plant photorecep-
tor cells (FoLTA et al. 2005). Cryptochromes and
phototropins are specifically blue light-sensitive,
whereas phytochromes are more sensitive to red
than to blue light (RAJAPAKSE, SHAHAK 2007).

Red light is important for the development of
the photosynthetic apparatus of plants and may in-
crease starch accumulation in several plant species
by inhibiting the translocation of photosynthates
out of leaves (PARADISO et al. 2011). In contrast,
blue light is important in the formation of chlo-
rophyll, chloroplast development, stomatal open-
ing, enzyme synthesis, activation of the circadian
rhythm of photosynthesis, and photomorphogen-
esis (CHRISTIE 2007; KANG et al. 2008; DEMARSY,
FRANKHAUSER 2009; GoH 2009). Physiological re-

sponses to spectral changes can vary among differ-
ent plant species (HIRATI et al. 2006).

The grow lights available for supplemental lighting
for closed system are fluorescent lamps (WHEELER
2008). These lamps vary in spectral quality (BOUR-
GET 2008), which can result in differences in plant
growth, development or phytochemical response.
A controlled light quality with an appropriate ratio
of blue, red or far-red light quality provided as sup-
plemental light may improve phytochemical con-
tent and biomass of plants grown under white light
(L1, KuBoTa 2009).

End of day (EOD) light quality treatment was
studied as an effective method to control stem
and hypocotyl elongation (BLoom 1995; HATT
GRAHAMM, DECOTEAU 1997; HAIDAR, ORR 1999;
CHIa, KuBoTa 2010). Due to the low light intensity
requirement and recently increasing availability of
lighting emitting diodes (LED), EOD light quality
treatment may be an economically feasible, non-
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chemical means to control plant morphology in
which EOD-red (R, 600-700 nm wavelength) and
far-red (FR, 700—-800 nm) light treatments can re-
duce and enhance the stem/hypocotyl elongation
rate, respectively (YANG et al. 2012).

The solid-state lighting technology using LEDs
with particular spectral components (MORROW
2008) makes it possible to satisfy the requirements
needed for healthy plant growth.

With the development of the LED, the potential
to actively implement dynamic lighting strategies to
control plant growth and development and nutri-
tional quality holds great promise in the future. LED
is an ideal tool to study light quality requirements
of every horticultural crop. Their small size, durabil-
ity, long operating lifetime, wavelength specificity,
relatively cool emitting surfaces, and linear photon
output with electrical input current make these sol-
id-state light sources ideal for use in plant lighting
designs (MAssa et al. 2008; L1u 2012).

The objective of this research project was to in-
vestigate the impact of short-term exposure of
plants to blue and red light on growth and mor-
phology of dill plants.

MATERIAL AND METHODS

Pot experiments were carried out in 2011 in the
Marcelin experimental station of the Poznani Uni-
versity of Life Sciences, Poland.

Plant material and growth conditions. Dill
(Anethum graveolens L.) cv. Ambrozja was grown
in growing rooms only under artificial white light.
The red, blue and white light source was high-
power solid-state lighting module (LED, type SMD;
Seoul Semiconductor, Ansan, South Korea). The
spectra of the light sources used are presented in
Fig. 1 and Table 1. Photosynthetic photon flux den-
sity (PPFD), from the top of plants, amounted to
about 166 umol/m?s (+14 SD) for white light and
60 pmol/m?s (+8 SD) for blue and red light. PPFD
was measured using a quantum sensor (PAR-10;
Sanopan, Bialystok, Poland). Spectral distribution
of light treatments was measured with a spectro-
radiometer BLACK-Comet CXR, 280-900 nm
(UV-VIS by StellarNet Inc., Tampa, USA). Meas-
urements were made 15 cm under the lamps, more
or less at the height of the tops of the plants. The
phytochrome photostationary state (®) was calcu-
lated based on the method developed by SAGER et
al. (1988). A 16-h photoperiod and the day/night
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temperature of 23/18°C were maintained. The rela-
tive air humidity was 65-70%.

Dill was seeded in a white peat bedding substrate
(Klassmann-Deilman, Geeste, Germany). The num-
ber of plants grown in a single pot was identical and
amounted to 40 (5 plants). They were grown in
pots of 280 cm® and 49 cm? cultivation area. Plants
were watered on capillary mats every other day.

Treatment of light. In one of the growing rooms
plants were exposed to no supplemental light (con-
trol) during the dark period. In other two growing
rooms, plants were exposed for a brief period of
time, that is 30 min, to supplemental light during
the dark period. Plants were treated with blue or
red light during the following two different times:
at the end of the dark period — end of night (EON)
or after the light period — end of day (EOD).

Plant measurements and experimental design.
The plants were evaluated every 7 days during the
vegetation period, the first time — seven days after
emergence and later on the 14%, 21 and 28" day
after germination. Harvesting involved hand-cut-
ting of plants close to the surface of the substrate.
After harvest, the weight of the fresh matter of
plants from a given pot was determined. In ad-
dition, measurements of plant height, hypocotyl
length and leaf area were taken (10 plants in every
pot). A scanner (Mustek 1200 UB; Mustek System
Inc., Hsinchu, Taiwan) and the Skwer program
(IksmodaR, Poznan, Poland) were used to calculate
the surface of leaves. Dry mass was determined by
drying the material to constant weight at 105°C for
24 h (PN-90/A-75101/03 1990).

Table 1. Characteristics of white light source

Light colour Wavelength PFD , PDF

(nm) (umol/m*-s) share (%)
uv 320-380 0.5 0.3
Violet 380-450 15.4 15.5
Blue 450-495 30.3 16.3
Green 495-570 53.5 28.7
Yellow 570-590 18.7 10.1
Orange 590-620 21.8 11.8
Red 620-700 26.4 14.2
Far Red 700-780 5.6 3.1
Sum 320-780 172.2 100
R:FR - 4.6 -

PFD - photon flux density
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The research was conducted as a two-factorial
experiment in six repetitions as an independent de-
sign. Three pots were treated as one repetition. The
investigations were conducted in two series (repli-
cations, after each other). The presented results are
means of two replications. The significance of the
impact of the light source on plant height, hypoco-
tyl length, yields and leaf area as well as physiologi-
cal indices was determined employing the ANOVA.
Differences between means were estimated using
the Newman-Keuls test at the level of significance
o = 0.05. All statistical analyses were carried out ap-
plying the Statistica program (StatSoft Polska, Kra-
koéw, Poland).

Physiological indices. Dry mass and leaf area
data were used to determine the following physi-
ological indices of growth: relative growth rate, leaf
area index, net assimilation rate and specific leaf
area. Values of indices refer to individual pots and
were calculated as described by HUNT (1982).

The index of the relative growth rate (RGR) was
calculated on the basis of the following formula:

RGR = (InW, - InW,)(t,~t,)

where:
W, W, - plant dry mass (g)
t,t, ~ —time of days (day)
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Fig. 1. Spectral photon distribution of LEDs light sources:
(a) blue light; (b) red light; (c) white light

The leaf area index (LAI) refers to the area of the
leaf surface in relation to the floor area taken up by
all plants. It was calculated on the basis of the fol-
lowing formula:

LAI=A/P

where:
A — plant assimilation area (dm?)
P —floor area (dm?)

The net assimilation rate (NAR) is the increment
of biomass per unit of time and per unit of any
measure of magnitude of the assimilation organs:

NAR = dW/(A x dt)

where:

A —area of assimilation organs (dm?)
W - dry mass (g)

t - time of cultivation (day)

Specific leaf area (SLA) is defined as the ratio of
leaf area to the dry mass of leaves:

SLA=L,/L,,

where:
L, —leafarea (dm?)
Ly, — dry mass of leaves (g)
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RESULTS

When we look at the results concerning the co-
operation of supplemental lighting and the time of
its application, it is quite evident that the values of
plant fresh mass, area and height were the highest
for plants exposed to red light at the end of night
(EON-R; Table 2). The exposure of plants to red
light at the end of day (EOD-R) exerted a similar
influence on them, as the application of blue light
at the end of night (EON-B). Experimental plants
exhibited the smallest growth rate, when they were
treated with blue light at the end of the day (EOD-B).
After four weeks of cultivation plants exposed to

red light on both times of its application were char-
acterised by higher quantities of fresh mass in com-
parison with the control and blue light. The highest
length of plants was observed for EON-R, while the
highest mass — for EON-R and EOD-R. Plant sup-
plementation with blue light on both times of their
exposure produced 28-days-old plants character-
ised by considerably smaller areas as well as mass
in comparison with the control and red light. One
of the parameters important for seasoning plants
cultivated in containers is the length of their hy-
pocotyl. It is quite evident from the results of our
experiments that the use of red light at the end of
the night inhibited significantly the growth of hy-

Table 2. Effects of supplemental lighting on dill morphological parameters

Treatment Hypocotyl length (cm) Height (cm) Fresh mass (g/pot) Plants area (dm?/pot)
7% day

EOD-R 3.86° 6.74>" 1.02° 0.142
EON-R 3.53¢ 7.54% 1.43% 0.15
EOD-B 4.57% 6.18¢ 0.86¢ 0.10"
EON-B 4.05" 6.81" 1.09"" 0.11%
Control 3.73 6.26 0.93 0.16
14" day

EOD-R 4.06” 10.03" 2.76" 0.29b
EON-R 3.83¢ 10.69* 3.54% 0.42%
EOD-B 4.65* 9.35¢ 2.17¢ 0.18¢
EON-B 4.14" 9.98"" 2.66° 0.31°
Control 3.81 11.22 2.52 0.28
215 day

EOD-R 3.93¢ 11.07* 4.43" 0.61°
EON-R 4.10¢ 12.252 4.80° 0.71%
EOD-B 4.77% 11.05" 3.35¢ 0.55¢
EON-B 442" 11.16" 4.40" 0.64°
Control 3.90 11.58 3.80 0.59
28t day

EOD-R 4.57° 13.18° 10.75% 1.27°
EON-R 4.22¢ 13.75% 11.05* 1.46°
EOD-B 5.732 12.05¢ 4.44% 0.63%
EON-B 4.86" 12.83P 5.84"" 0.72¢
Control 4.43 12.30 10.00 1.37

values followed by the same letters for individual dates do not differ significantly at o = 0.05; *values differ significantly
from the control at a. = 0.05; EOD — end of day; EON - end of night; R — red light; B — blue light
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Table 3. Impact of individual light colours and time of their application on morphological features of dill plants

Light colour Time of treatment

Examined feature

red blue white EOD EON
7" day
Hypocotyl (cm) 3.70P 4.317 3.73 4.212 3.79P
Height (cm) 7.142 6.49° 6.26 6.46" 7.17°
Fresh mass (g/pot) 1.23° 0.98" 0.93" 0.94° 1.26*
Area (dm?/pot) 0.15 0.10° 0.16 0.12° 0.13°
14" day
Hypocotyl (cm) 3.94° 4.402 3.81¢ 4.35 3.98°
Height (cm) 10.33% 9.66" 11.222 9.69° 10.33?
Fresh mass (g/pot) 3.15% 2.42P 2.52P 2.46° 3.10*
Area (dm?/pot) 0.60° 0.25° 0.28° 0.24° 0.372
21% day
Hypocotyl (cm) 4.02° 4.60° 3.90° 4.35° 4.26*
Height (cm) 11.66° 11.11° 11.58° 11.06° 11.70°
Fresh mass (g/pot) 4.62° 3.87P 3.80° 3.89° 4.60°
Area (dm?/pot) 0.66* 0.60P 0.60P 0.58" 0.68°
28t day
Hypocotyl (cm) 4.39° 5.30° 4.43° 5.15% 451"
Height (cm) 13.46° 12.44° 12.30° 12.62° 13.29%
Fresh mass (g/pot) 10.90° 5.14°¢ 10.00° 7.60° 8.45°
Area (dm?/pot) 1.36° 0.68" 1.40° 0.95P 1.10°

values followed by the same letters do not differ significantly at a = 0.05; EOD — end of day; EON — end of night

pocotyls, although the recorded differences were
not significant in relation to the control. On the
other hand, exposure to blue light at the end of day
caused elongation of the hypocotyl in comparison
with the other combinations.

When we compare the effect of individual light
colours (Table 3) on the experimental parameters,
it is quite evident that red light exerted a more stim-
ulatory influence on plant growth, while blue light
had an inhibitory impact on plant growth (but with-
out elongation of hypocotyl). It is worth emphasis-
ing that despite greater growth rate, plants exposed
to red light were characterised by significantly short-
er hypocotyls in comparison with plants cultivated
with supplementation of blue light. Particularly
strong differences between red and white light and
blue light were observed for 28-days-old plants with
respect to the area and fresh mass of plants. Plants
supplemented with blue light were characterised

both by considerably smaller mass as well as area.
Results collated in Table 3 show that the exposure
time at the EON was more favourable for plants.
Plants exposed to supplemental lighting at this time
were characterised by greater height, fresh mass
and area and smaller hypocotyls (without 21* day of
measurement) in comparison with plants exposed to
supplemental lighting at EOD.

Relative growth rate values varied throughout
the entire period of cultivation (Fig. 2). After the
second week of growth the value of this index was
found highest in plants growing exposed to white
light supplemented with red light at the end of
night. At day 21 of cultivation, RGR was highest
also in plants supplemented with red light but at
the end of day. At the end of the cultivation period
treatment EOD-B was characterised by a high val-
ue of this index. Similar results were observed for
net assimilation rate.
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Fig. 2. Effect of different light treatment of (a) RGR - relative growth rate index; (b) NAR — net assimilation rate;

(c) SLA — specificleafarea; (d) LAI — leaf area index

EOD - end of day; EON — end of night; R — red light, B — blue light; *LSD - least significant differences; ns — not

significant at P < 0.05

During the initial period of plant growth no sig-
nificant differences between individual experimental
combinations were recorded in the value of specific
leaf area and the leaf area index. However towards
the end of growth plants growing exposed to only
white light white and light supplemented with red
light were characterised by considerably higher value
of these index in comparison with the combinations
where plants were supplemented with blue light. Sim-
ilar results were observed for net assimilation rate.

DISCUSSION

The obtained research results indicate that red
light as well as supplemental lighting at the end
of night stimulated plant growth, whereas addi-
tional light at the end of day inhibited it. That is
why plants exposed to red light during EOD were
significantly smaller in comparison with the plants
treated with red light before the end of night. A
similar plant response was observed for blue light.
This can be explained by the fact that elongation is
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not constant during a 24 h cycle and that elonga-
tion rate in many plant species is higher during the
dark period than the light period (MYSTER 1999).
On the basis of the performed experiments, it is
possible to assume that treatment of plants at the
end of day exerted a stronger influence on the in-
hibition of their growth than additional lighting at
the end of night. X10NG et al. (2002), in their exper-
iments on cucumbers also observed a significant
inhibition of their growth when light was applied
at the EOD. It is also worth stressing that similar
results were obtained for red light applied at the
end of day as well as for blue light used at the end
of night. According to SUNG and TAKANO (1997),
stomatal conductance and photosynthetic rate of
cucumber seedlings grown under natural light with
high irradiance were increased by the exposure to
blue-enriched light in morning twilight. From this
study, an increase in photosynthetic rate due to
further opening of stomata is probably one of the
major reasons why a brief exposure to blue light at
the end of the dark period causes the acceleration
of growth.
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It is known that blue light inhibits extension
growth, including stem elongation and leaf area
(APPELGREN 2003; FoLTA et al. 2003; DOUGHER,
BUGBEE 2004). RUNKLE and HEINS (2001) reported
that environments deficient in blue light promoted
internode elongation in several long-day plants
compared to unfiltered sunlight with a similar daily
light integral. LAskowskI and BRIGGS (1988) grew
pea seedlings under red light and characterized the
effects of a 30-s pulse of blue light (80 umol/m?s)
on epicotyl elongation. Elongation was rapidly
inhibited by blue light and recovery began about
30 min after the irradiation with blue light. An
inhibitory effect on elongation occurred not only
during the irradiation with blue light, but also dur-
ing a period of time following the blue light expo-
sure. These results are consistent with the results
reported with chrysanthemum (SHiMIZU et al
2006). In our own experiments, blue light exerted a
stronger impact on the inhibition of plant leaf area
than on their height. This agrees with BriTz and
SAGER (1990), who found that leaf area was lower
in soybean plants grown under daylight fluores-
cent lamps, which are rich in blue light compared
to low-pressure sodium lamps, which have low but
measurable amounts of blue light. The threshold
response for induction of phytochrome response is
subject to some controversy, but a general guide is
that @ > 0.6 is active (STUTTE 2009). Light blue was
characterized by a low value of the phytochrome
photostationary state (@ = 0.49). This could cause
low effect of blue light on hypocotyl elongation.
Additionally, plant supplementation with blue light
at such a low level of active phytochrome could
have a negative impact on the mass and plants area.

On the other hand, a brief exposure to red light
causes inhibition of stem extension (KASPERBAUER
1971). Under natural radiation environment, R:FR
of daylight decreases at the end of daily light period
and plants probably perceive the diurnal changes
in R:FR as the end of day through decreases in phy-
tochrome photoequilibrium (P, /P), the fraction of
total phytochrome in the active state (SM1TH 1982).
Therefore, a brief end-of-day exposure to red light
(with 90% of active phytochrome in own study)
can cause increases in P, present at the beginning
of the dark period and, consequently, inhibition
of stem extension and dry matter partitioning to
root are thought to increase (KASPERBAUER et al.
1984). On the basis of the described experiments,
it can be presumed that this could have been the
main cause of the observed smaller height of plants

treated with red light after the end of day in com-
parison with the plants exposed to this light at the
end of night. Similar correlations were reported by
Hanyu and SHoj1 (2002) in spinach cultivation.

Such parameter as SLA, which depends on the
growth environment, can describe morphological
adaptation to this environment and NAR physi-
ological adaptation (DE GrooT et al. 2001). In
the performed studies, the control exhibited a
high value of this indicator which appears to sug-
gest that white light exerted the least influence
on plant morphological changes. Also in experi-
ments conducted by BRAZAITYTE et al. (2010),
SLA for tomato seedlings exhibited the highest
values for plants exposed to sodium-vapour lamps
when compared with plants cultivated under di-
ode lamps of red and blue colour. In HANYU and
SHOJI (2002) experiments, the value of SLA as well
as of other parameters depended on the applica-
tion timing of the specific light colour. Higher SLA
values and height of spinach plants were recorded
for EON-B and EOD-R. In our own experiments,
in the final stage of plant growth, the smallest NAR
value was observed for blue light suggesting that
this colour exerted the strongest influence on plant
physiological processes. This may further be cor-
roborated by low RGR and LAI values obtained for
blue light during the terminal phase of the experi-
mental cultivation.

CONCLUSIONS

Supplemental treatment of plants at the end of
day exerted a significantly stronger effect on the in-
hibition of their growth than additional lighting at
the end of night. Also, blue light was found to inhib-
it plant growth, especially leaf area, more strongly
than red light. That is why the greatest length was
obtained for EON-R and the smallest — for EOD-B.
EOD-R and EON-B treatments produced similar
results with respect to the morphological param-
eters of experimental plants.
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