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a b s t r a c t
We used red light-emitting diodes (LEDs, R) and blue light-emitting diodes (LEDs, B) to obtain the different
light intensities of uniform spectra and investigated the effects of different light intensities on growth
and leaf development of young tomato plants. The results showed that fresh weight, dry weight, stem
diameter and health index were superior in plants grown under 300, 450 and 550 mol m−2 s−1 . The
energy efﬁciency was highest under 300 mol m−2 s−1 . When photosynthetic photon ﬂux density (PPFD)
increased from 50 to 550 mol m−2 s−1 , a decrease in the speciﬁc leaf area (SLA) was observed. Under 300
and 450 mol m−2 s−1 , the thickness of leaves, palisade parenchyma and spongy parenchyma were the
bigger, and the stomatal frequency and stomatal area per unit leaf area were also higher. The highest net
photosynthesis rate (Pn) was observed under 300 mol m−2 s−1 . Our results implied that, compared to
other light treatments, 300 mol m−2 s−1 was more suitable for the culture of young tomato plants and
there was no substantial gain from a PPFD above 300 mol m−2 s−1 .
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
As a primary source of energy, light is one of the most important environmental factors for plant growth (Naoya et al., 2008).
The intensity and quality of light are essential for the growth, morphogenesis and other physiological responses of plants (Rajapakse
et al., 1992; Fukuda et al., 2008; Li and Kubota, 2009).
Changes in the spectrum of light strongly inﬂuenced the
parameters of the anatomy, physiology and morphology of leaves
(Hogewoning et al., 2010; Macedo et al., 2011). It has been shown
that the blue spectrum increased the thickness of the epidermis
and palisade mesophyll cells, whereas the red spectrum decreased
the thickness of the abaxial-face and spongy tissues (Saebo et al.,
1995; Macedo et al., 2011).
The light intensity is also an important factor for plant growth.
Low-light grown plants have frequently been shown to be more
susceptible to photoinhibition than those plants grown under high
light intensity (Long et al., 1994). Usually, the increases in net photosynthesis rate (Pn) correlates with increases in light intensity.
However, high light intensity resulted in decreases of net photosynthesis rate (Bowes et al., 1971; Khatib and Paulsen, 1989). In order
to adjust the various light environments, plants have evolved many
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mechanisms, including morphological and physiological changes at
the levels of the leaf (Zhang et al., 2003). Low light levels may lead
to increase in speciﬁc leaf area (SLA) and plant height. These adaptations maximize the capture of the available light, meeting the
demand for photosynthesis (Steinger et al., 2003). Whereas, high
irradiances are related to many acclimating morpho-physiological
characteristics, such as reduction in speciﬁc leaf area (SLA) in order
to protect the plant from high irradiance; increase in leaf thickness, due to the quantity of layers or growth of palisade tissue;
deep development of spongy layer. These measures prevent or mitigate light damage caused by excessive light energy, ensuring the
proceeding of photosynthesis (Givnish et al., 2004; Matos et al.,
2009; Morais et al., 2004; Sims and Pearcy, 1994; Wentworth et al.,
2006).
The percentage absorption of blue or red light by plant leaves
is about 90% (Terashima et al., 2009). Thus, plant development
and physiology are strongly inﬂuenced by blue or red light
(McNellis and Deng, 1995). The combination of red and blue light
is used nowadays more and more in research but also commercial
horticulture because they are the most photosynthetic effective
wavebands at leaf level in short terms (McCree, 1972) and long
terms (Hogewoning et al., 2010). The absence of one of the two
light wavebands (red or blue) creates photosynthetic inefﬁciencies
(Hogewoning et al., 2010).
The combination of red and blue light was an effective lighting
source to plant development (Wheeler et al., 1991), and promote
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the plant health (Nhut et al., 2003). The combination of red and
blue in 1:1 ratio might promote fresh weight and dry weight in
many plant species such as Lilium, Chrysanthemum and tomato
(Lian et al., 2002; Kim et al., 2004; Liu et al., 2011). When cultured
under B:R = 1:1 LED light, the plants had higher speciﬁc leaf area
(Heo and Lee, 2006; Li et al., 2010), which might enhance light
absorption. The B:R = 1:1 also caused the enhancement of the Pn
of plant leaves (Kim et al., 2004; Lee et al., 2007; Liu et al., 2011).
Previous researches have been mainly focused on the effects of
different light intensities on the growth and development of plants
in the natural sunlight. However, very little is known about the
effects of different light intensities on the growth and development
of plants under the combination of red and blue light. What effects
will different artiﬁcial light intensities, especially those of the combined red and blue light, have on the growth and development of
plants? And which artiﬁcial light intensity will be suitable for the
culture of plants? For these reasons, it is necessary to investigate
the suitable light intensities of red and blue LEDs combined for the
industrialized production and to evaluate different response caused
by the low and high light intensity in the artiﬁcial conditions.
Tomato (Lycopersicon esculentum Mill qianxi) is a crop widely
distributed in the world and is cultivated in China throughout the
year. The young tomato plants are mainly produced under controlled conditions on a large scale to meet the increasing production
demand. In a controlled environment, supplemental lighting is
often used from fall to spring to enhance seedling growth and to
obtain year-round high production and good quality (Kozai, 2007).
Therefore, because the light is the most important factor affecting
the growth of young tomato plants in a controlled environment,
further study is required.
It was reported that the combination of red and blue LEDs
(R:B = 1:1) was more effective for the growth of cherry tomato
plants. The light sources of B:R = 1:1 caused the enhancement of
the Pn of tomato leaves, and palisade tissue cells and chloroplasts
in leaves were especially well-developed (Liu et al., 2011). In this
study, we used red and blue LEDs (R:B = 1:1 Liu et al., 2011) to
obtain the different light intensities with uniform spectra, with
the objective of investigating the effects of light intensities on leaf
development and to identify the suitable light intensities for the
culture of young tomato plants.
2. Materials and methods
2.1. LEDs devices with different light intensities
All of the combined LEDs had the uniform spectra of red and
blue, and were designed by College of Agriculture, Nanjing Agricultural University, China. The spectral distribution of the blue
(peak at 460 nm) and red (peak at 658 nm) light were measured
using a spectroradiometer (OPT-2000, ABDPE CO., Beijing, China).
Light treatments for the young tomato plants were 50, 150, 200,
300, 450 and 550 mol m−2 s−1 . In each treatment, photosynthetic
photon ﬂux density (PPFD) of the red and blue LEDs were equal
(Hogewoning et al., 2010; Liu et al., 2011) and the LED array
was supplied with 50% blue light intensity and 50% red light
intensity (B:R = 1:1). PPFD was measured using a quantum sensor
(LI-250, LI-COR, USA) and was separately controlled by adjusting both the electric currents and numbers of light bulbs for the
LEDs. The parameters of the light in each treatment are shown in
Table 1.
All of the treatments were placed in a culture room and were
arranged in as separate plots with different light intensities. There
was ventilation in the controlled environment, so the CO2 level
was the same as the CO2 level of atmosphere outside. The relative
humidity (RH) was maintained at 70 ± 10%, with a 12 h photoperiod
and a temperature of 28 ◦ C during daytime and 18 ◦ C at night.
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Table 1
Major light parameters of treatments.
Treatment

Light intensity
(mol m−2 s−1 )

R + B (1:1)
R + B (1:1)
R + B (1:1)
R + B (1:1)
R + B (1:1)
R + B (1:1)

50
150
200
300
450
550

Peak wavelength
p (nm)
658 + 460
658 + 460
658 + 460
658 + 460
658 + 460
658 + 460

Halfwave
width  (nm)
±12 and ±11
±12 and ±11
±12 and ±11
±12 and ±11
±12 and ±11
±12 and ±11

2.2. Plant materials
Seeds of cherry tomato (Solanum lycopersicum Mill qianxi.)
provided by Taiwan Farmers Co., were planted in plastic pots containing a mixture of peat and vermiculite (3:1, v/v). When the
second leaves were fully expanded, 120 young tomato plants were
randomized into 6 groups and were placed under 6 light treatments
for 30 days. All measurements were carried out using the third fully
expanded leaf counted from the top of the plant.
2.3. Biomass and growth parameter analysis
A total of 30 young plants for each treatment were randomly
selected and destructively sampled for biomass analysis after 30
days of growth. To determine the dry weight, the young plants were
dried at 85 ◦ C until a constant mass was reached. The weight of
the young plants was then measured using an electronic balance.
The plant height was measured from the main stem base to the
top of the young plants using a ruler, and the stem diameter was
measured at the internode above cotyledons using vernier calipers.
The growth and morphology experiment was repeated 6 times with
5 plants in each treatment.
The speciﬁc leaf area of each young plant was measured using
the equation:
Speciﬁc leaf area (SLA) =

Leaf area
Leaf dry weight

The health index was determined using the following equation:
Health index =

Stem diameter
× Dry weight
Stem height

The Energy efﬁciency was determined using the following equation:
Energy efﬁciency =

Dry weight
Power consumed by LEDs

2.4. Morphological and physiological analyses
2.4.1. Anatomical features of leaf
The anatomical analysis of the mesophyll cells in the leaves of
the young plants was performed using the method of Clark (1981).
The anatomical structure of the mesophyll cells of the leaves was
examined under a light microscope (DP71, OLYMPUS Inc., Japan).
We analyzed 10 images per leaf, one leaf per plant and 5 plants per
treatment. The experiment was repeated 6 times. Leaf thickness,
length of palisade cells and parenchyma cells were calculated from
30 epidermis measurements.
2.4.2. Stomatal traits
Portions of the epidermis were removed from the middle of the
leaf with a razor blade, stained with a mixture of 1:1 (v/v) 50%
aqueous ethanol and safranin (1% in water), and mounted in 1:1
(v/v) glycerol:water (Jensen, 1962). Slides were analyzed using an
Olympus DP71 microscope (Olympus Inc., Japan), and the single
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Table 2
Effects of different light intensities on morphology of young tomato plants.
Light treatment
(mol m−2 s−1 )

Dry weight
(g)

Fresh
weight (g)

Plant height
(cm)

Stem diameter
(mm)

Speciﬁc leaf
area (cm2 /g)

Health index

Energy efﬁciency
(g/kw)

50
150
200
300
450
550

0.20e
0.39d
0.48c
0.59b
0.57b
0.66a

2.64c
4.11b
4.60ab
5.18a
4.65ab
5.41a

22.43a
15.77b
16.06b
11.78c
12.16c
12.79c

3.23c
3.51bc
3.67ab
3.75ab
3.95a
3.98a

114.69a
71.99b
61.84bc
52.13cd
44.57d
44.36d

0.03c
0.09bc
0.11b
0.19a
0.19a
0.21a

5.56d
7.22b
6.60c
8.19a
6.33c
5.24d

Different letters in columns indicate statistically signiﬁcant differences (P < 0.05).

stomatal pore area and stomatal pore area per unit were measured
using Motic Images Plus 2.0 (Wang et al., 2009). We analyzed 10
images per leaf, one leaf per plant and 5 plants per treatment. The
experiment was carried out 6 times.
2.4.3. Net photosynthesis rate (Pn)
Net photosynthesis rate (Pn) was made out using a photosynthesis instrument (LI-6400, LI-COR, USA). PPFD was set to measure
at 800 mol m−2 s−1 , and the experimental conditions such as leaf
temperature, CO2 concentration and relative humidity (RH) were
23 ± 1 ◦ C, 380 ± 5 L L−1 and 60–70%, respectively. The Pn experiment was repeated 3 times with 3 plants in each treatment.

Table 3
Effects of different light intensities on structure in young tomato plants leaves.
Light treatment
(mol m−2 s−1 )

Length of palisade
cells (m)

Length of parenchyma
cells (m)

Thickness of
leaves (m)

50
150
200
300
450
550

24.17c
29.11c
32.87b
35.64a
35.10a
34.10b

25.89d
35.08c
36.76c
58.56a
55.8a
44.76b

58.69d
75.88d
81.88c
113.72a
109.50a
93.78b

Different letters in columns indicate statistically signiﬁcant differences (P < 0.05).

3.3. Stomatal traits
2.5. Statistical analyses
Statistical analyses were conducted using Statistical Product and
Service Solutions for Windows, version 16.0 (SPSS Inc., Japan). The
data were analyzed using analysis of variance (ANOVA), and the differences between the means were tested using Duncan’s multiple
range test (P < 0.05).
3. Results
3.1. Morphology
The morphology of the cherry young tomato plants was found to
be signiﬁcantly different under different light intensities (Table 2).
50 mol m−2 s−1 induced the lowest biomass, stem diameter and
health index in plants, and 550 mol m−2 s−1 induced the highest biomass, stem diameter and health index. PPFD of 50, 150 and
200 mol m−2 s−1 induced, in that order, signiﬁcantly longer stem
and lower fresh weight, dry weight, stem diameter and health index
than the values of other young plants. When PPFD increased from
50 to 550 mol m−2 s−1 , a decrease in the SLA was observed. The
PPFD of 300 mol m−2 s−1 or greater increased the biomass and
heath index of the young tomato plants. Under 300 mol m−2 s−1 ,
the energy efﬁciency was the highest and there was no substantial
gain from a PPFD above 300 mol m−2 s−1 .
3.2. Palisade parenchyma and spongy parenchyma
Light, especially the light intensity, seemed to positively
affect the leaf structure of the palisade parenchyma and spongy
parenchyma (Table 3, Fig. 1). The leaves under the 50 mol m−2 s−1
presented imperfect development of the palisade parenchyma,
and a more compact and clear structure of the palisade cells was
observed under other treatments. The leaf thickness, length of palisade cells and parenchyma cells were bigger in the seedlings grown
under 300 and 450 mol m-2 s-1 . There was no signiﬁcant different
in leaf structure between 300 and 450 mol m−2 s−1 .When PPFD
increased from 50 to 300 mol m−2 s−1 , the thickness of the leaf
blade, palisade cells and parenchyma cells increased. However, the
seedlings grown under the high PPFD of 550 mol m−2 s−1 exhibited shorter mesophyll cells (Table 3, Fig. 1F).

The different light intensity resulted in different distributions of
the stomata traits (Table 4, Fig. 2). The highest stomatal frequency
and stomatal area per unit leaf area were observed on the abaxial face under the 300 mol m−2 s−1 (Table 4, Fig. 2D), whereas the
lowest stomatal frequency and stomatal area per unit leaf area were
observed under 50 mol m−2 s−1 (Table 4, Fig. 2A). When PPFD
decreased from 300 to 50 mol m−2 s−1 or increased from 300 to
550 mol m−2 s−1 , a gradual decrease in the stomatal frequency
and stomatal area per unit leaf area was observed. There was no signiﬁcant different in stomatal area per unit leaf area among 300, 450
and 550 mol m−2 s−1 . Light intensity did not cause any signiﬁcant
effect on single stomatal pore area.
3.4. Net photosynthesis rate (Pn)
The Pn of leaves was highest under 300 mol m−2 s−1 and
lowest under 50 mol m−2 s−1 . When PPFD increased from 50 to
300 mol m−2 s−1 , an increase of the Pn was observed. However,
PPFD exceed than 300 mol m−2 s−1 , the Pn signiﬁcantly decreased
(Fig. 3).
4. Discussion
The structure of plants is regulated, in part, by light signals
from the environment (Hoenecke et al., 1992; Franklin et al.,
2005; Kim et al., 2007). Light is the energy source for photosynthetic organisms, and light intensity plays an important role in
Table 4
Effects of different light intensities on stomata traits in young tomato plants leaves.
Light treatment
(mol m−2 s−1 )

Single stomatal
pore area (m2 )

Stomatal
frequency
(ind/mm2 )

Stomatal pore area
per unit leaf area
(mm2 /cm2 )

50
150
200
300
450
550

37.13a
38.98a
38.31a
38.26a
38.86a
39.65a

1108.53c
1189.04c
1616.35b
1882.64a
1678.28b
1603.96b

4.11c
4.67c
6.17b
7.32a
6.40ab
6.37ab

Different letters in columns indicate statistically signiﬁcant differences (P < 0.05).
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Fig. 1. Effects of different light intensities on anatomical structure in young tomato plants leaves. (A: 50 mol m−2 s−1 , B: 150 mol m−2 s−1 , C: 200 mol m−2 s−1 , D:
300 mol m−2 s−1 , E: 450 mol m−2 s−1 , F: 550 mol m−2 s−1 ). PT, palisade parenchyma; SPT, spongy parenchyma. Scale bar is 25 m.

plant growth. Low light conditions inhibit plant growth and productivity by affecting gas exchange (Zavala and Ravetta, 2001),
whereas excess light intensity has detrimental effects on the photosynthetic apparatus (Lichtenthaler et al., 2007). As a result,
plants have developed sophisticated mechanisms to adapt their

structure and physiology to the prevailing light environment.
In our study, the low PPDF of 50, 150, and 200 mol m−2 s−1
induced lower health index for young tomato plants, indicating
that low PPFD were not suitable for their growth (Table 2). Along
with the increase of the light intensity, SLA always gradually

Fig. 2. Effects of different light intensities on stomata traits in young tomato plants leaves. (A: 50 mol m−2 s−1 , B: 150 mol m−2 s−1 , C: 200 mol m−2 s−1 , D:
300 mol m−2 s−1 , E: 450 mol m−2 s−1 , F: 550 mol m−2 s−1 ). S, stomata; E, epidermis. Scale bar is 25 m.
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Fig. 3. Effects of different light intensities on net photosynthesis rate (Pn) of young
tomato plants. Letters (a, b, c, d) indicate statistically signiﬁcant differences between
the means (P < 0.05) using LSD with SPSS.

decreased, and the decrease in SLA may reduce the light energy
absorption.
If the excessive light energy that has been absorbed by photosynthetic apparatus cannot be dissipated rapidly, it may reduce the
photosynthetic efﬁciency and results in photoinhibition and even
damage to the photosynthetic reaction center. For instance, photosystem I can be readily photoinhibited by high light stress, and
high light also inhibit the repair of photosystem II (Takahashi and
Murata, 2008). In this study, although the high PPDF of 450 and
550 mol m−2 s−1 promoted the higher fresh weight, dry weight
and health index of the young plants (Table 2), this was marginally
so, and the analysis of the leaf structure, stomata traits and Pn
(Tables 3 and 4, Fig. 3) showed that the high light probably caused
damage to the photosynthetic organelles.
Photosynthetic light acclimation involves a variety of responses,
including changes in leaf anatomy (Weston et al., 2000). The palisade parenchyma and spongy parenchyma in mesophyll cells are
important photosynthetic tissues. Palisade tissue enables a better
light penetration to the chloroplasts, while spongy tissue enhances
the light capture by scattering light (Evans, 1989). Our results
showed that, under the PPFD of 300 and 450 mol m−2 s−1 , the
leaf thickness and length of palisade cells were longer (Table 3,
Fig. 1D–F). The thickness of palisade cells presented an efﬁcient
structure in terms of photosynthesis (Goncalves et al., 2008).
Terashima and Saeki (1983) found that increases in PPFD correlated
with decreases in leaf thickness and this correlation is due to the
short palisade parenchyma and spongy parenchyma. We also found
that the high PPFD of 550 mol m−2 s−1 resulted in decreases of the
leaf thickness (Table 3, Fig. 1F) and smaller SLA (Table 2), which
were able to avoid or reduce light inhibition and adapt themself to
changes of light and protected the photosynthetic structures (Sims
and Pearcy, 1994; Wentworth et al., 2006).
The stomata are important channels for the exchange of water
and air with the external environment, and light intensity inﬂuences the stomata conductance by enhancing the motive force of
protons (Hattori et al., 2007). Moreover, development of stomata
also appears to be related with light intensity (Lee et al., 2007).
Our results agreed with the studies in which a quantitative analysis demonstrated that the stomatal frequency increased as light
intensity increased (Gorton et al., 1993; Thomas et al., 2003). We
found that a progressive increase in stomatal frequency and stomatal pore area per unit leaf area was recorded with increasing light
intensity, while light intensity did not cause any signiﬁcant effect
on the single stomatal pore area (Table 4). This increase in stomatal
frequency of leaf also might have resulted in an increase in gs with
increase in the light intensity (Lee et al., 2007). However, high PPFD
of 550 mol m−2 s−1 decreased the stomatal frequency, which was,
we presume, a reaction of the young plants to protect the photosynthetic structures from damage due to the high amount of light. The
smaller stomatal frequency could restrain photosynthesis rates by

increasing diffusive resistance to CO2 uptake, which might reduce
the burden of photosynthetic organs (Lawson et al., 2011).
The present study demonstrated that the PPFD of
300 mol m−2 s−1 caused the hightest Pn. From the above,
we observed that a tendency of leaf thickness, palisade cells,
stomatal frequency and stomatal pore area per unit leaf area
was similar to the activity of Pn. According to Evans (1989) and
Goncalves et al. (2008), the greater photosynthetic capacity is
often related to higher leaf thickness and palisade cells, which
is enhanced by ambient irradiance. In addition, higher stomatal
frequency could facilitate CO2 uptake and thus maintain a high
photosynthetic activity (Chartzoulakis et al., 2000). Therefore, we
presume the enhancement of Pn due to 300 mol m−2 s−1 seems
to be concerned with well-developed structure of mesophyll tissue
cells, higher stomatal frequency and stomatal area per unit leaf
area in leaves.
5. Conclusion
Our results clearly demonstrate that, compared to other light
treatments, from 300 to 450 mol m−2 s−1 , the biomass and heath
index of young plants were better. Meanwhile, the mesophyll tissue, palisade cells and spongy cells in the leaves were thicker, and
the stomatal frequency and stomatal area per unit leaf area were
higher. More important, 300 mol m−2 s−1 induced the highest
energy efﬁciency and activity of Pn. In our research, we found that
there was no substantial gain from a PPFD above 300 mol m−2 s−1 .
Based on the purpose of high efﬁciency and energy saving, compared to other light treatments, 300 mol m−2 s−1 was ﬁt for the
culture of young tomato plants.
Acknowledgements
This research was partially supported by National Natural
Science Fundation of China (30972035), the National 863 High
Technology Program of China (2011AA03A1, 2013AA101003),
the National Science and Technology Support Project of China
(2011BAE01B00), Agricultural research special funds for public
welfare projects (201303108), and Jiangsu Science and Technology
Key Program (BE2011197). Pro. Feirong Gu of the College of Foreign
Studies helped with the language editing of this manuscript.
References
Bowes, G., Ogren, W.L., Hageman, R.H., 1971. Light saturation, photosynthesis rate,
RuDP carboxylase activity, and speciﬁc leaf weight in soybeans grown under
different light Intensities. J. Am. Soc. Agron. 1, 77–79.
Chartzoulakis, K., Bosabalidis, A., Patakas, A., Vemmos, S., 2000. Effects of water stress
on water relations, gas exchange and leaf structure of olive tree. J. Acta Hortic.
Sin. 537, 241–247.
Clark, G., 1981. Staining Procedures, fourth ed. Williams and Wilkins, London,
325–326.
Evans, J.R., 1989. Photosynthesis and nitrogen relationships in leaves of C3 plants.
Oecologia. J. 78, 9–19.
Franklin, K.A., Larner, V.S., Whitelam, G.C., 2005. The signal transducing photoreceptors of plants. J. Int. J. Develop. Biol. 49, 653–664.
Fukuda, N., Fujitan, M., Ohta, Y., Sase, S., Nishimura, S., Ezura, H., 2008. Directional
blue light irradiation triggers epidermal cell elongation of abaxial side resulting
in inhibition of leaf epinasty in geranium under red light condition. J. HortScience
115, 176–182.
Givnish, T.J., Montgomery, R.A., Goldstein, G., 2004. Adaptive radiation of
photosynthetic physiology in the Hawaiian lobeliads: light regimes, static
light responses and whole-plant compensation points. J. Am. J. Bot. 91,
228–246.
Goncalves, B., Correia, C.M., Silva, A.P., Bacelar, E.A., Santos, A., 2008. Leaf structure
and function of sweet cherry tree (Prunus avium L.) cultivars with open and
dense canopies. J. Sci. Hortic. 116, 381–387.
Gorton, H.L., Williams, W.E., Assmann, S.M., 1993. Circadian rhythms in stomatal
responsiveness to red and blue light. J. Plant Physiol. 103, 399–406.
Hattori, T., Sonobe, K., Inanaga, S., An, P., Wataru, T., Hideki, A., Eneji, E.A., Shigenori,
M., 2007. Short term stomatal responses to light intensity changes and osmotic

X.-X. Fan et al. / Scientia Horticulturae 153 (2013) 50–55
stress in sorghum seedings raised with and without silicon. J. Environ. Exp. Bot.
60, 177–182.
Heo, J.W., Lee, C.W., 2006. Inﬂuence of mixed LED radiation on the growth of annual
plants. J. Plant Biol. 49, 286–290.
Hoenecke, M., Bula, R.J., Tibbitts, T.W., 1992. Importance of ‘blue’ photon levels
for lettuce seedings grown under red light-emitting diodes. J. HortScience. 27,
427–430.
Hogewoning, S.W., Trouwborst, G., Maljaars, H., Poorter, H., Ieperen, W.V., Harbinson, J., 2010. Blue light dose-responses of leaf photosynthesis, morphology, and
chemical composition of Cucumis sativus grown under different combinations
of red and blue light. J. Exp. Bot. 61, 3107–3117.
Jensen, W.A., 1962. Botanical Histochemistry: Principles and Practice. W.H. Freeman
and Company, San Francisco.
Khatib, K.A., Paulsen, G.M., 1989. Enhancement of thermal injury to photosynthesis in wheat plants and thylakoids by high light intensity. J. Plant Physiol. 90,
1041–1048.
Kim, S.J., Hahn, E.J., Heo, J.W., Paek, K.Y., 2004. Effects of LEDs on net photosynthetic
rate, growth and leaf stomata of Chrysanthemum plantlets in vitro. J. Sci. Hortic.
101, 143–151.
Kim, H.H., Gregory, D.G., Raymond, M.C., 2007. Green-light supplementation
for enhanced lettuce growth under red- and blue-light-emitting diodes. J.
HortScience 58, 3099–3111.
Kozai, T., 2007. Propagation, grafting and transplant production in closed systems
with artiﬁcial lighting for commercialization in Japan. J. Propag. Ornam. Plants
7, 145–149.
Lawson, T., Caemmerer, S., Baroli, I., 2011. Photosynthesis and stomatal behaviour.
J. Prog. Bot. 72, 265–304.
Lee, S.H., Tewari, R.K., Hahn, E.J., Paek, K.Y., 2007. Photon ﬂux density and light quality
induce changes in growth, stomatal development, photosynthesis and transpiration of Withania Somnifera (L.) Dunal plantlets. J. Plant Cell Tiss. Org. Cult. 90,
141–151.
Li, Q., Kubota, C., 2009. Effects of supplemental light quality on growth and phytochemicals of baby leaf lettuce. J. Environ. Exp. Bot. 67, 59–64.
Lian, M.L., Murthy, H.N., Paek, K.Y., 2002. Effect of light emitting diodes (LEDs) on
the in vitro induction and growth of bulblets of Lilium oriental hybrid ‘Pesaro’.
J. Sci. Hortic. 94, 365–370.
Lichtenthaler, H.K., Marek, M.V., Kalina, J., Urban, O., 2007. Differences in pigment
composition, photosynthetic rates and chlorophyll ﬂuorescence images of sun
and shade leaves of four tree species. J. Plant Physiol. Biochem. 45, 577–588.
Liu, X.Y., Guo, S.R., Xu, Z.G., Jiao, X.L., Takafumi, T., 2011. Regulation of chloroplast
ultrastructure, cross-section anatomy of leaves and morphology of stomata of
cherry tomato by different light irradiations of LEDs. J. Hortscience 46, 217–221.
Long, S.P., Humphries, S., Falkowski, P.G., 1994. Photoinhibition of photosynthesis
in nature. J. Annu. Rev. Plant Physiol. Plant Mol. Biol. 45, 633–662.
Macedo, A.F., Marcos, V.L., Tavares, E.S., Lage, C.L.S., Esquibel, M.A., 2011. The effect
of light quality on leaf production and development of in vitro-cultured plants
of Alternanthera brasiliana Kuntze. J. Environ. Exp. Bot. 70, 43–50.
Matos, F.S., Wolfgramm, R., Cavatte, P.C., Villela, F.G., Ventrella, M.C., DaMatta, F.M.,
2009. Phenotypic plasticity in response to light in the coffee tree. J. Environ. Exp.
Bot. 67, 421–427.
McCree, 1972. The action spectrum, absorptance and quantum yield of photosynthesis in crop plants. J. Agric. Meteorol. 9, 191–216.

55

McNellis, T.W., Deng, X.W., 1995. Light control of seedling morphogenetic pattern.
J. Plant Cell 7, 1749–1761.
Morais, H., Medri, M.E., Marur, C.J., Caramori, P.H., Ribeiro, A.M., Gomes, J.C., 2004.
Modiﬁcations on leaf anatomy of Coffea arabica caused by shade of Pigeonpea
(Cajanus cajan). Braz. Arch. Biol. Technol. J. 47, 863–871.
Naoya, F., Mitsuko, F., Yoshitaka, O., Sadanori, S., Shigeo, N., Hiroshi, E., 2008. Directional blue light irradiation triggers epidermal cell elongation of abaxial side
resulting in inhibition of leaf epinastyin geranium under red light condition. J.
Sci. Hortic. 115, 176–182.
Nhut, D.T., Takamura, T., Watanabe, H., Watanabe, H., Okamoto, K., Tanaka, M., 2003.
Responses of strawberry plantlets cultured in vitro under superbright red and
blue light-emitting diodes (LEDs). J. Plant Cell Tiss. Org. Cult. 73, 43–52.
Rajapakse, N.C., Pollock, R.K., McMahon, M.J., 1992. Interpretation of light quality
measurements and plant response in spectral ﬁlter research. J. HortScience 27,
1208–1211.
Saebo, A., Krekling, T., Appelgren, M., 1995. Light quality affects photosynthesis and
leaf anatomy of birch plantlets in vitro. J. Plant Cell Tiss. Org. Cult. 41, 177–185.
Sims, D.A., Pearcy, R.W., 1994. Scaling sun and shade photosynthetic acclimation of
Alocasia macrorrhiza (Araceae) to a transfer from low to high light. Am. J. Bot. 79,
449–455.
Steinger, T., Roy, B.A., Stanton, M.L., 2003. Evolution in stressful environments II:
adaptive value and costs of plasticity in response to low light in Sinapis arvensis.
J. Evol. Biol. 16, 313–323.
Takahashi, S., Murata, N., 2008. How do environmental stresses accelerate photoinhibition? J. Trends Plant. 13, 178–182.
Terashima, I., Fujita, T., Inoue, T., Chow, W.S., Oguchi, R., 2009. Green light drives
leaf photosynthesis more efﬁciently than red light in strong white light: revisiting the enigmatic question of why leaves are green. J. Plant Cell Physiol. 50,
684–697.
Terashima, I., Saeki, T., 1983. Light environment within a leaf, I. Optical properties
of paradermal sections of Camellia leaves with special reference to differences
in the optical properties of palisade and spongy tissues. J. Plant Cell Physiol. 24,
1493–1501.
Thomas, P.W., Woodward, F.I., Quick, W.P., 2003. Systematic irradiance signalling in
tobacco. J. New Phytol. 161, 193–198.
Wang, H., Gu, M., Cui, J.X., Shi, K., 2009. Effects of light quality on CO2 assimilation,
chlorophyll-ﬂuorescence quenching, expression of Calvin cycle genes and carbohydrate accumulation in Cucumis sativus. J. Photochem. Photobiol. B: Biol. 96,
30–37.
Wentworth, M., Murchie, E.H., Gray, J.E., Villegas, D., Pastenes, C., Pinto, M., Horton, P.,
2006. Differential adaptation of two varieties of common bean to abiotic stress.
J. Exp. Bot. 57, 699–709.
Weston, E., Thorogood, K., Vinti, G., Lopez, J.E., 2000. Light quantity controls leaf-cell
and chloroplast development in Arabidopsis thaliana wild type and blue-lightperception mutants. J. Planta. 211, 807–815.
Wheeler, R.M., Mackowiak, C.L., Sager, J.C., 1991. Soybean stem growth under high
pressure sodium with supplemental blue lighting. Agron. J. 83, 903–906.
Zavala, J.A., Ravetta, D.A., 2001. Allocation of photoassimilates to biomass, resin and
carbohydrates in Grindelia chiloensis as affected by light intensity. J. Field Crop
Res. 69, 143–149.
Zhang, S., Ma, K., Chen, L., 2003. Response of photosynthetic plasticity of Paeonia
suffruticosa to changed light environments. J. Environ. Exp. Bot. 49, 121–133.

