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Abstract

Several physiological and yield parameters were evaluated in lettuce plants, cv. ‘Trocadero’, while growing at four
different photosynthetic photon flux (PPF) (70, 120, 250 and 400 + 10 pmol m2 s1), under four light spectra, white
(W), red (R) and blue (B) Light-Emitting Diode (LED) lamps and cool white fluorescent tubes (FL). Yield
parameters were also evaluated on spinach, turnip and radish, growing under identical light spectra but using a
single PPF (340 + 10 umol m2 s%). Lettuce development was impaired at PPFs below 250 pmol m s for all
tested spectra. At higher PPFs (250 and 400 * 10 umol m2 s), for the two broad spectra tested (W LEDs and FL
light), no significant differences were registered on all physiological and yield parameters evaluated. On all
situations W LEDs performed, at least, as good as the FL light, indicating that actual W LEDs can efficiently
replace traditional light sources, with all the inherent benefits, which include significant lower power consumption.
For all species, narrow light spectra (R and B LEDs) proved not being able to provide normal plant development.
Plants under R LEDs, although presenting, in some situations, a fresh weight higher than those achieved with the
broad light spectra, always led to abnormal plant morphology, characterized by expanded petioles and leaf curling.
B LEDs, in spite of promoting plant growth with normal morphology, frequently led to a lower number of leaves
and consequently to a lower fresh weight.
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1. Introduction

LED light is known since 1920, however, a practical visible-light version (red), usable only as indicator lamps due
to its very low power, was only developed in the early 1960s. Through the 70s, new technical developments were
achieved, and lamps operated in short wavelength ranges (orange, yellow, and green) were released. The first blue
LED lamp was developed in 1993 and, in 1996, a phosphor coating was applied to a blue LED to create the world’s
first white LED lamp (Bourget, 2008). The major advance in LED technology was the development of the first
high-power (1 W or greater) lamp device, in 1999, and, in the first years of this century, LED light efficiency
rapidly overcome the majority of light sources available until then, becoming as efficient as the sodium vapour
lamps (Pimputkar, Speck, DenBaars & Nakamura, 2009).

As stated by Brandon et al. (2016), LED light present several advantages when compared with traditional light
sources; - Lower consumption and longer lamp life; - Light intensity adjustment 0-100% (dimming); - Lower heat
emission, allowing its installation near the plant canopy. The knowledge of these advantages, combined with the
possibility of using specific wavelengths, have driven the interest of plant producers on the use of LED light, either
as a supplement, in conditions where the natural light is not enough, or for plant production under 100% artificial
light conditions.

Having the tools to build a customized light spectrum, it was the time for researchers to look for the best spectral
composition which could maximize plant development and production. The need to use red light to power up
photosynthesis was widely accepted for two reasons. First, due to the McCree curves (Mc Cree, 1971), which
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indicate that wavelengths within the range of 600 to 700 nm are more efficiently absorbed by plant pigments, and
second, because the first available LEDs were red, emitting at 660 nm, close to one of the absorption peaks of
chlorophyll. Another wavelength, within the range of 400 to 500 nm, corresponding to the blue region of the visible
spectrum, was also included in the early studies (Massa, Kim, Wheeler & Mitchell, 2008). Blue light is linked to
several important photomorphogenic responses in plants, including stomatal control, which affects water relations
and CO; exchange (Schwartz & Zeiger, 1984), stem elongation (Cosgrove, 1981) and phototropism (Blaauw &
Blaauw-Jansen, 1970).

Studies looking for the best combination of red and blue LEDs, able to optimize plant growth in controlled
environments, were done on lettuce by Okamoto, Yanagi and Kondo (1997), Yorio, Goins, Kagie, Wheeler and
Sager (2001), Johkan, Shoji, Goto, Hashida, and Yoshihara (2010), Lin et al. (2013) and Borowski, Michalek,
Rubinowska, Hawrylak-Nowak and Grudzinski (2015), as well as on other plant species, such as: Lilium (Lian,
Murthy & Paek, 2002), Chrysanthemum sp. (Kim, Goins, Wheeler & Sager, 2004), Withania somnifera (Lee,
Tewari, Hahn & Paek, 2007), Doritaenopsis (Shin, Murthy, Heo, Hahn & Peak, 2008), Brassica rapa subsp.
chinensis (Li, Tang, Xu, Liu & Han, 2012), Valerianella locusta (Wojciechowska, Kotton, Dtugosz-Grochowska,
Zupnik & Grzesiak, 2013). However, as stated by Mitchell (2015), growing plants under red light and then
conclude that adding a little blue light makes them grow even better, is not surprising. In fact, if a little green light
is added along with red and blue, plant species with some mutual leaf shading grow even better (Kim et al., 2004;
Lu et al., 2012). Adding some Far-Red light (FR) plants grow taller (Brown, Schuerger & Sage, 1995; Chia &
Kubota, 2010); and some photoperiodic classes of plants flower better when this light wavelength is present during
night-break lighting (Deitzer, Hayes & Jabben, 1979; Kohyama, Whitman & Runkle, 2014). Some species develop
physiological disorders like gall-like tumours on their leaves and shoot tips, generally due to a deficiency of
ultraviolet radiation (Morrow & Tibbitts, 1988). Ultraviolet light also promotes biosynthesis of pigments and
accumulation of a wide array of phytochemicals in fruits and vegetables (Li & Kubota, 2009; Samuolien¢ et al.,
2013).

So, will we eventually need for artificial light to have a broad spectrum similar to that of the sun for maximum
yield and quality? Are we gradually rediscovering the value of white light for growing plants? On such scenario,
can the white LEDs be the answer?

White LEDs are mostly produced by using blue LEDs and phosphors coated caps. In the first years of this century,
the efficiency of blue LEDs (3 to 4%) was low when compared with the efficiency of red LEDs (15-18%) (Massa,
Emmerich, Morrow, Bourget & Mitchell, 2006). Since then, the efficiency of blue LEDs has dramatically
increased, which has made possible to significantly improve white LEDs performance (Pimputkar et al., 2009).
New developments also arose on white LED light production. Improvements on the efficiency of green LEDs,
allowed higher performance of systems based on mixtures of red, blue and green emitting diodes. The use of purple
emitting diodes, coated by a new recently-developed phosphor mixture (TRI-R white LED technology developed
by Toshiba), allowed the production of white light with a spectrum closer to sunlight. The actual efficiency of
LEDs is around 66% for blue, 44% for red and 33% for white based on blue phosphor-converted LED, having the
last one significant margin for further improvement. In fact, an efficiency of 61%, is considered to be the upper
phosphor-converted white LEDs potential.

Regardless of the way LED white-light is produced, the main limitation, its low efficiency, has been overcome.
On such circumstances, is it possible for the new white LEDs to replace traditional light sources, such as
fluorescent lamps, in production systems using 100% artificial light for plant growth?

In this research, two trials were conducted to evaluate the efficiency of narrow and broad band LED spectra on the
development of several horticultural species. Traditional cool white fluorescent lamps were used as control.

2. Method
2.1 Plant Material and Growth Conditions

Seeds of Lactuca sativa L. cv. ‘“Trocadero’, Spinacia oleracea L cv. ‘Gigante de Inverno’, Brassica rapa L. var.
rapa cv. ‘Bola de Neve’ and Raphanus sativus L. cv. 'Redondo Vermelho’, were used. The seeds were germinated
on a plant growth chamber (15000EDTU from Aralab®, Portugal) in 84-cell plug trays filled with vermiculite (one
seed/cell), under a 16 h photoperiod, a PPF of 200 + 10 umol m s, 22/20 °C day/night temperature and 70%
relative humidity.

In the lettuce trial, seedlings at the 4 to 6 leaf stage were transferred to individual pots (0, 60 L) filled with perlite
and maintained under the growth conditions previously described. Seven days later, 256 plants, as homogeneous
as possible, were selected and transferred to 16 light treatments, with four PPF intensities and four different light
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sources (Figure 1) (see 2.3. for details). For the trial with spinach, turnip and radish, 64 seedlings per specie were
selected and submitted to the same 4 light treatments used in the trial with lettuce but established under a single
PPF.

PPF was measured using a quantum sensor (SKP200 from Skye Instruments, UK) and the light spectral distribution
was evaluated using a spectroradiometer USB2000+ Ocean Optics FL, USA.

Figure 1. Spectral photon distributions of the four light treatments. (A) Fluorescent tubes; (B) White LEDs; (C)
Red LEDs, (D) Blue LEDs

Plants were irrigated twice a day with a nutrient solution containing 5 mmol-L* NOs, 1.8 mmol-L™* NHg, 0.45
mmol-L* P, 3.90 mmol-L* K, 1.2 mmol-L* Ca, 0.49 mmol-L* Mg, 0.33 mmol-L* S, 46 pmol-L* B; 7.86 umol-L-
1 Cu, 8.95 umol-L* Fe, 18.3 pmol-L* Mn, 1 pmol-L* Mo, and 2 umol-L* Zn,1.8 mmol-L* Cl and 0.5 mmol-L-
! Na.

Environmental conditions provided by growth chambers Fitoclimal200PLH, from Aralab® (Portugal), were
maintained with 12 h photoperiod, 22 °C/14 °C (day/night) temperature and 65/80% (day/night) relative humidity.
2.2 Plant Measurements

The physiological parameters, photosynthetic rate (A), stomatal conductance (gs), maximum quantum efficiency
of PSII photochemistry (Fv/Fm) and relative chlorophyll (Chl) content, were measured only in the trial with lettuce.

Relative chlorophyll content was measured using a chlorophyll content meter CL-01 from Hansatech Instruments
(UK), while chlorophyll fluorescence analysis of maximum quantum efficiency of PSIl photochemistry was
measured using a chlorophyll fluorometer OS-30p+ from Opti-Sciences (USA). Leaves were allowed to dark-
adapt for 30 min before measurement.

Stomatal conductance measurements were taken with porometer AP4 from Delta-T (UK) between 9:30 and 12:30
AM on two of the youngest fully expanded leaves per plant.

Gas exchange measurements were carried out with an LCi Portable Photosynthesis System from ADC
BioScientific Ltd. (UK). Measurements were conducted on completely expanded mid-leaf blades.

Analysis of yield parameters included leaf number, shoot and root fresh and dry weights (fresh weight was
evaluated only in the trial with lettuce), being the dry weights of leaf and root measured after oven-drying at 80°C
for 96 h.
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2.3 Experimental Design and Statistical Analysis

The trial with lettuce was conducted with four PPF intensities, 70, 120, 250 and 400 + 10 umol m s and four
different light spectra provided by cool white fluorescent lamps (FI) (Philips Master PL-L 55W/840/4P), that were
used as control and White (W), Red (R) or Blue (B) LEDs, provided by Philips Green Power Led Research modules.
The same light spectra were used in the trial with spinach, turnip and radish, which was established using a single
PPF of 340 + 10 umol m™ s, Sixteen plants were used on each PPF/Light Source combination. All trials were
conducted at the University of Evora, Portugal.

Physiological parameters were determined only on lettuce, 35 days after seedlings were submitted to light
treatments. Plants from both trials were harvested at day 40 for assessment of yield parameters.

All the collected data were submitted to ANOVA analyses followed by post-hoc evaluation using the Tukey test,
being significant differences considered at p <0.05. The STATISTICA Version 10 software (Statistica, Tulsa, USA)
was used for data analysis.

3. Results
3.1 Analysis of Yield Parameters
3.1.1 Trial with Lettuce under Four Light Intensities and Four Light Spectra

From the results of yield parameters presented in table 1, it is possible to observe that PPF significantly affected
all variables under evaluation, being the best values achieved when the highest PPFs (250 and 400 pmol m? s?)
were used. This is particularly evident for the total dry weight and for the root fresh weigh, but it is also a general
tendency for all the other variables. By increasing PPF from 250 to 400 umol m? s, no increase in the total dry
weight was registered, and, a significant reduction on the total fresh weight was observed, especially when the
narrow spectra (R and B LEDs) were used. This may be related with the saturation of photoreceptors for specific
wavelengths, but can also be due to inefficient water and nutrient supply, situations that will be discussed further.

Table 1. Yield parameters for Lactuca sativa cv. Trocadero’

Intensity Light Leaf Shoot fresh Shoot dry Root fresh weigh Root dry Total fresh Total dry
pumol m2 st (PPF) spectra number/plant  weight weight (g/plant) weight weight weight
(n) (g/plant)  (g/plant) (g/plant)  (g/plant) (g/plant)
(FI) 28de 2419 1.33¢c 2.26b 0.13d 26.3f 1.46b
70 W) 29d 29.1fg 147¢c 242b 0.15d 315f 1.62b
(R) 26de 2529 1.19¢ 150 b 0.11d 26.7f 1.30b
(B) 18¢g 2219 1.34c 2.60 b 0.14d 24.7 f 1.48b
(FI) 26de 2499 16lc 2.86b 0.15d 278 f 1.76 b
. (W) 3lcd 33.8fg 210¢c 348b 0.18d 37.2 ¢f 2.29b
(R) 30d 38.7 efg 2.08¢c 254b 0.13d 41.2 ef 221b
(B) 19fg 2249 158 ¢ 343b 0.18d 259 f 1.76 b
(FI) 36b 81.2 bc 5.15ab 9.78a 0.56 ¢ 90.3 be 5.70a
250 (W) 36b 959b 5.81ab 1081 a 0.64abc  106.7 b 6.45a
(R) 42a 1256 a 6.55a 9.59a 0.53¢c 135.2a 7.08a
(B) 26de 754bcd  6.30ab 10.66 a 0.57 bc 86.0 be 6.87a
(FI) 35bc 56.8 de 5.36 ab 11.37a 0.83a 68.2 cd 6.20a
400 (W) 36ab 73.5cd 6.20 ab 10.61a 0.79a 84.1bc 6.69a
(R) 40ab 779 be 5.86 ab 10.58 a 0.76 ab 88.5 be 6.66 a
(B) 23ef 47.8 ef 462 b 12.23a 0.83a 60.1 de 546 a

Different letters in the same column correspond to significant differences (p < 0.05) by Tukey test.

Concerning light spectra, its effect on plant growth increased with the PPF increasing, being two variables
particularly affected: the leaf number, which was negatively affected by the use of B LEDs, and the shoot fresh
weight, which was positively affected by the use of R LEDs. Nevertheless, none of these negative and positive
effects on plant development had impact on the shoot dry weight, where the significant differences resulted solely
from PPF variation.

As it can be seen from figure 2, plants growing under R LEDs presented abnormal leaf development with elongated
petioles and pronounced leaf curling. Although visible in all R LED treatments, this effect of leaf curling was
reduced with the PPF increase. Also by observation of figure 2, is possible to see that when a non-limiting PPF is
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used, broad spectra provided better results than narrow spectra, by producing plants with higher commercial value.
Nevertheless, plants seem to have an enormous capacity to adjust photon receptors to the available wavelengths.

By comparing the two broad spectra used (FL tubes and W LEDs), for all the yield parameters under evaluation
(Table 1), W LEDs always presented better results, or at least non-significantly different from those achieved with
the use of fluorescent tubes.

Light intensity umol m™ s™

Light spectra

- 10cm

Figure 2. General aspect of plants from the lettuce trial, 40 days after having been transplanted into the four light
spectra and the four PPFs tested. On the lowest PPFs, the plants present a non-compact aspect, with elongated
petioles and narrow leaves, being those morphological anomalies particularly visible when the R LEDs (R70 and
R120) were used. The most compact plants, with the highest commercial value, are those which evolved under a
400 umol m2 s PPF. Nevertheless, the ones growing under a 250 umol m2 st PPF, presented the highest shoot
fresh weight

3.1.2 Trial with Spinach, Turnip and Radish, Under a Single Light Intensity and Four Light Spectra

The data collected for these three species (dry weight of shoots and roots and leaf number) is presented at table 2.
Concerning dry weight, data follows the trend already observed for lettuce on higher PPFs, i.e., no significant
differences being registered among spectra, neither for shoot dry weight, nor for total dry weight. For the roots,
dry weight presented some differences among spectra, with R LEDs always giving the lowest values, following
the same trend already observed for lettuce.
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Table 2. Yield parameters for spinach, turnip and radish

Evaluated Parameters

Species Light spectra  Shoot dry weight Roots dry weight Total dry weigh Leaf number/plant
(9/plant) (9/plant) (9/plant) (n)

Spinach (FI) 4.06 a 041b 447 a 23b

(W) 5.28a 0.44 ab 5.72a 28a

R) 44443 0.33b 477a 30a

(B) 4.64a 0.52 a 5.16 a 22b
Turnip (FI) 4.05a 0.62a 4.67 a 10a

(W) 5.38a 0.75a 6.13a 10a

R) 5.01a 0.55a 557a 11la

(B) 5.01a 0.56 a 5.56 a 8b
Radish (F1) 1.10a 0.85a 1.95a 7a

(W) 1.23a 0.70 ab 1.93a 7a

(R) 132a 0.48b 1.80a 8a

(B) 1.30a 0.77 a 2.07a 8a

For each species, different letters in the same column correspond to significant differences (p < 0.05) by Tukey test.

Light spectra

Plant species under 340umol m™ s PPF

- Spinach

Figure 3. Aspect of spinach, turnip and radish plants growing under R and W LEDs, 40 days after transplant. As
registered for the lettuce, the abnormal petiole elongation, as well as the leaf curling, can be observed

Leaf number was also lower when B LED was used. Nevertheless, this effect was not registered for radish, and,
with spinach, a reduction on leaf number was also observed with fluorescent light. All plants growing under R
LED light spectrum also presented abnormal leaf development, more pronounced for spinach and radish, as can

be seen on figure 3.

3.2 Analysis of Physiological Parameters for the Lettuce Trial

Data related to photosynthetic rate (A), relative chlorophyll content, maximum quantum efficiency of the
photochemical center of the active photosystem Il (Fv/Fm) and stomatal conductance (gs), are presented in figure
4. It can be seen that the photosynthetic rate (Figure 4A) increased linearly with PPF increase, but, plants exposed
to R LEDs, seem to have achieved maximum net photosynthesis at 250 pmol m2 s, In relation to the light spectra,

52



http://jps.ccsenet.org Journal of Plant Studies \ol. 7, No. 1; 2018

slight differences were observed on photosynthesis for 70, 120 and 250 umol m? s treatments, but, differences
became significant, at 400 pmol m2 s. At this light intensity, W LEDs performed better than B LEDs (1,1%
lower), FL (3% lower) and then R LEDs (4,2% lower).

Similar evolution patterns were observed for the chlorophyll content. However, for this parameter, on all the PPFs
tested, the plants growing under R LEDs presented values of chlorophyll significantly lower than the registered
for the other light spectra (Figure 4B).

Concerning the Fv/Fm values, is possible to see from figure 4C that plants plant growing under R LEDs, presented
values systematically lower than 0,80. Also for FL and W LEDs, values lower than 0,8 were registered at 70 umol
m2 st PPF. The values from stomatal conductance (gs) are presented in figure 4D. This parameter proved to be
highly dependent on the light spectra, with the highest values being always obtained from spectra enriched in blue
wavelengths (B and W LEDs). The significant reduction on the gs values registered for the 400 umol m2 s*
treatment, were probably conditioned by factors other than the light, as will be discussed below.
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Figure 4. Behaviour of photosynthetic rate (A), relative chlorophyll content (B), maximum quantum
efficiency of the photochemical center of the active photosystem Il (C) and stomatal conductance (D), on
lettuce plants growing under 4 light spectra and 4 light intensity regimes. Bars represent the 95%

confidence intervals
4, Discussion

As stated by Snowden, Cope and Bugbee (2016), the effects of spectral quality on plant development are not well
understood because much of the current understanding comes from studies where PPFs are usually less than 10%
of the summer sunlight. Moreover, PPFs also change from author to author.

The light saturation point should be one of the most important parameters upon which optimal light intensity
regulation is based (Fu, Li & Wu, 2012), but, conflicting results are provided by different studies. In lettuce, for
instance, some showed that the saturation point is as high as 889 to 932 pmol m2 s (Knight & Mitchell 1983 a,
b), while others point it near 500 t0520 pumol m2 s (Glenn, Cardran & Thompson, 1984). This conflicting results
on the light saturation point for a species, also do not facilitate PPF regulation in production systems.

From data now presented, it can be seen that significant differences were observed on yield and physiological
parameters between the different PPFs used. Nevertheless, for PPFs lower than 250 pmol m-2 s, used in lettuce,
apart from the leaf number, no other differences related with the spectra were found on the yield parameters, and,
in no case, was possible to obtain plants with commercial value.
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The lower leaf number registered when B LEDs were used, is an issue already observed by Chen, Guo, Xue Wang
and Qiao (2014) and Wang, Lu, Tong and Yang (2016), and, as confirmed by our trials, seems to be more related
with the light spectra than with the PPF levels. As stated by Dougher and Bugbee (2004), blue light induces
inhibition of cell expansion and division, which in turn results in fewer internodes and consequently lower leaf
number.

The absence of other significant differences on yield parameters, when low PPFs were used, do not agree with the
results presented by other researchers working with lettuce in similar conditions. For instance, working at 60 pmol
m2 st PPF intensity, Kobayashi, Amore and Lazaro (2013) reported significant differences in root and total plant
dry weight, between fluorescent lamps and monochromatic R or B LEDs. Chen et al. (2014), using 133 pmol m
s1, found significant differences in shoot dry weight by comparing growth in R, B, R+B LEDs and fluorescent
lamps. Chen et al. (2016) working with 135 pmol m2 s (105 umol m2 s from W LEDs, supplemented with 30
pmol m? st from other LED wavelengths), found significant differences in shoot and root fresh and dry weights.

These differences between ours and other researcher’s results, may be related with different trial conditions
(temperature, photoperiod, CO, concentration, plant nutrition) or different plant materials (cultivars), variables
already identified by Snowden et al. (2016) as possible sources of variation, which contribute for the difficulty to
compare results. It seems that not only PPF standardization is needed, similar actions are also required for other
variables.

For treatments where higher PPFs were used (250 and 400 pmol m2 s for lettuce and 340 umol m s for the
other species), significant differences on yield parameters were already observed among the light spectra tested.

For lettuce, the highest fresh weight was achieved using 250 umol m2 st PPF. Nevertheless, these results must be
taken with precaution, as we believe that the semi-hydroponic growth system used, may have limited the uptake
of water and nutrients by the plants, on situation of maximal request, not allowing the expression of all its full
growth potential, when the 400 pmol m s** PPF were used.

In fact, as it can be observed from figure 5, for this PPF and regardless the light spectra, the percentage of water
on the leaves (H20 %) was always significantly lower (3-5% less), when compared to any other PPF within the
same spectrum, meaning that plants were in situation of water deficit on the 400 PPF treatment. The values of
stomatal conductance, also being significantly reduced for all spectra, on this transition from 250 to 400 umol m-
251 PPF, seem to confirm this finding.

In situation of water deficit, the plant tends to close stomata in order to maintain its internal homeostatic
equilibrium. So, the higher H20 % on plants illuminated with R LEDs was probably related with the lower stomatal
conductance these plants had, which in turn supports the highest values of fresh weight registered for those
treatments.

97
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Figure 5. Behaviour of the water content on leaves of lettuce plants, growing under 4 light spectra and 4 light
intensity regimes. Bars represent the 95% confidence intervals
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Also from observation of figure 5, we can see on the B LED treatments a proportional reduction on H,0 % for
each PPF increase. However, the high values of stomatal conductance registered, linked to a high photosynthetic
rate, can justify the nonexistence of differences in the dray weight values among treatments, for each PPF tested.

Is possible to conclude that growth conditions linked to the highest PPF used were limiting plant growth potential,
but probably did not encompass a stressful condition as Fv/Fm values bellow 0,8 were only observed for plants
growing under R LEDs. The trend towards inadequate values for the Fv/Fm parameter in monochromatic R, was
also observed by Son and Oh (2013). According to Fu et al. (2012) the relation Fv/Fm reflects the maximal
photochemical efficiency of the active center of PSII in the dark. A greater Fv/Fm value results in higher light
utilization efficiency and stronger ability of plants to adapt to low-light conditions. Under normal physiological
conditions, the Fv/Fm values of the vast majority of C3 plants are between 0.8-0.84. When the Fv/Fm value of a
plant is below this range, the plant is exposed to some environmental stress, such as drought, low or high
temperature, or light stresses.

Concerning photosynthetic rates, those were alaso generally lower when red light was used, although significant
differences among spectra only become evident for the highest PPFs. Working with cucumber, Hogewoning (2010),
also obtained the lowest values of photosynthesis with monochromatic red. This author refers the existence of a
“red light syndrome” associated to lower photosynthetic rates. Low levels of photosynthesis were in fact observed
for several species subjected to 100% red monochromatic light, rice (Matsuda, Ohashi-Kaneko, Fujiwara, Goto,
& Kurata, 2004), wheat (Goins, Yorio, Sanwo, & Brown, 1997), or radish (Yorio et al., 2001). Wang et al. (2016)
also observed lower values of photosynthesis in 100% red, which were attributed to unresponsive gs and stated
that photosynthetic performance of lettuce plants could be efficiently improved by increasing blue light fraction.

In on our trials, apart from the 100% R LED treatment, for all the other spectra, the photosynthetic rate continued
its linear growth trend, observed on each PPF increase, from de lowest to the highest tested (70 to 400 pmol m? s
1). So, before considering 250 pmol m2 s as the optimal PPF for lettuce development on controlled environmental
growth conditions, data confirmation should be done for plants growing under higher PPFs, using production
systems where availability of water and nutrients for the plants can be optimized.

Light intensity also affected significantly the relative chlorophyll content, which presented a growing trend on the
four light sources, as light intensity increases. Cope, Snowden and Bugbee (2014), comparing PPFs of 200 and
500 umol m s}, also found for lettuce a relative chlorophyll (Chl) concentration consistently higher working with
higher PPFs (500 pmol m? s?).

The same authors, working with different proportions of R and B light, reported an increase in Chl content as B
light increased from 0% to about 30% and then a decrease with 92% B light. In our experiments, while using 100 %
B light, the Chl content increased with the PPF increase, but, for the highest PPF tested, the Chl content was
significantly lower for B and R LEDs, when compared with the broad light spectra of FL lamps and W LEDs. As
stated by Cope et al. (2014), it seems that Chl synthesis is associated with phytochrome activity, but regulated by
a complex interaction of phytochrome and cryptochromes, which is not fully understood.

Borowski et al. (2015) and Wang et al. (2016) observed that higher fractions of Chl in lettuce were achieved with
the increasing of B light, and, by the contrary, in monochromatic R, the Chl content was significantly lower. In our
trials the Chl content obtained with R LEDs, always presented values significant lower when compared with the
other light spectra, inside the same light class intensity. It seems that the absence of blue and green wavelengths,
for a given light intensity, significantly affects the content of Chl in the leaves, being these effect accentuated with
the increase in light intensity. In fact, previous work have shown that blue deficiency was adverse to Chl
biosynthesis in species like wheat (Tripathy & Brown, 1995), spinach (Matsuda, Ohashi-Kaneko, Fujiwara &
Kurata, 2008), Rosa x hybrida (Terfa, Solhaug, Gislergd, Olsen & Torre, 2013), and cucumber (Hogewoning et
al., 2010; Hernandez & Kubota, 2016).

Apart from its specific effect on Chl content, light spectra affected plant development in general, being the most
relevant aspect related with the plants growth behavior under W LEDs, with the performance of all species tested,
never being inferior to the one achieved with the use of fluorescent tubes. A positive response of the plants to the
light produced by W LEDs was already described for instance by Lin et al. (2013). This researchers, working with
lettuce, growing under 210 umol m™ s PPF, compared a mixture of RBW LEDs with a mixture of RB LEDs and
verified that the fresh and dry weight of shoots were higher with RBW treatments. The authors assumed that an
increase in plant growth with the addition of W light, can be related with its capacity to better penetrate the plant's
canopy, providing more light for photosynthesis. Also Zhang et al. (2015), working with lettuce under conditions
of commercial plant factory (200 umol m? s PPF above the canopy and supplementation of basal light at 40 umol
m2s?), reported that W LEDs were the most suitable for plant growth, being possible to increase the tradable fresh
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weight and plant quality. This supports the idea that W LEDs can efficiently replace the traditional florescent tubes
for plant growth on controlled environment and confirms Mitchell’s (2015) thought, when he refers that after a
quarter century of testing and development we are in fact rediscovering the value of white light.

But data from our trials also shown that the use of specific narrow wavelengths (R/B) can be of interest on some
situations and that plants can efficiently adapt light receptors to the available wavelengths, in order to survive. In
the lettuce trial, for instance, Fv/Fm values below 0.8 were registered, indicating somehow that the plants develop
under stressful conditions while growing under 100% red light, but, the highest values of fresh and dray weight
were also registered. Son and Oh (2013) also reported the highest fresh weight with the monochromatic R LED
treatment, when compared lettuce growing under 100% R and different combinations of R and B light. Lee and
Kim (2013) also working with lettuce and comparing fluorescent lamps with red and blue monochromatic LEDs,
verified the same trend, fresh and dry weight increased in R and decreased in B, when compared to the fluorescent
control.

However, morphological changes occurred at the leaf level, which significantly reduced the trade value of the
plants. This morphological changes on leaf anatomy, characterized by elongated petioles and leaf curling, is also
referred by Massa et al. (2008) or Hogewoning (2010), in situations of plant growth with monochromatic R light.

The absence of B light implies dysfunctions in the photosynthetic apparatus in particular the tissues between the

veins. It is referred that an important difference between R and B light is the absence of cryptochrome and

phototropin stimulation in pure R, whereas pure B does stimulate cryptochromes, phototropins and also

phytochromes. It was conclude that adding a small amount of B light (7 pmol m s!) these anomalies disappeared,

indicating that B light has a quality effect on photosynthetic performance. Ouzounis, Rosengvist and Ottosen (2015)
also refer that plants cannot optimally develop with monochromatic R light, needing other wavelengths, like B and

FR, to regulate other types of responses besides photosynthesis and biomass production.

5. Conclusions

LED light opened a new array of possibilities in order to understand plant growth behaviour under narrow band
wavelengths, and, most researchers, are still looking for the best combination of R/B/G LED light in order to
optimize production. Plants evolved during millions of years under sunlight, possessing different types of
photoreceptors which respond to wavelengths from ultraviolet to infrared. Limiting wavelength availability on
plant production systems, is in fact to limit the tools developed by the plants for light interception during their
evolution. Besides, the use of broad light spectra under photosynthetic active radiation (PAR), has the advantage
of reconciling the light needs of plants with the comfort for human vision. Also, the visual diagnosis of symptoms
associated with plant nutritional deficiencies, or diseases, are easier to detect with white light than with
monochromatic combinations of R/B/G LEDs.

Our results demonstrate that the use of white LEDs, having a broad spectrum that covers the PAR, can be a viable
alternative for plant production under controlled environment conditions, efficiently replacing the traditional light
sources. Also became evident from acquired data, that light intensity strongly affected plant yield and physiological
parameters, being more important for biomass production and photosynthetic performance than light quality
emitted by the different light sources. Nevertheless, the lack of standardization of trial parameters among
researchers, like the PPFs, still makes difficult to compare results.
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